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Compound 5 ([5-(3-nitrophenoxy)-1,3-dioxo-1,3-dihydro-2-isoindol-2-yl]acetic acid) was identified as a
weak selective LPA3 antagonist (IC50 = 4504 nM) in a virtual screening effort to optimize a dual LPA2 and 3

antagonist. Structure-based drug design techniques were used to prioritize similarity search matches of
compound 5. This strategy rapidly identified 10 novel antagonists. The two most efficacious compounds
identified inhibit activation of the LPA3 receptor by 200 nM LPA with IC50 values of 752 nM and 2992 nM.
These compounds additionally define changes to our previously reported pharmacophore that will
improve its ability to identify more potent and selective LPA3 receptor antagonists. The results of the
combined computational and experimental screening are reported.

� 2009 Elsevier Ltd. All rights reserved.
Table 1
Previously reported LPA antagonists identified using structure-based approaches

Antagonists IC50 (nM)

LPA1 LPA2 LPA3 LPA4 LPA5

Compound 1 NE NE 24
Imax = 69.8%

NE NE

Compound 2 220 22 NE NE NE
Compound 3 NE 355

Imax = 53.3%
30
Imax = 81.7%

NE NE
1. Introduction

LPA receptors comprise a family of eight G protein-coupled
receptors (GPCRs), made of two subclasses (endothelial differentia-
tion gene (EDG) and purinergic like receptors).1–4 These receptors
play pathological and physiological roles regulating cell prolifera-
tion, migration, and survival.5 LPA receptors have been implicated
in diseases that include breast cancer and cardiovascular disease.5–

8 Bioactive molecules targeting LPA receptors have been explored
due to the potential therapeutic value of such compounds.9–18 The
majority of these compounds have been evaluated only at receptors
in the EDG subclass, LPA1-3, due to their earlier association with LPA
signaling. Among LPA receptors in the EDG subclass, both LPA2 and
LPA3 have restricted expression patterns, whereas LPA1 is broadly
expressed.6 LPA2 is found in the nervous tissue, kidney, testis, lung,
and prostate. LPA3 is found in the testis, prostate, heart, brain, lung,
and kidney. Selective bioactive molecules for these receptors offer
therapeutic potential for several diseases.5,6,17,19

During previous virtual screening efforts, several novel antago-
nists were identified.11 Identification of these antagonists relied
upon a rhodopsin-based homology model of the LPA3 receptor pre-
viously developed to study interactions of the binding site with
known LPA antagonists.20 Based on these interactions, we defined
a three-point pharmacophore consisting of an anionic and two
hydrophobic sites. Matches to the pharmacophore were further
analyzed using flexible docking before selection of candidates for
experimental screening. Antagonists identified from virtual screen-
ll rights reserved.

: +1 901 678 3447.
).
ing using the pharmacophore and subsequent similarity searching
were diverse in structure and had nanomolar potency (Table 1 and
Fig. 1 panel B).11 These differed from previously reported LPA
antagonists which had lipid-like structures (Fig. 1 panel A).9,21

The structure–activity relationship (SAR) has been previously
reviewed and is briefly summarized here. LPA antagonists were ini-
tially developed via changes to the polar head group and altering
the length and number of hydrophobic chains present in the glyc-
erol backbone.21 This is the case for DGPP, a nonselective LPA
antagonist. DGPP possesses a pyrophosphate headgroup and two
hydrocarbon chains rather than a phosphate headgroup and one
hydrocarbon chain, as in LPA. Many of the earlier LPA antagonists
were described prior to the identification of the newest LPA GPCR
family members. Thus the true selectivity of these compounds re-
mains an open question. Compound 1 is the only reported LPA3-
Compound 4 27,354 9 1230 NE NE
Compound 5 NE NE 4504

Imax = 50%
NE NE

NE, no effect.
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Table 2
Distances from compounds to key residues (ÅA

0

)

Compound Percent inhibiton at 10 lM Residues

W25 K95 R3.28 R7.36

Compound 11 NE 5.20 2.84 3.85 5.56
Compound 5 10 3.81 2.91 2.31 2.26
Compound 10 42 9.35 2.28 2.29 2.28
Compound 9 43 10.17 2.39 3.25 2.33
Compound 12 62 4.28 2.29 2.36 2.46
Compound 20 82 4.10 2.45 2.38 2.29

Residues selected based on interactions with pharmacophoric features in com-
pound 5.
Hydrophobic interactions (underlined).
Polar interactions (bold).
Ionic Interactions (italicized).

