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ABSTRACT: Lysophosphatidic acid receptor 1 (LPAR1) is an
emerging therapeutic target for numerous human diseases
including fibrosis. However, the limited number of available core
structures of LPAR1 antagonists has prompted the need for novel
chemical templates. In this study, we conducted a high-throughput
virtual screening to discover potential new scaffolds. We tested
three existing crystal structures alongside an AlphaFold model to
evaluate their suitability in structure-based virtual screening, finding
that the crystal structures show superior performance compared
with the predictive model. Furthermore, we also found that
enhancing the precision in the screening process did not
necessarily improve the enrichment of hits. From the screening
campaign, we identified five structures that were validated using an
LPAR1-dependent calcium flux assay. To gain a deeper insight into the protein−ligand interaction, we extensively analyzed the
binding modes of these compounds using in silico techniques, laying the groundwork for the discovery of novel LPAR1 antagonists.

1. INTRODUCTION
Lysophosphatidic acid (LPA) is a bioactive phospholipid
signaling molecule that interacts with and activates lysophos-
phatidic acid receptors (LPARs), a family of G protein-coupled
receptors. Due to its involvement in various physiological
processes,1 the LPA−LPAR signaling pathway has been
implicated in numerous human diseases.2,3 Among the six
identified LPA receptors, LPAR1 has been particularly
highlighted due to its central involvement in fibrotic
diseases.4,5 Clinical studies have found elevated levels of LPA
and increased expression of LPAR1 in patients with idiopathic
pulmonary fibrosis (IPF).6 Experimental evidence further
supports the role of LPAR1 in IPF, as protection against the
disease has been observed in a bleomycin-induced lung fibrosis
model using LPA1-null mice.7 The encouraging results from
recent phase II clinical trials using BMS-986278,8 a potent and
selective LPAR1 antagonist, have underscored LPAR1 as a
viable therapeutic target for IPF. Moreover, emerging studies
are exploring the importance of LPAR1 in the central nervous
system,9 suggesting further potential for therapeutic applica-
tions.

While several LPAR1 antagonists, including BMS-96278,10

BMS-986020,11 Ki16425,12 ONO-730043,13 and SAR-
10084214 (Figure 1), have been identified to date, their
structural similarities, as discussed in a recent review article,15

highlight the need for expanding the available repertoire of

chemical templates capable of inducing LPAR1 antagonism.
The importance of this diversification is underscored by BMS-
986020’s hepatobiliary toxicity, which was found to be
structure-dependent, a contrast to antagonists with distinct
structural features that did not exhibit this toxicity.16 By
diversification of the chemical space, valuable insights into
protein−ligand interactions can be gained, potentially leading
to the discovery of novel candidates with improved
pharmacological profiles, devoid of toxicity associated with
certain structural elements.

To address this need, we conducted a high-throughput
virtual screening campaign with the primary goal of identifying
novel chemical scaffolds possessing LPAR1 antagonistic
activity. By employing structure-based virtual screening, we
carefully selected a protein template for screening and
subsequently validated the obtained results using an LPAR1-
dependent calcium flux assay. To gain deeper insights into the
molecular interactions and dynamics, we further performed
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molecular dynamics simulations to interpret our findings.
Collectively, these efforts establish a foundation for the
exploration and development of novel LPAR1 antagonists
with potential therapeutic applications.

2. RESULTS AND DISCUSSION
2.1. Evaluation of Protein Structures for Structure-

Based Virtual Screening. The success of structure-based
virtual screening heavily relies on careful selection of an
appropriate protein template for the screening process. In this
study, we evaluated three crystal structures of LPAR1 (PDB
IDs: 4Z34, 4Z35, and 4Z36)17 known to date, all of which are
ligand-bound holo structures, to determine the template with
the highest potential for identifying novel chemical entities.
While holo structures are generally known to exhibit better
performance in virtual screening campaigns,18 we also included
an AlphaFold model as an apo-like structure19 for comparison.
A comparative analysis was conducted to evaluate the
performance of each structure in distinguishing known
inhibitors (answer set) from DUD-E generated decoys,20

with the aim of identifying the most effective template.
We selected 10 experimentally validated antagonists from

the literature (Table S1) and generated 50 decoys for each,
resulting in a total of 510 compounds for performance
evaluation. To account for variations in the protonation states
and isomers, we generated all possible molecular forms of the
510 compounds at a target pH of 7.0 ± 2.0, resulting in a set of
1161 unique chemical entities. After each round of screening,
we selected the most plausible state for each compound,
progressively refining the data set.

