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3D structure of CysLT2 receptor was constructed by using homology modeling and molecular simula-
tions. The binding pocket of CysLT2 receptor and the proposition of the interaction mode between CysLT2
and HAMI3379 were identified. A series of dicarboxylated chalcones was then virtually evaluated
through molecular docking studies. A total of six compounds 13aef with preferable scores was further
synthesized and tested for CysLT2 antagonistic activities by determination of the cytosolic free Ca2þ

levels in HEK293 cells. Compounds 13e and 13f exhibited potent and selective CysLT2 antagonistic ac-
tivities with IC50 values being 7.5 and 0.25 mM, respectively.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

Cysteinyl leukotrienes (CysLTs) LTC4, LTD4, and LTE4 are in-
flammatory mediators derived from arachidonic acid. They are
generated in response to different immune and inflammatory
stimuli [1e4], and exert biological effects via two major classes of
receptors: CysLT1 and CysLT2 [5]. The physiological roles of CysLT1
receptor, which are coherent with anti-bronchoconstrictive and
anti-inflammatory activities of CysLT1 antagonists, such as pran-
lukast [6], montelukast [7] and zafirlukast [8], are well documented
[9] (Fig. 1A). In contrast, the pharmacological role of CysLT2 re-
ceptor is yet less defined due to the lacking of specific antagonists.
Several previously identified nonselective CysLT1/CysLT2 receptor
antagonists, such as BAY u9773 [10] and DUO-LT [11], were com-
monly used as tools to characterize the physiological roles of
CysTL2 receptor, while the poor selectivity and weak potency of
these antagonists hampered further progresses. HAMI3379 (Fig.1B)
was recently reported as the potent and selective CysLT2 receptor
antagonist that can effectively reverse the LTC4-induced perfusion
pressure increase and contractility decrease in isolated
Langendorff-perfused guinea pig hearts [12]. Thus, CysLT2 receptor
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may relate to cerebral spinal fluid (CSF) circulation in leukotrienes-
dependent vascular reactions, thus, being a potential target for
treatment of cardiovascular disease. However, there have been no
reports delineating the structureeactivities relationships of
HAMI3379 derivatives and possible interaction modes between
CysLT2 and HAMI3379.

Although the X-ray crystal structure of CysLT2 has not been
revealed yet, the bovine rhodopsin (bRh)-based homology model-
ing has been a well-established approach to study 3D structures of
the GPCR receptors [13,14]. Previously, site-directed mutagenesis
has been applied to the elucidation the structures of P2Y receptors
[15,16], which showed close structural and phylogenetic relation-
ships between P2Ys and CysLTs [17]. Recently, Parravicini et al.
reported the molecular modeling of GPR17 receptor, a G-protein-
coupled receptor located at intermediate phylogenetic position
between two distinct receptor families: the P2Ys and CysLTs re-
ceptors [18,19]. These methods and results provided useful guid-
ance in the construction of 3D structure of CysLT2 receptor.

A series of monocarboxylated chalcones (e.g. compounds 7 and
8, Fig. 2A) was previously identified as good CysLT1 antagonists
[20], and none of them exhibited CysLT2 antagonistic activities
(Supplementary Table S1). This study was consistent with reported
result that CysLT2 receptor was not sensitive to classical CysLT1
antagonists [21,22]. A review of the structures of reported CysLT2
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Fig. 1. Structures of CysLT1 antagonists (A) and CysLT2 antagonists (B).
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antagonists revealed several common features among CysLT2 an-
tagonists that are concluded and highlighted as shown in Fig. 2B.
Thus, two carboxyl groups were introduced onto the A-ring of
chalcones and a lipophilic chain was introduced on the B-ring of
chalcones to give dicarboxylated chalcones as potential CysLT2
antagonists (Fig. 2C). Herein, with the aim to enhance accuracy and
efficiency in the development of novel CysLT2 antagonists, 3D
structure of CysLT2 was constructed through homology modeling
and dynamic simulations. The binding pocket of CysLT2 was
defined and the interaction mode between CysLT2 and HAMI3379
was proposed. The newly designed dicarboxylated chalcones were
then virtually evaluated by molecular docking and preferable
screened hits 13aef were synthesized and biologically evaluated
for CysLT2 antagonistic activities.