Figure 1. Structures of reported lipid (panel A) and non-lipid (panel B) LPA antagonists. Similarity search target, compound 5 (panel C).
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selective compound to be tested on the LPA1–5 receptors,11 instead
of only LPA1–3.

Compound 5 (Fig. 1 panel C) emerged as a selective partial
antagonist from virtual screening optimizing an LPA2 and LPA3

antagonist. In this present work we use our virtual screening work-
flow to rapidly identify additional LPA3 antagonists. Two com-
pounds with 1.5- and sixfold improvements in potency and
improved efficacy from 50% to 100% inhibition of the LPA response
over compound 5 were identified; however selectivity was
reduced.

2. Results and discussion

2.1. Database searching identifies similar analogs

Compound 5 was found to be a weak selective LPA3 antagonist
(IC50 = 4504 nM) while screening using the phthalimide scaffold.
We began to search for more potent and efficacious LPA3 antago-
nists by 2D similarity searching using compound 5 for our search
query. Similarity searching at an 80% threshold produced 183
matches. Compounds were selected for docking that maintained
three moieties from compound 5; the phenyl ring, phthalimide,
and the anionic group. This reduced the 183 matches to 42 com-
pounds for virtual screening. The structures were then downloaded
and prepared for docking.

2.2. Flexible docking

The ligands were flexibly docked into the inactive LPA3 model
using AUTODOCK3.0.20,22 Ligands were evaluated and chosen for
experimental screening based on overlap of docked poses with
compound 5. The docked complexes were analyzed for interactions
analogous to those made by compound 5 and any improved inter-
actions (Table 2). Figure 2 shows the receptor interactions from our
structure-based pharmacophore comparing compound 5 and two
of the 42 docked matches. The docked complex of compound 5
in panel A illustrates the minimum interactions that were set as
requirement for each match to have to justify experimental screen-
ing. These interactions include ionic interactions with R3.28 and
R7.36. The docked complex also needed to have a polar interaction
with K95. The docked pose of compound 9 (panel B) showed inter-
actions with R3.28 and R7.36 mimicking our hit, and the interac-
tion with K95 is a stronger ionic interaction than the weak polar
interaction observed with compound 5. The compound 10 (panel
C) docking pose suggested both a polar interaction and an ionic
interaction with K95 as well as showing interactions with R3.28
and R7.36 similar to that of compound 5. Sixteen compounds were
chosen for experimental testing grouped into five scaffolds (Fig. 3
and Table 3). Scaffold I explored changes to the compound 5 anio-
nic substituent. Scaffold II explored the SAR of compound 5 by
evaluating placement of the nitro group on the aromatic ring. In
addition the necessity of the anionic group was evaluated with
compounds 8 and 14. Compound 8 replaces the anionic group
with a pyridine, on the expectation that an aromatic group could



Figure 2. Interactions of ligands in the LPA3 antagonist binding pocket. Compound 5 (panel A), compound 9 (panel B), and compound 10 (panel C).