For the evaluation, we utilized Schrodinger’s built-in virtual
screening workflow (VSW), powered by Glide.21 The VSW
consisted of three successive screening steps: high-throughput
virtual screening (HTVS), standard precision (SP) screening,
and extra precision (XP)22 screening. The top 10% of
compounds from the HTVS screening were selected for the
SP screening, and subsequently, the top 10% from the SP
screening underwent the XP screening. The evaluation was
based on the five compounds with the highest ranking in the
final XP screening.

Within the VSW, structures 4Z34 and 4Z36 successfully
identified SAR-100842 as one of the top five compounds
(Table S2). However, neither structure 4Z35 nor the
AlphaFold model managed to retrieve any of the true binders.
Notably, none of the structures were able to identify the other
antagonists in the top five compounds through the VSW
screening process.

To gain a more comprehensive understanding of the results,
we conducted a manual evaluation of each step in the VSW

and analyzed its performance (Table 1). During the HTVS
screening, 4Z35 exhibited the highest enrichment with a

BEDROC23 (α = 160.9) value of 0.266; however, none of the
four protein structures successfully recognized ONO-9780307
as a true binder. This implies that the ONO-9780307 was
eliminated in the initial round of the VSW, impeding its
retrieval in subsequent screening processes.

Interestingly, screening with a higher precision did not
correlate with improved enrichment. In the case of structure
4Z34, a significant enhancement in enrichment was observed
from HTVS to standard precision (SP), but further refinement
to XP settings led to only a minimal increase in the BEDROC
value (α = 160.9), coupled with a decrease in both BEDROC
(α = 8.0) and AUAUC values. This occurred despite the cost
of extended computing time, resulting in no improvement in
EF1%. For structures 4Z35 and 4Z36, enrichment values for SP
screening outperformed those of XP in all four metrics,
showing no correlation between the precision and enrichment.
Disappointingly, irrespective of the precision of screening, the
AlphaFold model showed poor enrichment in terms of the
BEDROC (α = 160.9) value.

Overall, the most successful performance was observed with
the 4Z34 XP setting. However, the improvement over SP
screening was marginal, especially considering the extensive
computing resources required. Recognizing that the majority of

Figure 1. Representative LPAR1 antagonists.

Table 1. Performance Evaluation of Each Protein Structure
with Respect to Precision of the Docking Process

precisiona PDB
BEDROCb

(α = 160.9)
BEDROCb

(α = 8.0) AUAUCc EF1%
d

HTVS AlphaFolde 0.005 0.261 0.64 0
4Z34 0.118 0.356 0.60 10
4Z35 0.266 0.429 0.70 10
4Z36 0.152 0.300 0.59 10

SP AlphaFolde 0.000 0.201 0.61 0
4Z34 0.601 0.604 0.89 31
4Z35 0.365 0.462 0.82 20
4Z36 0.366 0.461 0.79 20

XP AlphaFolde 0.000 0.070 0.37 0
4Z34 0.615 0.567 0.79 31
4Z35 0.283 0.238 0.63 10
4Z36 0.128 0.295 0.55 10

aThoroughness of the docking process. HTVS: high-throughput
virtual screening; SP: standard precision; XP: extra precision.
bBEDROC: Boltzmann-enhanced discrimination of receiver operating
characteristic. cAUAUC: area under the accumulation curve. dEF1%:
enrichment factor 1%. eAlphaFold: AF-Q92633-F1-model_v4 was
used.
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the actives were being lost during the initial HTVS screening
process, we opted to focus our screening entirely on 4Z34 with
SP settings rather than employing multiple layers of varying
precisions to narrow down the number of compounds being
screened.
2.2. High-Throughput Virtual Screening and Selec-

tion of Compounds for in Vitro Validation. In our pursuit
of the identification of novel scaffolds, we prioritized virtual
compound libraries with structural diversity and commercial
availability. The growing size of virtual libraries has led to
debates on whether screening larger libraries can improve the
chances of discovering more promising hit compounds;24

however, the significance of screening a larger chemical space is
influenced by various factors and remains an ongoing topic.25

Taking into account the computational resources required to
screen the entire library with standard precision (SP), we
decided to screen the ChemBridge DIVERSet. This library
encompasses 1.3 million readily available compounds, which is

a manageable size, and offers a wide range of structural
diversity.