2. Computational methods

2.1. Homology modeling

The amino acidic sequences of CysLT2, bRh and pharmacological
related CysLT1 and P2Y1,4,6 receptors were obtained from Swiss-
Prot/TrEMBL database (http://expasy.org/). At first, we aligned the
CysLT2 sequence with the other GPCRs’ sequences using automatic
Fig. 2. Rational design and development of dicarboxylated chalcone derivatives as CysLT2 an
antagonists in our previous study [20]; B) the common structural features of CysLT2 antago
antagonists.
alignment tool in Discovery studio 2.5 (Accelrys, Inc. San Diego, CA).
Manual multiple sequence alignments (Fig. 3) were then conducted
to locate the homology aligned regions taking into account both
primary and secondary structures according to reported literature
[18,23], in which the authors constructed a reliable homology
model for GPR17, a G-protein-coupled receptor located at the in-
termediate phylogenetic position between two distinct receptor
families: P2Ys and CysLTs receptors. Moreover, two conserved
disulphide bridges (Cys111eCys187 and Cys31eCys279) were
proposed, since that these disulfide bonds were considered as an
important factor in constraining the conformation of the extrac-
ellular and transmembrane domains of the receptor. Finally, ho-
mology modules of the Discovery Studio 2.5 programwere applied
to build an initial approximate 3D structure of CysLT2 receptor,
while the first high resolution structure of bovine rhodopsin (PDB
ID: 1U19) [24] was used as a template.

2.2. Hydrophobic profile analysis

Since the hydrophobic residues for GPCRs tend to be buried in
the interior of the protein and the hydrophilic residues are more
exposed to cellular membrane, a profile of these values can indicate
the overall folding pattern. Herein, we applied KyteeDoolittle (KD)
tagonists, A) the structure of identified monocarboxylated chalcones 7 and 8 as CysLT1
nists; C) the evolution of dicarboxylated chalcone derivatives as novel specific CysLT2

http://expasy.org/


Fig. 3. Multiple alignment of the sequences of bovine rhodopsin (bRh), CysLT2, CysLT1 and P2Y1,4,6 receptors. The cysteines involved in the formation of the two assumed
disulphide bridges are highlighted in blue; the conserved residues and motif are highlighted in green.(For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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method [25], a widely used technique for detecting hydrophobic
regions in proteins, to perform the hydrophobic profile analysis of
the identified transmembrane regions by visualizing the hydro-
phobicity of CysLT2 along its sequence. As defined in the Kytee
Doolittle scale, the hydrophobicity is calculated by sliding a fixed
size window (size ¼ 9) over the protein sequence. At the central
position of the window, the average hydrophobicity of the entire
windows is plotted.

2.3. Protein/membrane complex building process

The crude model of CysLT2 receptor was locally minimized us-
ing CHARMM force field [26] in vacuo by constraining the backbone
of the helices in order to give a first optimization of the rough ge-
ometry derived from homology modeling. The model of DPPC in
the liquid-crystalline phase proposed by Tieleman and Berendsen
[27,28] was used to produce the membrane environment. The
structure of CysLT2 was inserted in the centre of the 128 lipid
bilayer using membrane Builder in the CHARMM-GUI website [29],
in such a way that the principal axes of the helical bundle was
parallel to the membrane axis (z) and perpendicular to the mem-
brane plane (xy), and the extracellular and intracellular loops were
at the lipid interface. The resulting complex system consisted of
346 amino acid residues, 122 DPPC molecules, 10,305 water
molecules, for a total of 52,279 atoms in a rectangular box of
62 � 78 � 92 �A.