Figure 3. Scaffolds of compounds selected for pharmacological screening. R1 and R2 groups are defined in Table 3.
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Table 3
Screening assay of compound 5 and similarity search matches

Compound Hit2lead ID Scaffold R1 R2 % Inhibition at 10 lM

5 5747876 I
O

OH

10

6 6582859 I
O

OH

O
Agonist

7 7886891 I

OH

O
18

8 5759401 I

N

38

9 5233136 I

O

OH

HO O

43

10 5751335 I

OH O

42

11 5770242 II

O

OH
NO2 NE

12 7724589 II

O

OH
CH3 62

13 5160780 II

O

HO NO2 38

14 7334533 II
O

CH3 NE

15 5750136 III

O

OH
Agonist

16 7901752 III
OH

O

10
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Table 3 (continued)

Compound Hit2lead ID Scaffold R1 R2 % Inhibition at 10 lM

17 5128706 IV

N
H

HO O
NE

18 7890363 IV

O

O

N
H

O
Agonist

19 5233285 IV

N
H

O

O
18

20 5765834 V 82

Comparison of LPA3 inhibition by analog compounds. Compounds were tested using 10 lM against 200 nM LPA. Refer to Figure 3 for scaffold structures.

Table 4
Dose–response data for select compounds

LPA1 LPA2 LPA3 LPA4 LPA5

Compound
5

NE NE IC50 = 4504 nM
Imax = 50%

NE NE

Compound
20

IC50 = 94 nM
Ki = 48 nM

NE IC50 = 752 nM
Ki = 230 nM

NE IC50 = 463 nM
Ki = 292 nM

Compound
12

IC50 = 609 nM
Ki = 311 nM

NE IC50 = 2992 nM
Ki = 1084 nM

NE NE

Compound
11

NE NE NE NE NE
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interact effectively with cationic sidechains in the receptor through
cation-p interactions and still display antagonist activity. Com-
pound 14 was selected with the expectation that replacement of
the carboxylic acid with an ether would produce substantially
weaker interactions with cationic sidechains in the receptor, giving
poor antagonism. Scaffold III replaced the oxygen linker found in
compound 5 with a carbonyl group. This provided an opportunity
to evaluate conformational rigidification. The fourth scaffold eval-
uated homologation. Scaffold V is represented solely by compound
20, which reverses the spatial orientation of the anionic group on
the phthalimide core relative to compound 5.

2.3. Antagonistic effect and SAR

Selected compounds were experimentally screened by measur-
ing their effect on LPA activity in a Ca2+ assay. Inhibition of LPA was
measured by comparing the response of LPA at 200 nM to the re-
sponse of 200 nM LPA competing against 10 lM test compounds.
Ten of the sixteen compounds showed antagonism of an LPA-in-
duced response (Table 3). The fact that nine of the ten antagonists
found had better inhibition than our similarity search target, com-
pound 5, shows that our virtual screening approach is able to opti-
mize the efficacy of our matches.

Compound 20 in scaffold V showed the highest in efficacy overall.
The replacement of the simple carboxylic group of compound 5 with
additional aromatic interactions (compounds 8, 9 and 10) led to
compounds up to four times more effective than compound 5. Place-
ment on the phenyl ring in scaffold I seemed to have the biggest im-
pact, as the aromatic insertion in compound 13 relative to compound
11 sharing scaffold II produced a less efficacious compound. Replace-
ment of the flexible ether linker in scaffold I with the more rigid car-
bonyl linker in scaffold III led to an agonist effect or weak antagonism
(compounds 15 and 16). Homologation in compounds 7 versus 5 and
16 versus 15 of scaffolds I and II, respectively, produced little
improvement in efficacy but demonstrate that additional length is
well-tolerated in the binding pocket. Both compounds 8 and 14 lack
an anionic group, however 8 is active and 14 is not active. This tells us
that an aromatic group is a adequate replacement for the anionic
group but a hydrogen bond acceptor is not.

