
Novel Selective Allosteric and Bitopic Ligands for the S1P3 Receptor
Euijung Jo,† Barun Bhhatarai,‡ Emanuela Repetto,§ Miguel Guerrero,∥ Sean Riley,⊥ Steven J. Brown,⊥

Yasushi Kohno,¶ Edward Roberts,∥ Stephan C. Schürer,‡,# and Hugh Rosen*,†,⊥

†Department of Chemical Physiology, The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, California 92037,
United States
‡Center for Computational Science, Miller School of Medicine, University of Miami, Miami, Florida 33136, United States
§Control of Gene Expression Laboratory, Batiment Universitaire Archimed, Nice, France
∥Department of Chemistry, The Scripps Research Institute, La Jolla, California 92037, United States
⊥The Scripps Research Institute Molecular Screening Center, 10550 North Torrey Pines Road, La Jolla, California 92037, United
States
¶Kyorin Pharmaceutical Company, Tokyo, Japan
#Department of Molecular and Cellular Pharmacology, Miller School of Medicine, University of Miami, Miami, Florida 33136, United
States

*S Supporting Information

ABSTRACT: Sphingosine 1-phosphate (S1P) is a lysophospholipid signaling molecule
that regulates important biological functions, including lymphocyte trafficking and vascular
development, by activating G protein-coupled receptors for S1P, namely, S1P1 through
S1P5. Here, we map the S1P3 binding pocket with a novel allosteric agonist (CYM-5541),
an orthosteric agonist (S1P), and a novel bitopic antagonist (SPM-242). With a
combination of site-directed mutagenesis, ligand competition assay, and molecular
modeling, we concluded that S1P and CYM-5541 occupy different chemical spaces in the
ligand binding pocket of S1P3. CYM-5541 allowed us to identify an allosteric site where
Phe263 is a key gate-keeper residue for its affinity and efficacy. This ligand lacks a polar
moiety, and the novel allosteric hydrophobic pocket permits S1P3 selectivity of CYM-5541
within the highly similar S1P receptor family. However, a novel S1P3-selective antagonist,
SPM-242, in the S1P3 pocket occupies the ligand binding spaces of both S1P and CYM-
5541, showing its bitopic mode of binding. Therefore, our coordinated approach with
biochemical data and molecular modeling, based on our recently published S1P1 crystal structure data in a highly conserved set of
related receptors with a shared ligand, provides a strong basis for the successful optimization of orthosteric, allosteric, and bitopic
modulators of S1P3.

Sphingosine 1-phosphate (S1P) is a lysophospholipid
signaling molecule that regulates important biological

functions, including lymphocyte trafficking, endothelial devel-
opment/integrity, heart rate, and vascular tone/maturation.1−6

S1P is synthesized intracellularly by phosphorylation of
sphingosine and secreted to plasma and interstitial fluids
through a spinster channel;7 extracellular signals are then
transduced by five related G protein-coupled receptors
(GPCR) for S1P, S1P1 through S1P5. These group A
(rhodopsin-like) GPCRs form part of the EDG (endothelial
differentiation gene) cluster on the GPCR phylogenetic tree
together with lysophosphatidic acid receptors and the
cannabinoid receptors.
S1P receptors are involved in many biological processes and

many disease progresses from autoimmunity3,8 to atheroscle-
rosis and cancer.9,10 Despite significant homologies in their
sequence and structure, S1P1−5 have varied tissue distribution,
different arrays of downstream G protein coupling, various
biochemical and physiological functions, and different receptor

fates.4,11 In order to understand the role of individual receptor
subtypes, the search for subtype-selective agonists and
antagonists has been one of the focuses of our S1P research.
However, the number of well-characterized ligands that interact
highly selectively with S1P receptor subtypes is very limited.
Five S1P receptor subtypes share high sequence homology
within the orthosteric site; thus targeting the orthosteric site
would not yield high selectivity.12 The development of receptor
subtype-selective ligands of an allosteric nature would help
elucidate the function of each receptor subtype. Furthermore,
this approach would aid in the design of more specific drugs
targeted for the selective receptor subtype with minimized side
effects through the other subtypes.
S1P3 receptor couples promiscuously to Gi, Gq, and G12/13