Following the SP precision screening of the complete library,
we selected the top 200 compounds based on the docking
score. These compounds were further subjected to clustering
based on structural similarity and underwent additional filters,
including drug-likeness and visual inspection. Ultimately, a
total of 64 compounds (Table S3) were chosen for in vitro
validation.

In order to measure the inhibitory activity of the derived
compounds, we conducted an LPAR1-dependent calcium flux
assay, utilizing AM095 as a positive control. Intracellular
calcium increase was measured upon pretreatment of
compounds (50 μM) at 37 °C for 20 min, followed by 10
min at room temperature to stabilize the cells. From the assay,
we identified five distinct chemical structures that exhibited
greater than 50% inhibition in the LPAR1-dependent calcium
flux assay (Figure 2A). These compounds were retested with
varying concentrations (eight-point twofold dilutions starting

Figure 2. LPAR1-dependent calcium flux assay. (A) Inhibitory activity of compounds derived from virtual screening. Compounds were pretreated
with a fixed concentration of 50 μM. Dose-dependent activity of compounds (B) 1, (C) 19, (D) 21, (E) 23, (F) 55, and (G) AM095 as a positive
control.
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from 200 μM), confirming a dose-dependent behavior (Figure
2B−F).

The measured IC50 indicated that the five compounds
derived from the virtual screening campaign are weak
inhibitors of LPAR1 (Figure 3). However, all the identified
compounds have lead-like structures with molecular weights
ranging from 381 to 413, and an acceptable range of log P and
the number of hydrogen bonding donors/acceptors (Table
S4). A thorough study for understanding how these
compounds bind would provide insights into designing novel
structures with improved properties; hence, we investigated
each compound’s binding mode through in silico methods.
2.3. Scaffolds Containing Carboxylic Acids. The

majority of the LPAR1 antagonists reported to date contain
a carboxylic acid moiety, which is believed to be involved in
interactions with polar and ionic residues located toward the
N-terminal capping helix, specifically His40, Lys39, and
Tyr34.17 The molecular docking studies of compound 1 with
LPAR1 (Figure 4A,B) revealed that the ligand’s carboxylate
group interacts with Arg124, Lys39, and Tyr34, as anticipated.
Another significant interaction identified was the hydrogen
bonding between the carbonyl group and Gln125. In a 100 ns
molecular dynamics simulation, the system reached equilibra-
tion, with an average ligand RMSD value of 2.458 Å with
respect to the protein. Interestingly, while the molecular
docking analysis identified Arg124 and Lys39 interacting with
the carboxylate, the molecular dynamics simulation showed
that the dominant interaction is with Arg124. The hydrogen
bonding interaction between the carbonyl group and Gln125
was the second most frequently observed interaction. Notably,
the molecular docking studies did not identify the hydrogen
bonding interaction between the amino group of indazole and
Glu293, as well as the hydrogen bonding interaction between
the sulfonyl oxygen and Trp210, both of which were observed
in the molecular dynamics simulation (Figure S2).