Dose–response curves were generated for the two most effica-
cious compounds (20 and 12) from the single-point screening.
The single dose inhibition for both of these compounds was >50%
at 10 lM giving us confidence that these two would be full antag-
onists unlike the similarity search target (5), an expectation that
was confirmed (Table 4). Compound 20 was six times more potent
than compound 5, with an IC50 of 752 nM versus 4504 nM. Com-
pound 12 was almost twice as potent as compound 5, with an
IC50 of 2992 nM. Compound 12 placed the methyl group at the para
position compared to the nitro in the meta position in compound 5.
Compound 11 was assayed to compare placement of the nitro
group on the phenyl ring of scaffold II (Table 2). Compound 11
showed no inhibition of LPA3, indicating that the position of the ni-
tro group has substantial influence on the measured pharmacolog-
ical activity. Similarity searching for derivatives of compound 5
improved both efficacy and potency, however, selectivity was lost.
Both compounds 12 and 20 were LPA1 antagonists and compound
20 was also an LPA5 antagonist.

2.4. Pharmacophore analysis

Docking results were utilized to relate select aspects of the
experimentally observed SAR to molecular interactions proposed



Figure 4. Overlayed and individual docked positions of compound 5 (purple, panels A and B), compound 20 (cyan, panels A and C), compound 12 (orange, panels A and D) and
compound 11 (green, panels A and E). The compounds are superposed on our three-point pharmacophore consisting of an anionic group, an acceptor/anionic group, and a
hydrophobic group.

Figure 5. Newly proposed LPA3 antagonist pharmacophore (panel B) compared to old pharmacophore (panel A). Docking overlay of selective LPA3 antagonist, compound 1,
and compound 20, the most potent compound identified in the current study.
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in our LPA3 structure-based pharmacophore. The lowest energy
docked positions of compounds 11, 12, and 20 are overlayed on
our previously described pharmacophore (Fig. 4). We looked at
interactions with key residues proposed in our pharmacophore
model (Table 2). The aromatic/ionic interaction with R3.28 was
common to all of our docked complexes. Our modeling also sug-
gests that W25, K95 and R2.76 affect antagonist activity. Com-
pound 11 showed no activity, consistent with relatively weak
interactions reflected in distances to W25 and R2.76 greater than
5.0 Å. Compound 12 showed a 1.5-fold increase in potency com-
pared to compound 5. Docked complexes attribute this change to
the replacement of the nitro group of compound 5 with a methyl
group in compound 12. The docked complex of 12 had a hydropho-
bic interaction W25 and an ionic interaction with K95 but only a
polar interaction with R7.36. Compound 5 interacted at the same
sites but displayed polar interactions with W25 and K95 and an an-
ionic interaction with R7.36. While these seem to be very similar
interactions differing only in location, the polar interaction of
R7.36 with 12 at 2.46 Å is much stronger than the polar interac-
tions between 5 and either W25 at 5.20 Å or K95 at 2.91 Å (Table
2). The fact that compound 20 showed a sixfold increase in potency
can be attributed to the strong ionic interactions with all three cat-
ionic sites, K95, R3.28, and R7.36, instead of only two for the other
compounds tested.

Combining the SAR and modeling data from our current and
previous studies,11 we are able to refine our previous selection of
the important interactions for LPA3 antagonism. The importance
of point B has confirmed in previous SAR study (Fig. 5, panel
A).11 Compound 8 demonstrates that the type of functional group
matching point A can be expanded to include aromatic groups,
which have the capacity to form cation-p interactions with the cat-
ionic residues in LPA3. The lack of antagonism displayed by com-
pound 14, which lacks an anionic or aromatic group to map onto
position A, confirms the importance of point A for receptor affinity.
Placing a nitro group (compound 5) or an amine (compound 1)11 at
point C has resulted in selective LPA3 antagonists. When replacing
the nitro group of compound 5 with a methyl group (12) we lost
selectivity. Thus point C should be occupied by a cationic
functional group to promote LPA3 selectivity. Figure 5 shows
our refined pharmacophore, which consists of three points
including anionic/aromatic, acceptor/anionic, and cationic sites
(Fig. 5, panel B).
3. Conclusion