proteins13−16 and is medically significant. Distributed on
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cardiac myocytes and cardiac fibroblasts in vivo, it plays a critical
role in cardiovascular physiology,14,16 especially pace-making
activity. In the adaptive immune system, S1P3 is highly
expressed on marginal zone B cells,17 and deletion of S1P3

leads to disorganization of the marginal zone of spleen13 with
alterations in B cell responses.18−21 The receptor is also
significantly expressed on dendritic cells in vivo. In settings of
overwhelming dysregulation of innate immunity, such as
lipopolysaccharide (LPS) challenge or cecal-ligation-puncture
sepsis in rodents, poor outcome is S1P3-dependent. For
example, protection from LPS has been demonstrated in
S1P3-deletant mice22 or by blocking monoclonal antibodies to
the receptor.23

GPCRs are now viewed as dynamic structures that adopt
multiple biologically relevant conformations.12 Orthosteric and
allosteric ligands can preferentially stabilize distinct active states
at a given GPCR, leading to discrete signaling activities. This
has been termed functional selectivity or stimulus bias because
the ligand-specific conformation may lead to signal complex-
biased or pathway-biased effects.24 The differential signaling is
expected to provide novel therapeutics with selectivity in drug
action. We report here an S1P3-selective agonist, CYM-5541.
Characterization of this molecular probe has yielded interesting
results. The probe is a full agonist of the S1P3 but does not
contain the polar headgroup moieties that play a critical role in
S1P binding. Additionally, we find that CYM-5541 does not
compete with the native ligand in competition studies. With a
combination of site-directed mutagenesis, ligand competition
assay and molecular modeling, we concluded that the ligand
binds to a distinct allosteric binding site of the S1P3 receptor.
In order to improve affinity and selectivity, researchers have

recently attempted to engineer bitopic ligands where
orthosteric and allosteric pharmacophores are linked.24 Bitopic
ligands will provide improved affinity through additional
interactions, and they will also provide improved selectivity
by engaging less conserved regions across a family of receptors.
Bitopic ligands can also lead to a signal complex-biased pathway
by selecting a preferred receptor conformation. We have
characterized a bitopic antagonist that is highly selective for
S1P3. The bitopism can allow us to gain new insights into the
biology of S1P receptors by focusing on the advantages of both
orthosteric and allosteric properties.
The first lipid GPCR structure at the atomic level (S1P1) was

recently solved by our group,25 and it provided us a
fundamental basis for modeling S1P3. We employed the
newly solved S1P1 structure and conducted S1P3/ligand
molecular modeling and found it to be remarkably consistent
with the biochemical data. We now propose that S1P and
CYM-5541 occupy differential chemical spaces in the ligand
binding pocket of S1P3. The S1P3 ligand binding pocket is
defined by two distinct binding regions; one region around
transmembrane (TM) helices 1/3 binds to S1P, and a lower
hydrophobic region around TM6 binds to CYM-5541. The
novel allosteric binding site may account for the S1P3 selectivity
of CYM-5541 and may open up the possibility of drug design
and lead optimization with subtype selectivity for members of
other GPCR families as well. As shown in this report, the
combination of the chemistry, cell biology, and structural
biology provides a platform for mapping pathways in
physiology and pathology that can lead to the discovery of
therapeutic targets.

■ RESULTS AND DISCUSSION
CYM-5541 Is a Full Agonist. In order to achieve subtype

selectivity, we and others26−28 have hypothesized that finding
allosteric pockets within the receptor can lead to potent and
selective chemical probes. There are alternate binding mode
agonists (CYM-5442) for S1P1 but no true allosteric
agonist.25,29 There are potential interaction sites around the
S1P3 orthosteric binding pocket that make this approach
feasible.
From the initial screening, a series of dicyclohexyl amides

were found to be selective for S1P3 and inactive on S1P1.
30

Further optimization led to the discovery of CYM-5541 (also
designated as chemical probe ML249 from the National
Institutes of Health Molecular Libraries Initiative), a novel
S1P3-selective agonist (Figure 1A). In order to examine the

binding mode of the agonist to S1P3 in stable cell lines, we
established Jump-In cell lines with either wild-type (WT) or
mutant S1P3. Jump-In integration is irreversible and only a
single copy of the gene of interest is integrated at the same site
in every cell.
S1P has been shown to activate the p42/p44 mitogen-

activated protein kinase (MAPK) cascade, leading to
phosphorylation of extracellular signal-regulated kinase.7,31−33