In the case of compound 55, as evidenced by molecular
docking studies (Figure 4E,F), the carboxylate group
interacted with Arg124, Lys39, and Tyr34, along with an
additional interaction with His40. Previous studies have
suggested that His40 may play a crucial role in the selectivity
profile as it is unique to LPAR1.17 The molecular dynamics
analysis supported that these interactions were the primary
contributing factors in binding (Figure 4H). The overall
system reached equilibration toward the end of the simulation,
possibly due to the presence of a high number of rotatable
bonds (Figure 4G). Apart from the carboxylate moiety, both
carbonyl groups of the amides actively participated in the
binding process. A hydrogen bonding interaction of amide
carbonyl with Gln125 was again observed; however, a unique
water bridge was present between Thr109 and the remaining
amide carbonyl of compound 55. Considering the potential for
structural modifications, this unique fused bicyclic core may
present a promising template worthy of further investigation.
2.4. Compound 21 Mimics the Binding of ONO-

9910539. Compound 21, identified through the molecular
docking analysis, exhibited two significant hydrogen bonding
interactions: (1) Trp210 with the acetyl carbonyl group and
(2) Gln125 with the amide carbonyl group (Figure 5A,B).
These hydrogen bonding interactions remained dominant
during a 100 ns MD simulation (Figure 5D), emphasizing their
importance. Compound 21 displayed minimal deviation of the
ligand from the initially predicted position, with an average
RMSD of 1.351 Å (Figure 5C), which was the lowest RMSD
value observed among all of the simulated compounds.

Interestingly, despite its structural difference, compound 21
demonstrated an identical interaction pattern to ONO-
9910539, as observed in the analysis of ONO-9910539
bound to LPAR1 (PDB: 4Z35).

The available crystal structures of LPAR1 are all holo
structures in complex with a series of analogues (ONO-

Figure 3. Structures and properties of top 5 compounds derived from the virtual screening and AM095. aM.W.: molecular weight. bMM-GBSA:
molecular mechanics with generalized Born and surface area solvation.
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9780307, 9910539, and 3080573) containing a common chiral
secondary hydroxyl moiety (Figure S3). While the crystal
structures 4Z34 and 4Z36 displayed a hydrogen bonding
interaction between these hydroxyl groups and the side chain
of Gln125, this interaction was not observed in 4Z35, neither
in the crystal structure nor in the molecular docking analysis. A
possible explanation for this discrepancy may be attributed to
the crystal structure being only a “snapshot” of a dynamic
interaction. Indeed, a 100 ns molecular dynamics simulation

identified the hydrogen bonding interaction between this
hydroxyl group and the side chain of Gln125, similar to the
observed interaction in the other two structures (Figures 6A
and S4). ONO-9910539, the only analogue of the methyl
ketone moiety, ONO-9910539, exhibited an identical hydro-
gen bonding interaction between the carbonyl group with
Trp210.

Overlaying the crystal structure of ONO-9910539 with the
docked pose of compound 21 demonstrated alignment of the

Figure 4. Protein−ligand interaction analysis of compounds with a carboxylic acid moiety. (A,E) Binding pose prediction and (B,F) protein−ligand
interaction of compounds 1 and 55, respectively, determined by molecular docking studies. The yellow dashed line indicates hydrogen bonding,
and the purple dashed line indicates salt bridges in the orange box. The arrows in the protein−ligand interaction diagram indicates hydrogen
bonding interactions, and the purple solid line indicates salt bridges. (C,G) RMSD plot of protein (orange) and ligand (blue), and (D,H) frequency
of interacting residues observed over the course of 100 ns molecular dynamics simulation for compounds 1 and 55, respectively. For the interaction
fraction diagram, green indicates hydrogen bonding interactions, purple indicates hydrophobic interactions including π−π and π−cation
interactions, blue indicates water bridges, and magenta indicates ionic interactions.
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methyl ketones, along with the two ring systems, in a 3D
pharmacology hypothesis model (Figure 6B). The key
difference between the two compounds lies in the mode of
hydrogen bonding: the hydroxyl group of the ONO
compounds acting as a hydrogen bond donor to the carbonyl
group of the Gln125 side chain, whereas in compound 21, the
carbonyl group of the ligand served as the hydrogen bond
acceptor, while the amino group of the Gln125 side chain
became the hydrogen bond donor (Figure 6D). This analysis
indicates that the two structural motifs could be in a bioisoteric
relationship.
2.5. Imidazolothiazole and Isoxazole Scaffolds. The

molecular docking analysis of compound 19 revealed a
hydrogen bonding interaction between the amide carbonyl
group and Gln125 of LPAR1, which was identified as the key
interaction (Figure 7A,B). However, during a 100 ns molecular
dynamics simulation, a hydrophobic π−π stacking interaction
between Trp271 of LPAR1 and the pyrazole moiety of the
ligand was found to be the most frequently observed
interaction (Figure 7H). This interaction was further stabilized
by a water bridge formed between Arg124 and N7 of the
imidazolothiazole moiety. In silico analysis indicated that the
(S)-configuration of the compound is the more active isomer,
as the (R)-enantiomer did not show promising results during
the virtual screening process. The system reached equilibration
during the simulation, with an overall average RMSD of 1.978
Å for the ligand with respect to the protein (Figure 7C).