2.4. Molecular dynamics simulations

The final ensemble was submitted to energy minimization cy-
cles, followed by simulated annealing in order to lead the system to
a more favorable energetic condition before starting the pure MD
simulation, the backbone of the seven TM helices and the struc-
tured EL-2 motifs were constrained to maintain the overall
arrangement of the helical bundle and the structural conserved
organization of EL-2. The protocol by which the assembly was
prepared for the MD run was composed of separated cycles as
described below. For the earlier minimization steps, the steepest
descent algorithm was applied. The minimization sequence of the
various component of the systemwas the following: first the lipids,
then the water, then both lipids and water, and finally the whole
system. Then, further the conjugate gradient algorithmwas used to
minimize the whole system, and then a first run of 200 ps of MD
simulation at 5 K was performed. At the end of this first mini-
mization and relaxation protocol, a simulated annealing procedure
was performed as follows. The systemwas heated from5 to 310 K in
400 ps, and kept at this temperature for further 240 ps. Then, an
MD simulation with CHARMM force field was performed at
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a temperature of 310 K for a total of 3 ns of dynamics simulation
without any constraints.
2.5. Molecular docking and MM/MD simulation

2.5.1. Molecular docking with LigandFit [30] program
The docking site of CysLT2 receptor was derived using the

LigandFit site search utility in Discovery studio 2.5 [30]. For the
generation of the ligand’s conformations, we used variable num-
bers of Monte Carlo simulations. All the calculations during the
docking steps were performed under the PLP Force Field formalism.
A short rigid body minimization was then performed and 50 poses
for each ligand were saved. Scoring was performed with a set of
scoring functions (including Dock_score, -PLP1 and -PMF) imple-
mented in LigandFit module. The combination of consensus scoring
method and the interaction mode was applied to select the pref-
erable output conformation.

2.5.2. Molecular docking with Flexidock [31] program
The binding pocket was defined all residues within 4 �A of the

ligand within the CysLT2 complex proposed by LigandFit. All single
bonds of residue side chains inside the binding pocket were
regarded as rotatable or flexible. The docked ligand was allowed to
rotate on all of single bonds and move flexibly within the tentative
binding pocket. The obtained enzymeeligand complex was further
minimized with 500 iterations of steepest descent and followed by
a conjugate gradients optimization by using CHARMM force field
within Discovery Studio 2.5 program. Then, the binding energy
[32] between CysLT2 receptor and its bound ligand was calculated
using “Calculate binding energies module” in Discovery studio 2.5
program

Eint ¼ EðA;BÞ � ðEðAÞ þ EðBÞÞ;

where E(A) and E(B) are the energies of CysLT2 and ligand respec-
tively, and E(A,B) the energy of docked complex.

2.5.3. MD/MM simulation on HAMI3379-bound CysLT2 complex
The HAMI3379-bound CysLT2 complex proposed by Flexidock

study was further refined by molecular dynamic and mechanical
(MD/MM) calculations, with aim to examine the reliability of the
interaction mode of HAMI3379: (a) An NVT ensemble molecular
dynamic simulations with CHARMM force field were then per-
formed at a constant temperature of 300 K with a time step of 1 fs
for a total of 1.5 ns, while atomic constraints of backbone of CysLT2
were applied to retain; (b) the output conformation was initially
Fig. 4. Plot of hydrophobicity along the amino acid sequence for CysLT2 receptor b
run with CHARMM force field for 500 iterations of steepest de-
scents, followed by a 500 iterations conjugate gradients opti-
mization. The other parameters of MD/MM simulation are
maintained at their Discovery studio default configuration.