The use of similarity searching, docking, and pharmacophore
modeling identified a series of 10 LPA3 antagonists based on their
similarity to a weak partial antagonist, compound 5. Both the po-
tency and efficacy of our target was improved in the matching
compounds. Here we have identified two full LPA antagonists that
had 1.5 and sixfold increases in potency. The location and identity
of the aryl group substituent in compound 5 was examined. Place-
ment of a nitro group at the para position of scaffold II, as in com-
pound 11, resulted in no antagonist activity. Placement of a methyl
group at the para position of the same scaffold, as in compound 12,
gave a more potent compound than compound 5. Compound 12
inhibited LPA3 with an IC50 of 2992 nM and showed activity at only
two of five LPA receptors tested and was selected as a promising
template for development of additional LPA3 antagonists. The
importance of key pharmacophore features was studied. Com-
pound 8 revealed that the pharmacophore point formerly defined
as anionic can be broadened to allow either aromatic or anionic
features. The loss of antagonist activity in compound 14 showed
that hydrogen bonding of the ether is not sufficient for antagonist
activity. The emergence of compound 20 as an LPA1/3/5 antagonist
with Ki values less than 300 nM for all three receptors provides an
additional compound to stimulate the design of modifications in
future SAR studies.

4. Experimental

4.1. Chemical database for virtual screening

Similarity searching was performed using the ChemBridge on-
line database, www.hit2lead.com. Similarity searching using com-
pound 5 as the search target was performed with a threshold of
80% using MACCS fingerprints.23 Compounds were visually as-
sessed to determine how closely the structure reflected compound
5. Similarity matches to compound 5 were chosen to create a selec-
tion of analogs that fit one of five structural scaffolds (Fig. 3). Fil-
tered matches were then flexibly docked into the previously
published, rhodopsin-based inactive LPA3 receptor model.20 The
protonation states of the small molecules were assigned using
the MOE program.24 Each of the ligands was modeled in the ioniza-
tion state expected at pH 7 and partial charges were assigned using
MMFF94.25

4.2. Docking calculations

Docking simulations were performed using AUTODOCK 3.0.22 De-
fault parameters of AUTODOCK 3.0 were used with the following
exceptions: energy evaluations (9 � 1010), genetic algorithm
search generations (3 � 104), maximum local search iterations
(3 � 103), and runs (15). The docking box dimensions, as previously
described,11 were 21.375 ÅA

0

� 21.375 ÅA
0

� 34.875 ÅA
0

, with the long
dimension following a line from the top of TM1 to the top of
TM4. The box was centered to include residues R276, K275, I173,
L86, R105, W102, C171, N172, N89, and T90. Fifteen complexes
of each ligand were generated. The lowest docked energy complex
of each antagonist was then minimized using the MMFF94
forcefield.25
4.3. Compound selection

A qualitative assessment was done in MOE comparing the docked
analogs to compound 5. The individual complexes of the analogs
were superimposed on compound 5. Compounds that exhibited
interactions at amino acid residues closely mimicking compound
5 were chosen for testing. Compounds exhibiting similar interac-
tions to those of compound 5 were expected to have similar activ-
ity as compound 5. Priority was given particularly to those
compounds that had additional key interactions at other amino
acid residues. It was anticipated the compounds having additional
interactions would be more potent than compound 5.
4.4. Pharmacological assay

The test compounds were purchased from ChemBridge (San
Diego, USA) in 5 mg quantities. They were dissolved in methanol
and diluted to the required concentrations in buffer. LPA recep-
tor-promoted intracellular Ca2+ mobilization was measured for
LPA receptors in stably expressed cells as previously described.11,20

Briefly, cells were plated in 96-well plates and cultured overnight.
The following day the Ca2+ assay was performed using a FLEXsta-
tion II (Molecular Devices, Sunnyvale, CA). The cells were loaded
with fura-2 after transfer to serum-free media for 4–6 h. Changes
in the intracellular Ca2+ concentration were then measured by
determining the ratio of emitted light intensities at 520 nm in re-
sponse to excitation at 340 and 380 nm. The compounds were
tested for agonist and antagonist activity. Each sample was run

http://www.hit2lead.com
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in quadruplicate. IC50 values were determined from concentration–
response curves for selected compounds.
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