Compound 23 was initially expected to have a binding mode
similar to that of BMS-986020 or Ki16425, given its structural
resemblance to these antagonists. However, contrary to
expectations, compound 23 displayed an opposite binding
orientation compared to BMS-986020 or Ki16425 (Figure
7E,F). Although there is no crystal structure of BMS-986020 or
Ki16425 bound to LPAR1 reported to date, previous studies
suggest that the carboxylic acid moiety of these antagonists
engages in ionic interactions with residues located toward the
N-terminus, such as Lys39 and His40, which play a crucial
role.17 As a result, the carbamate moiety of these reported
antagonists is expected to be positioned deeper toward the
membrane, as confirmed by molecular docking experiments
(Figure S5). It should be noted that depending on the
installation of additional substituents at either side of the ring,
the orientation could possibly flip to adopt the orientation of
BMS-986020 or its analogues. However, at the same time, fine-
tuning of either side of the rings could potentially fix the
proposed binding pose and possibly be beneficial in binding
through interactions with Gln125.

3. DISCUSSION
In this study, we employed a comprehensive virtual screening
approach to identify novel scaffolds as LPAR1 antagonists. Our
findings provided valuable insights and highlighted several
important observations. First and foremost, in line with
numerous preceding studies,26,27 the docking scores did not
consistently correlate with inhibitor activity. Interestingly,

Figure 5. Protein−ligand interaction analysis of compound 21. (A) Binding pose prediction and (B) protein−ligand interaction determined by
molecular docking studies. The yellow dashed line indicates hydrogen bonding, and the purple dashed line indicates salt bridges in the orange box.
The arrow in (B) indicates hydrogen bonding interactions. (C) RMSD plot of protein (orange) and ligand (blue) and (D) Frequency of interacting
residues observed over the course of 100 ns molecular dynamics simulation. For (D), green indicates hydrogen bonding interactions, and purple
indicates hydrophobic interactions including π−π and π−cation interactions.
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when plotting docking scores against percent inhibition at 50
μM, we found no correlation across the full population (Figure
8A) but rather identified an inverse relationship within the
active compounds (Figure 8B). Conversely, comparing MM-
GBSA values with the percent inhibition of the actives did
reveal some degree of correlation (Figure 8C,D). However, a
larger sample size would be necessary to arrive at definitive
conclusions. Furthermore, we observed that crystal structures
in their holo form outperformed the corresponding apo-like
structures, indicating the importance of considering ligand-
bound conformations.

During our screening process, we identified five distinct
chemical scaffolds, which we further validated using an LPAR1-
dependent calcium flux assay. Although these compounds
exhibited weak inhibitory effects, our analysis of 100 ns
molecular dynamics simulations provided crucial insights into
the structural motifs and interactions involved in the binding
process. In our analysis, all residues interacting with the ligands
demonstrated low root-mean square fluctuation (RMSF)
values, predominantly below 2 Å (Figure S6), which indicated
stabilization of these residues. In addition, the RMSD values of
the binding sites significantly diminished in the presence of a
ligand compared to their apo form (Table S5). Such metrics
suggest that ligand binding introduces a stabilizing effect on
the system, corroborating the observed activity. It is of

particular note that Gln125 emerged as a pivotal residue
playing a vital role in protein−ligand interactions. Yet, each
compound presented distinct characteristics in their binding
process, underlining the multifaceted nature of these
interactions. These insights imply that the identified
compounds may serve as promising templates or bioisosteres
in the design of LPAR1 antagonists.