WT S1P3 Jump-In stable CHO cells were stimulated with
increasing concentrations of either S1P or CYM-5541 and were
examined for their ERK phosphorylation (Figure 2). CYM-
5541 is a full agonist, able to reach the maximum level of ERK
phosphorylation that was observed with S1P. CYM-5541 has an

Figure 1. Structures of S1P3-selective agonist and antagonist. (A)
CYM-5541 (N ,N-dicyclohexyl(5-cyclopropylisoxazol-3-yl)-
carboxamide). (B) SPM-242 ((+)-2-amino-4-(2-chloro-4-((3-
hydroxyphenyl)thio)phenyl)-2-(hydroxymethyl)butyl dihydrogen
phosphate).

Figure 2. Ligand-induced ERK phosphorylation in WT S1P3 Jump-In
stable cell lines (mean ± SEM; n = 3), revealing CYM-5541 is a full
agonist of S1P3. Targetable Jump-In TI CHO-K cell lines were used to
integrate a single copy of S1P3 in a site-specific manner. WT Jump-In
stable cell lines were stimulated with increasing concentrations of
either S1P or CYM-5541.
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EC50 of between 72 and 132 nM and exhibits exquisite
selectivity over other S1P receptor subtypes in vitro: S1P1 EC50
> 10 μM, S1P2 EC50 > 50 μM, S1P4 EC50 > 50 μM, and S1P5

EC50 > 25 μM.34 CYM-5541 also shows selectivity over a large
panel of protein targets, with no significant activities, in the
Ricerca profiling panel of 55 GPCRs, ion channels, and
transporters.
CYM-5541 Is an Allosteric Agonist. [33P]S1P binding of

WT, W256L, and F263L mutant S1P3 was competed by adding
increasing doses of its agonists and an antagonist. F263L is a
loss-of-function mutation in S1P3, while L276F provides a gain-
of-function in S1P1, helping to define L276 in S1P1 as a gate-
keeper residue.30,35 With increasing concentrations of cold S1P,
[33P]S1P binding was competitively reversed in a dose
dependent manner in WT, W256L, and F263L, as expected
(Figure 3B). S1P3-selective antagonist SPM-242 (Figure 1B)

also reversed [33P]S1P binding competitively in a dose
dependent manner in all cell lines (Figure 3C). However,
CYM-5541 was unable to compete for [33P]S1P binding in all
cell lines (Figure 3A). This suggests that the S1P and CYM-
5541 binding pockets are significantly different.
Furthermore, unlike the natural agonist S1P, CYM-5541

does not have a headgroup and therefore did not require the
R114 residue for activating S1P3-dependent ERK phosphor-
ylation (Supporting Figure S1). Both WT and M98A mutant
S1P3 Jump-In CHO cells revealed agonist dose-dependent ERK
phosphorylation by both S1P and CYM-5541. However,
R114A mutant was unable to respond to S1P due to lthe ack
of the charged R114 that provides a critical charge interaction
between the guanidium side-chain of the arginine and the
phosphate of the S1P headgroup. However, CYM-5541-
induced ERK phosphorylation was comparable for WT and
R114A, indicating that R114 is not a key residue for the CYM-
5541-binding pocket. These results show that CYM-5541
binding does not overlap with the headgroup interactions of
S1P.

F263 Is a Key Gate-Keeper Residue for the Allosteric
Binding Site. On the basis of the previously published S1P1
crystal structure and homology modeling,25,30,36 we made a
series of minimal point mutations along the hydrophobic ligand
binding pocket to see if any of the mutants result in defective
binding or signaling in response to S1P or CYM-5541.
Receptor mutagenesis and functional assay revealed that F263
is a key gate-keeper residue for the allosteric binding site. In the
ERK phosphorylation assay, the F263L mutation shifted CYM-
5541-induced receptor activation but not S1P-induced
activation, confirming that CYM-5541 makes a nonoverlapping
interaction (Figure 4A). The W256L mutation did not affect
either S1P- or CYM-5541-induced receptor activation (Figure
4B), as opposed to its effect on S1P1 and CYM-5442.25