3. Results and discussion

3.1. The initial crude structure of CysLT2 receptor

3.1.1. Seven TM helices bundle
As shown in Fig. 4, the results from KyteeDoolittle (KD) analysis

indicated that the hydrophobic properties of the amino acid resi-
dues of CysLT2were consistent with the structural features of seven
transmembrane domains. The amino acid residues from seven TM
helices (from TM1 to TM7) are much more hydrophobic, since that
these residues tend exposed to cellular membrane and result in
formation of a complex weave of polar interactions. It has been
demonstrated that there are close structural and phylogenetic re-
lationships between the P2Ys and CysLTs families which have been
characterized by consisting of the seven TM helices bundle (TM1-
7), an extracellular N-terminus region (NT), a cytoplasmic C-ter-
minus tail (CT) and three extracellular (ECs) and three intracellular
(ICs) loops [33,34].

3.1.2. Conserved residues and motifs
The amino acid sequences of both CysLT1 and CysLT2 receptors

have only 24e32% identity to members of the purinergic (P2Y)
receptor family, however, several conserved structural motifs of
these nucleotide receptors (e.g. CysLTs and P2Ys receptors) were
readily found, especially in the nucleotides bound domains (EC1,
TM2, TM3 and TM6) [23,35]. The conserved domains of these re-
ceptors are highlighted in Fig. 3, including aWXFGmotif in the first
extracellular loop (EC1) of each receptor, a hydrophobic motif
(VXMXNLAXXDLL) in the second transmembrane domain (TM2),
a YVNXY motif in the third transmembrane domain (TM3) and
a conserved HXXRT motif in the sixth transmembrane domain
(TM6). Therefore, all of them were taken into consideration in
manual multi-sequence alignment, homology modeling and mo-
lecular simulation.

3.1.3. Disulfide bond bridge
The disulfide bonds play important role in constraining the

conformation of extracellular domains of the protein and stabilize
the transmembrane structures [36,37]. As commonly found in
others’ GPCR receptors, the outmost part of TM3 of CysLT2 seemed
to be permanently engaged in a conserved disulphide bridge with
y using KyteeDoolittle analysis, window size ¼ 9, max ¼ 3.50, min ¼ �2.75.



Fig. 5. Typical structure of CysLT2 embedded in the fully hydrated lipid bilayer. A
frame of the system extracted from the 3 ns MD simulations is shown. The helix and
loops of CysLT2 are represented in green, the DPPC are in orange and white, water is in
red/blue.(For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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EC2 of CysLT2 involving the Cys111 and Cys187 residues. In addi-
tion, CysLT2 has another pair of cysteines which are conserved in all
the P2Ys and CysLTs receptors; these two residues are positioned at
the end of the Nt (Cys31) and at the middle of the EC3 domain
(Cys279), respectively. It has been demonstrated by site-directed
mutagenesis and ligand affinity data that corresponding cysteines
in P2Y1 form a disulphide bridge which is important for receptor
activation [38]. Thus, we also included this additional disulphide
bridge into the 3D structure of CysLT2 receptor.
Fig. 6. Model of the complex formed by CysLT2 receptor and HAMI3379 after 1 ns of MD si
entire ligandereceptor complex; (B) HAMI3379 is displayed in stick within the binding pock
CysLT2 are highlighted using yellow dash line.(For interpretation of the references to colou
3.2. Homology model refined by molecular simulation