We also performed calculations for the average binding
energy over the course of a 100 ns simulation to investigate its
correlation with observed in vitro data. When we plotted the
average binding energy against percent inhibition, a notable
correlation emerged, reflected by an R2 value of 0.7357 (Figure
8E). Surprisingly, this correlation was absent when comparing
the average binding energy with IC50 values (Figure 8F). This
discrepancy could be due to limitations in the computational
models, the complex nature of receptor−ligand interactions, or
oversimplifications in our approach that may not capture all
aspects of binding dynamics. As noted previously, a study with
a larger sample would be essential to make a conclusive
statement. Nonetheless, our study demonstrates that the
success of the virtual screening process goes beyond the
screening methodology alone. Given the complexity of
protein−ligand interactions, a multifaceted approach is
necessary to effectively identify potential compounds.

Figure 6. Binding mode comparison of ONO-9910539 and compound 21. (A) Snapshot of ONO-9910539 interacting with LPAR during a course
of 100 ns MD simulation. Hydrogen bonding is indicated in yellow. (B) 3D pharmacophore modeling of the two ligands. ONO-9910539, taken
from the crystal structure 4Z35, is depicted in orange, and the predicted docking pose of compound 21 is depicted in green. (C) Protein−ligand
interaction of ONO-9910539 over a course of 100 ns molecular dynamics simulation. (D) Structural comparison between the two compounds. The
colored structure indicates a possible bioisosteric relationship.
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Overall, our study contributes to an improved understanding
of protein−ligand interactions in the context of LPAR1
antagonists. We believe that our findings open up new avenues

for further exploration and development of novel LPAR1
antagonists.

Figure 7. Protein−ligand interaction analysis of compounds 19 and 23. (A,E) Binding pose prediction and (B,F) protein−ligand interaction of
compounds 19 and 23, respectively, determined by molecular docking studies. The yellow dashed line indicates hydrogen bonding. (C,G) RMSD
plot of protein (orange) and ligand (blue), and (D,H) frequency of interacting residues observed over the course of 100 ns molecular dynamics
simulation for compounds 19 and 23, respectively. For the interaction fraction diagram, green indicates hydrogen bonding interactions, purple
indicates hydrophobic interactions including π−π and π−cation interactions, and blue indicates water bridges.
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4. MATERIALS AND METHODS
4.1. General Information. All in silico experiments, except

for molecular dynamics simulation, were performed in a
Windows OS environment running on an HP EliteDesk 800
G9 TWR Workstation. Preprocessing for molecular docking
(Protein Preparation Wizard, LigPrep, Receptor Grid Gen-

eration), virtual screening (Glide), visualization (Maestro),
and analysis were conducted with the Schrodinger Small
Molecule Drug Discovery Suite (version 2022-4). Molecular
dynamics simulation was performed using Desmond on the
Schrodinger platform, in a Linux environment on NVIDIA
RTX 3080.

Figure 8. Correlation study of the docking score and MM-GBSA with respect to percent inhibition. Docking score vs percent inhibition plot of (A)
full 64 compounds tested, and (B) five actives and AM095. MM-GBSA vs percent inhibition plot for (C) full 64 compounds and (D) five actives
and AM095. Average binding free energy of the five compounds during the course of 100 ns simulation vs (E) percent inhibition at 50 μM, and (F)
IC50 value.
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4.2. DUD-E Generation. The SMILES of the 10 selected
compounds were submitted for DUD-E generation (https://
dude.docking.org/).20 The results were loaded in Microsoft
Excel, and the generated forms with charges and their
corresponding decoys were removed from the list, resulting
in a total of 510 unique SMILES.
4.3. Molecular Docking Experiments. 4.3.1. Protein

Preparation. PDBs (4Z34, 4Z35, 4Z36) and AF-Q92633-F1-
model_v4 were loaded onto Maestro, and the proteins were
prepared for docking using the Protein Preparation Work-
flow28 module. Missing side chains and loops were filled with
Prime,29 and the PROPKA package was used for optimization.
Minimization was processed with the OPLS4 force field, and
water molecules 5 Å distant from the ligand were removed.
4.3.2. Ligand Preparation. All ligands were prepared using