The ELISA results were confirmed by MAPmates multiplex
assay (Millipore) (Supporting Figure S2). Using pERK1/2
(Thr185/Tyr187) antibodies, F263L S1P3 was shown to result
in significantly diminished receptor activation by CYM-5541,
compared to WT S1P3. These data confirm that F263 in S1P3
plays a critical role in CYM-5541-induced receptor activation.
This differential requirement for S1P- and CYM-5541-induced
receptor activation further suggests that receptor interactions
are distinctly different.
We have further evaluated the allosteric agonist CYM-5541

in receptor assays coupled to Gi and Gq, using ERK
phosphorylation, calcium flux, β-arrestin, and NFAT-β-
lactamase reporter assays. In contrast to S1P1 receptor where
up to 3 logs of bias have been documented in the ERK
phosphorylation31 and the β-arrestin-dependent receptor
polyubiquitination assays,37 no such differences were observed
when comparing CYM-5541 to S1P on the S1P3 receptor.

S1P3-Selective Antagonist SPM-242 Bridges the S1P
and CYM-5541 Pockets. SPM-242 is an S1P3-selective
antagonist and was synthesized by Kohno et al. (Figure 1B;
See Methods). SPM-242 has been profiled against the full panel
of S1P receptors and was selective for S1P3 (Supporting Table
S3). In the ERK phosphorylation assay, it significantly right-
shifted the concentration response curve of S1P (Figure 5A) by
152-fold, demonstrating its competitive inhibition. SPM-242
also shifted the concentration response curve of CYM-5541 to
a lesser extent (6-fold). This was confirmed in an S1P3-NFAT
β-lactamase reporter assay; SPM-242 right-shifted the concen-
tration response curve of CYM-5541 in a dose-dependent

Figure 3. Radioligand binding and competition. WT, W256L, and
F263L Jump-In stable cell lines were incubated with 0.1 nM [33P]S1P
in the presence of increasing concentrations of (A) CYM-5541, (B)
S1P, and (C) SPM-242. [33P]S1P binding was competitively reversed
with S1P and SPM-242 in all cell lines tested, whereas CYM-5541 was
unable to compete for [33P]S1P binding (mean ± SEM; n = 3).
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manner (Figure 5B). The EC50 derived from the concentration
response curves of CYM5541 in the presence of increasing
concentrations of SPM-242 were best fit to the Gaddum/Schild
equation yielding a Ki of 0.25 nM.38 The rightward shift of the
concentration response curves with full maximal efficacy is
indicative of competitive antagonism of CYM-5541 by SPM-
242. The fact that SPM-242 was able to compete for CYM-
5541 as well as S1P suggests that SPM-242 may span both
orthosteric and allosteric binding pockets, thus having a bitopic
binding mode.24

On the basis of the experimental results, the S1P3 ligand
binding pocket seems to be able to accommodate both S1P and
CYM-5541. It may be a big pocket with two regions: one
region around TM1/3 binds to S1P, and a lower hydrophobic
region around TM6 binds to CYM-5541. SPM-242, as a bitopic
antagonist, may span both of those regions. The structure of
S1P is more flexible in that it can bind to the pocket in the
presence of CYM-5541, whereas SPM-242, with a more rigid
structure, would have to displace CYM-5541 in order to
antagonize S1P3.
Homology Modeling of S1P3. A homology model was

produced for S1P3 by using the S1P1 structure as obtained from
PDB (3V2W, resolution 3.35 Å) and the Uniprot sequence of
S1PR3_Human (accession Q99500). The alignment score of
S1P1−S1P3 was 0.035 and root-mean-square deviation (rmsd)
(C-alpha atoms of the aligned chains) was 0.882. Rmsd is
explained by the identity of two proteins of 58% and a 5% gap
in the structures. The S1P3 receptor model showed that
disulfide bonds in the extracellular loops EL2 and EL3 were
aligned with the corresponding S1P1 disulfide bonds.

Importantly, the S1P binding region of S1P3 was well aligned
with S1P1 (Supporting Figure S4) with a rmsd (alpha-C) of
0.325. The receptor structures were optimized by minimization
and molecular dynamics. Mutant forms were generated from
the optimized WT forms followed by energy minimization.
Optimized structures were used further for docking studies.
Key elements unanticipated by previous models include

unexpected H-bond interactions and the very tightly ordered
N-terminal structure with a conserved disulfide hairpin ordering
the alpha-helices.