3.2.1. Molecular dynamics within protein/membrane complex
The locally minimized structure was embedded in a fully hy-

drated phospholipidic bilayer (dipalmitoylphosphatidylcholine,
DPPC, hydrated with water). The structure of the proteinelipidse
solvent system derived from the simulated annealing simulation
was used as input for 3 ns of molecular dynamics. After an initial
decrease, the total energy of the system kept a stable trend, indi-
cating that an equilibrium state had been reached (Supplementary
Fig. S1). The final picture of the protein after 3 ns of MD is shown in
Fig. 5. It reveals that the 346 amino acids of CysLT2 fold into seven
transmembrane helices, three extracellular and three intracellular
loops, as well as a cytoplasmic helix. The inter-helix hydrogen bond
and non-bonded interactions were observed that are essential for
the stabilization of the seven transmembrane domains of CysLT2
receptor structure. For example, TM3 positions itself in close con-
tact with the TM2, TM4, TM5 and TM7 through inter-helix hydro-
gen bonds (e.g., Ser117eLeu91, Asn121eAsp84, Tyr95eGly181,
Tyr99eVal180, Asn93eAsn269). Other hydrogen bond in-
teractions were also detected including TM1 with adjacent TM7
(Try17eLeu263, Asn28eAla270), TM2 with adjacent TM3, TM4 and
TM7 (Ser117eLeu91, Asn121eAsp84, Leu52eTrp135, Asp56e
Asn273). Besides, the hydrogen bonds between EL-2 and TM1,
TM3 and TM6 (e.g. Ser155eArg10, Cys159eMet86, Glu161eTyr91,
Leu162eArg267, Asn163e His242) play important role in stabili-
zation of the seven transmembrane domains. Also, non-bonded
inter-helix interactions, such as the hydrophobic interaction be-
tween non-polar side chains of each pair of adjacent helices,
including pep interaction (e.g. Phe41eTyr45, Phe87eTyr116e
Tyr163, Phe93eTyr97ePhe106, Phe214ePhe257 and Tyr301e
Phe312eTyr302) and lots of hydrophobic alkylealkyl interaction
(e.g. Leu129eLeu117eLeu253, Val131eLeu158eIle162, Leu132e
Ile249, Val53eLeu85eIle60, Leu206eLeu271eThr268, Leu224e
Ile250eLeu244 and Ile251eIle255eLeu304).
3.2.2. Definition of the binding site
On the basis of the homology-constructed CysLT2 structure,

LigandFit/active site finding module was applied to find the most
promising binding domains, which is located in a cavity among the
TM1, TM3, and TM5eTM7 on the extracellular side of the seven TMs
bundles. This cavity consists of a hydrophilic center pointed toward
mulation. (A) HAMI3379 is displayed as spheres in the schematic representation of the
et of CysLT2 in the detailed picture, and the polar interactions between HAMI3379 and
r in this figure legend, the reader is referred to the web version of this article.)



Fig. 7. Structures of promising hits 13aef identified by docking studies.

Table 1
The docking results of screened hits 13aef and reference HAMI3379.

Compd. LigandFit Binding energy
(kcal/mol)

Dock_score -PLP1 -PMF

HAMI3379 153.0 164.9 209.0 �377.0
13a 119.9 125.4 188.0 �312.7
13b 122.8 131.2 175.4 �378.8
13c 120.8 133.4 166.2 �390.4
13d 128.9 134.9 184.1 �262.6
13e 127.2 130.1 205.9 �298.8
13f 136.6 145.9 191.9 �411.7
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the TM6 and EL-2 domains (His264, Arg267 and Glu189) and a large
hydrophobic cleft surrounded by hydrophobic residues (Leu118,
Ala295, Ala296, Ala298, Cys299 and Ile48). The distance between
the hydrophilic and hydrophobic centers of the identified cavity is
estimated to be 15e17 �A, which is approximately typical size of
a CysLT2 antagonist, such as the HAMI3379. Furthermore, the
defined binding pocket is also congruent with the biochemical
studies, by comparing with observed characteristics of other
transmembrane receptors (e.g. bovine Rhodopsin [37] and P2Y1
[38]). As found in P2Y1, both His277 and Lys280 are essential for
ligand recognition and/or receptor activation [15,39]. In our con-
structed CysLT2 structure, these two crucial residues are His264
and Arg267, which would be critical to the binding affinity of
CysLT2 ligands. The interaction analysis between TM6 and adjacent
helices also validated the binding cavity of CysLT2, since that TM6
engaged only few interactions with other helices. It is suggested
that this helix may maintain a dynamic behavior needed to evoke
receptor activation without constraints from the other helices. In
fact, in bRh, TM6 is believed to move away from TM3 thereby
starting the activation process [40].