Schrodinger’s LigPrep module with the OPLS4 force field. All
possible states at a target pH of 7.0 ± 2.0 were generated using
Epik,30 and the only the specified chiralities were retained.
4.3.3. Receptor Grid Generation. For crystal structures, the

receptor grid was generated by employing the bound ligand as
the centroid for docking. For the AlphaFold model, the
binding sites were initially identified using the SiteMap31

module. The grid was then generated based on the site that
corresponds to the region where ligands are bound in crystal
structures.
4.3.4. Ligand Docking. Ligands were docked using Glide

with varying precision. In all cases, the ligand docking was
conducted using a van der Waals radii scaling factor of 0.80
with a partial charge cutoff at 0.15. Ligand sampling was left
flexible, and Epik state penalties were applied to the docking
scores.
4.3.5. Native Ligand Docking. To test the reliability of the

docking protocol, the co-crystallized ligands were docked into
their corresponding crystal structures. All three models
produced ligand binding poses with an RMSD of less than
1.5 Å with respect to the crystal structure (Figure S7).
4.3.6. Virtual Screening Workflow. The ligands were pre-

prepared using the LigPrep function, and therefore, the ligand
preparation step was skipped. No filtering was applied in any of
the VSW experiments. Epik state penalties were applied to
docking scores. For HTVS and SP screening, the top 20% were
kept with one pose per compound state. For XP screening, the
top 3 compounds were kept.
4.4. Molecular Dynamics Simulation. The system for

molecular dynamics simulation was built as an orthorhombic
box shape (10 × 10 × 10 Å) employing SPC as the solvent
model with an OPLS4 force field. The POPC (300 K)
membrane model was applied, and the system was neutralized
by adding an appropriate number of counterions. The built
system was loaded onto Desmond, and a 100 ns simulation
was carried out with NPT as the ensemble class running at
300.0 K temperature and 1.01325 bar pressure. The model
system was relaxed with the default protocol prior to
simulation, and the results were analyzed using Simulation
Interactions Diagram (SID).
4.5. Detection of Intracellular Calcium Increase.

Changes in intracellular calcium were detected using a new
NanoBiT-based method as described previously.32 In sum-
mary, HEK293 cells that stably expressed the human LPA1
receptor were seeded at a density of 2 × 104 cells/well in 96-
well plates. The next day, 25 ng of each plasmid including
calmodulin tagged with SmBiT at the C-terminal and the
binding motif of myosin-light chain kinase 2 tagged with

LgBiT at the N-terminal were mixed with 0.06 μL of
jetOPTIMUS (Polyplus, Illkirch-Graffenstaden, France) and
added to the plated cells. Subsequent steps were performed
according to the manufacturer’s instructions. After 24 h, the
cells were treated with either vehicle (0.2% DMSO) or
different compounds at various concentrations and incubated
for 20 min at 37 °C, followed by 10 min at room temperature
to stabilize the cells before measuring the luminescence. Next,
25 μL of Nano-Glo Live Cell Reagent (furimazine) was added
to each well, and the basal luminescence was measured for the
first 5 min. Finally, the cells were stimulated by adding 10 μL
of LPA at a final concentration of 100 nM to each well, and the
real-time change in the luminescence signal was recorded for
15 min.
4.6. Statistical Analysis for IC50 Determination. To

determine IC50 for AM095 and other compounds, a fourfold
serial dilution starting from 50 μM and a twofold serial dilution
starting from 200 μM were used, respectively. The final
percentage of DMSO was less than 0.5%. The relative change
in LPA-induced luciferase activity in the presence of the
inhibitor was plotted against inhibitor concentration on a
logarithmic scale. The IC50 and standard deviation (SD) value
was calculated through a nonlinear regression analysis
[log(inhibitor concentration) vs response-variable slope (four
parameters)] from three independent experiments using
GraphPad Prism 8 software (San Diego, CA, USA). The
equation of the curve is given as follows

= +
+ ·

Y Bottom (Top Bottom)

/(1 10 )X((Log IC ) Hill Slope)50

where Y is the fold increase in the luminescence signal; X is the
logarithm of the inhibitor concentration; Bottom refers to Ymin;
and Top refers to Ymax.
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