3.2.3. The interaction mode between CysLT2 and HAMI3379
The overall picture of the CysLT2 and HAMI3379 complex

(Fig. 6A) was obtained by means of molecular dynamics (MD) runs
of 1 ns starting from the best-docked conformation of CysLT2 and
HAMI3379 proposed by LigandFit and followed by Flexidock. A total
energy of the system kept a stable trend, indicating that an equi-
librium state had been reached (Supplementary Fig. S2). The pu-
tative arrangement of HAMI3379 in CysLT2 binding site is displayed
in Fig. 6B. The guanidine group of Arg267 seems to form an ionic
bond with carboxyl on the phenyl group of HAMI3379 (CaOe
Arg267: 2.89�A), while the imidazol group of His264 seems to
form another ionic bond interaction with carboxyl group on
cyclohexane moiety of HAMI3379 (CeOeHis264: 2.97�A). A hydro-
gen bond between the carboxyl group on the phenyl group of
HAMI3379with the hydroxyl group of Tyr119 (CaOeTyr119: 2.02�A)
was observed to form another hydrophilic interaction. In addition
to the polar interactions, hydrophobic contacts were also found
within the pocket: these involved hydrophobic resides Leu291,
Leu93, Leu118, Ala295, Ala296, Ala298 and Cys299, and aromatic
residues Try119, Tyr263 and Tyr45. Although holding some peculiar
features, the overall configuration of the bound ligand agreed with
the general configuration reported in previous computational study
for P2Y receptors [41]. Furthermore, these interactions (such as
polar and non-polar interactions) were further analyzed in the time
evolution of HAMI3379-bound CysLT2 complex using molecular
dynamic simulation (Supplementary Fig. S3AeC), showing all of
the interactions are stable and would be essential for ligand
binding.

3.3. Evaluation of dicarboxylated chalcones through molecular
docking

Once the HAMI3379-bound CysLT2 complex was obtained, the
newly designed dicarboxylated chalcones were virtually evaluated
using molecular docking by combination of LigandFit and Flex-
idock. At first, the LigandFit was used to fast examine the fitness
between the shape of the dicarboxylated chalcones and topological
feature of the binding pocket of CysLT2. Then, the Flexidock, an
advanced molecular docking program, was applied to investigate
more accurate binding mode between CysLT2 and screened hits. It
is indicated that 4(or 5)-carboxyl group on A-ring and more than
eight atomic alkyl chain on B-ring of chalcones are preferable for
their interacting with CysLT2. Then, a total of six promising hits
13aef (Fig. 7) was picked out considering the good docking scores,
structural diversity and synthetic feasibility. The docking results of
them are shown in Table 1. All of them show good consensus re-
sults, with good performance in more than three scoring functions.
As exemplified by 13f, the best one predicted in docking studies, the
dock scores, -PLP1 and -PMF (Dock_score: 136.6; -PLP1: 145.9 and
-PMF: 191.9) obtained from LigandFit are promising and compa-
rable to that of HAMI3379 (Dock_score: 153.0; -PLP1: 164.9 and
-PMF: 209.0). Also, the result of Flexidock indicated that the com-
pound 13f showed the lowest interaction energy (�411.7 kcal/mol),
which is even lower than that of HAMI3379 (�377.0 kcal/mol).
Furthermore, the synthesis and biological evaluation of screened
hits 13aef with good docking results were performed to validate
robustness and predictive ability of the homology model as well as
molecular docking.

3.4. Chemistry

The synthetic route for compound 13 is outlined in Scheme 1.
ClaiseneSchmidt condensation of acetophenone 9 with appro-
priate benzaldehyde 10 in the presence of 10% potassium hydroxide
in a solvent of EtOH-THF-H2O (5:5:2) for 5e6 days, following by the
esterization with ethanol in the presence of sulfuric acid afforded
chalcone 11. Alkylation of 11 with ethyl bromoacetate in the pres-
ence of potassium carbonate and acetone gave in 12, which was
further alkaloid hydrolyzed using 5% sodium hydroxide in EtOHe
H2O mixture solvent at room temperature to get dicarboxylated
chalcone 13.

3.5. Pharmacological activities

The CysLT2 antagonistic potency of the screened hits 13aefwas
evaluated by determination of cytosolic free Ca2þ levels in HEK293
cells which were stably transfected with pcDNA3.1 (þ)-hCysLT2. In
this biological evaluation model, PT-PCR and Western blot analysis
showed a higher expression of CysLT2 receptor in HEK293 cells
(Supplementary Fig. S4). ATP at 50 mM significantly elevated [Ca2þ]i,
and was used as a positive control for measurement of [Ca2þ]i. LTD4
at 0.1 mM also significantly increased [Ca2þ]i, which could be par-
tially blocked by Bay u9773 (a CysLT1 and CysLT2 dual antagonist)
but could not blocked by selective CysLT1 receptor antagonists



Scheme 1. Synthesis of dicarboxylated chalcones 13aef. Reagents and conditions:(a) appropriate alkyl bromide, K2CO3, acetone; (b) 10% KOH, ethanol/THF/H2O, r.t.; (c) H2SO4,
EtOH; (d) BrCH2COOEt, K2CO3, acetone, reflux; (e) 5% NaOH, EtOH/H2O.
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montelukast and pranlukast (CysLT1 antagonists). As shown in
Fig. 8A, the antagonistic effects of tested compounds 13aef at
a concentration of 1 mM were observed, especially for compounds
13e and 13f, which show 44.0% and 70.5% decreased [Ca2þ]i by
blocking the agonistic effect of LTD4, respectively. As shown in
Fig. 8B, the antagonistic effects of 13e and 13f were observed in
a dose-dependent manner with the maximal effect (13e and 13f:
72.8% and 80.5%, respectively), and their half antagonistic concen-
tration are also good (IC50of 13e and 13f: 7.5 and 0.25 mM, respec-
tively). In order to examine the selective profiles of the tested
compounds 13aef against CysLT1 and CysLT2 receptors, the CysLT1
antagonistic activities of them were evaluated according to our
previous method [20]. The results demonstrated that the most
promising compounds 13e and 13f also show good selectivity for
CysLT2 receptor, while they exhibit very low antagonistic potency
on CysLT1 receptor (Supplement Table S2). Thus, as expected, the
introduction of two carboxyl groups onto the A-ring of chalcones is
preferable for CysLT2 antagonistic activities, by comparing with our
previousmonocarboxylated chalcones (e.g. compounds 7 and 8). By
optimization of the length and substituents of the lipophilic chain
on B-ring of chalcones can significantly modulate the CysLT2
antagonistic activities. Obviously, the homology model based
structural modification of CysLT2 antagonists is a rational protocol,
Fig. 8. The CysLT2 antagonistic activities of tested compounds on the LTD4 (0.1 mM)-elevate
The CysLT2 antagonistic activities of dicarboxylated chalcones 13aef, montelukast, pranluk
antagonistic activities of 13e and 13f.
and can remarkably improve efficiency in lead optimization.
Although monomonocarboxylated chalcones haven been reported
as CysLT1 antagonists [20,42], it is also interestingly that the
dicarboxylated chalcones are the firstly reported as CysLT2
antagonists.

3.6. Docking mode analysis of compound 13f

The interaction mode of compound 13f proposed by molecular
docking studies is given in Fig. 9A and B. The binding pocket was
rendered from the molecular surface color-coded by hydropho-
bicity (brown to blue: a scale of hydrophobic to hydrophilic prop-
erties). Overall, the interaction mode of 13f is consistent with that
of HAMI3379.A hydrophilic region (His264, Arg267 and Glu189)
and a large hydrophobic cleft (Leu118, Ala295, Ala296, Ala298,
Cys299 and Ile48) of the binding pocket of CysLT2 tightly embrace
compound 13f and form polar and non-polar interactions. The
guanidine group of Arg267 and the imidazol group of His264 seem
to form ionic bonds with two carboxyl group of 13f (CaOeArg267:
2.39�A, CaOeHis264: 3.09�A). A further hydrogen bond is possibly
established between the carboxyl oxygen atom of 13f and the hy-
droxyl oxygen atom of Tyr119 (CaOeTyr119: 2.23�A). Moreover, the
presence of a significant hydrophobic cleft (Leu291, Leu93, Leu118,
d [Ca2þ]i in HEK293 cells which were stably transfected with pcDNA3.1 (þ)-hCysLT2. A)
ast and bay u9773 at a concentration of 1 m; B) the concentrationedependent CysLT2



Fig. 9. Interaction mode of 13f (CysLT2 antagonistic IC50 ¼ 0.25 mM) with CysLT2 proposed by molecular docking. A) Compound 13f was embraced in the CysLT2 binding pocket,
which was rendered from the molecular surface and color-coded by hydrophobicity (brown to blue: a scale of hydrophobic to hydrophilic properties); B) 13f is displayed in stick
within the binding pocket of CysLT2 in the detailed picture, and the polar interactions between l3f and CysLT2 are highlighted using yellow dash line.(For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Ala295, Ala296, Ala298 and Cys299, Try45) in the CysLT2 binding
site that is capable of accommodating a long hydrophobic chain on
B-ring of chalcone. In addition, the aromatic stack interaction be-
tween the phenol ring of Tyr119 and A-ring of 13f also serves to
increase the thermal stability of the complex.
4. Conclusion

The 3D structure of CysLT2 was established using homology
modelling and applied in virtually evaluation of newly designed
dicarboxylated chalcones using molecular docking. This approach
led to the identification of six promising screened hits 13aef, which
were synthesized and biologically evaluated for CysLT2 antago-
nistic activities. The identification of compounds 13e and 13f with
good and selective CysLT2 antagonistic activities indicated that
combination of homologymodel and structure-based development
of novel specific CysLT2 antagonists is a rational strategy. The
interaction mode between CysLT2 and its ligands proposed in
present study would be useful and valuable for further structural
optimization of CysLT2 antagonists. To the best of our knowledge,
the homology model of CysLT2 receptor and its application in
structure-based lead optimization are reported for the first time.
Also, the discovery of novel dicarboxylated chalcones, such as
compounds 13e and 13f, as CysLT2 antagonists would be interest-
ing leads to do further structureeactivity exploration and struc-
turally optimization.

5. Experimental

5.1. Chemistry

For experimental procedures and spectral characterization data
see the Supplementary Material.

5.2. CysLT2 antagonistic activities

The CysLT2 antagonistic potency of the test compounds was
evaluated by determination of cytosolic free Ca2þ levels in HEK293
cells which were stably transfected with pcDNA3.1 (þ)-hCysLT2
[43]. In brief, cells were seeded in 96-well culture plates (BMG
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LABTECHNOLOGIES 96) and grown at 37 �C in 5% CO2-containing
humidified air. Twenty-four hours after plating, the growth me-
dium was removed and replaced with 50 ml BSS (BSS in mM: NaCl
140, KCl 4, MgCl2 1, CaCl2 1.25, HEPES 5, glucose 11, NaH2PO4 1,
ascorbic acid 5.7; pH 7.4) containing 1 mM Fluo4 AM and 0.03%
pluronic F-127 for 45 min at 37 �C. After loading, Fluo4 AM was
removed and cells were washed three times with BSS. Then 40 ml
BSS containing tested compounds or not were added to the wells
and cells were further incubated for 30 min. After that, cells were
transferred to the FLUOstar OPTIMA (BMG Germany) and 50 mM
ATP which as a positive stimulus or 0.1 mM LTD4 was added to the
wells. Calcium concentration ([Ca2þ]i) was measured as the fluo-
rescence monitored at 37 �C (485 nm excitation, 525 nm emission)
and the LTD4 response was obtained by calculating peak minus
basal fluorescence values, and reported as percentages of control
values (BSS only).
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