Docking Studies of WT and Mutant S1P3 with
Agonists and an Antagonist. Ligand−receptor binding
models were generated as described in the Methods section.
The final ligand−receptor complexes were ranked by glide
score, emodel, and MM GB/SA energies, based on known
interactions. The energetically most favorable and comparable
poses are reported to visualize likely binding modes in the S1P1
and S1P3 receptors.
In S1P3, the S1P headgroup interacts with R114 and E115,

while the hydrocarbon alkyl tail interacts in the hydrophobic
pocket (Figure 6A). CYM-5541 sits in the hydrophobic pocket
close to F263 (Figure 6B) with no apparent headgroup
interaction. Codocking of S1P and CYM-5541 suggested that
the receptor pocket could spatially expand in the lower region
of the hydrophobic pocket to accommodate CYM-5541 in
addition to S1P (Figure 6C). A top-down view from the
extracellular surface also shows the codocked S1P and CYM-
5541 with the nonoverlapping allosteric binding site for CYM-
5541 (Figure 6D). Our biochemical data on calcium flux

Figure 4. Receptor mutagenesis and ligand-induced ERK phosphor-
ylation. (A) ERK phosphorylation assay revealed that F263L mutation
shifted CYM-5541-induced receptor activation but not S1P-induced
activation. (B) W256L mutation did not affect either S1P- or CYM-
5541-induced receptor activation (mean ± SEM; n = 3). Data is a
representative of four independent experiments.

Figure 5. SPM-242, an S1P3-selective antagonist, is a bitopic
antagonist. (A) SPM-242 shifted the dose−response curve of S1P
and CYM-5541 (ERK phosphorylation assay). (B) SPM-242
(concentrations ranging from 10−9.5 to 10−7 M) shifted the dose−
response curve of CYM-5541 in a dose-dependent manner (NFAT β-
lactamase reporter assay) (mmean ± SEM; n = 3).
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Figure 6. Visualization of the receptor binding pocket by homology modeling and docking. Three-dimensional plot of S1P3 binding to (a) S1P, (b)
CYM-5541, and (c,d) both. (a) S1P headgroup interacting with R114 and E115. (b) CYM-5541 in the hydrophobic pocket. (c) S1P and CYM-5541
codocked to S1P3. In the presence of S1P, the pocket opens up in the lower hydrophobic region adjusting CYM-5541 (after 5 ns MD optimization).
(d) Top view from the extracellular surface with helix orientation identical to the other panels. Detailed modeling and docking procedures are
described in the Methods section. (e) Calcium response assay upon coapplication of S1P and CYM-5541 to S1P3−CHO cells. When both S1P and
CYM-5541 were added to S1P3−CHO cells, calcium release response was increased, indicating their additive responses (mean ± SEM; n = 9).
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dependent β-lactamase assay strongly support this docking
model. When both S1P and CYM-5541 were added to S1P3−
CHO cells, the orthosteric and allosteric agonist responses were
additive, and no synergy was observed in terms of left shift in
the efficacy curves (Figure 6E). The additive effect shown in
Figure 6E clearly suggests that CYM-5541 is a true allosteric
agonist.
The average distances between the key amino acids and

CYM-5541 in the S1P3 WT pocket indicate that it binds in
close proximity to F263 compared to W256. Molecular
dynamics simulations show that, in the presence of S1P, it
moves away from F263 closer toward W256 in the hydrophobic
region. Average distances obtained over several nanosecond-
long simulations of the S1P3−CYM-5541 complex and S1P3
codocked with CYM-5541 and S1P are shown in Supporting
Table S5 (also see Figure 6C).
Docking studies and relative binding free energy calculations

support stronger binding affinity of CYM-5541 to S1P3
compared to S1P1 (Table 1). We report Glide XP scores

because hydrophobic interactions dominate the binding of
CYM-5541 analogues to the receptor.30 The data is compatible
with the mutagenesis data shown in Figure 4, indicating CYM-
5541 ligand in the S1P3 pocket requires F263 but not W256.
Computed relative binding affinities of CYM-5541 in the

S1P3 W256L mutant receptor (Supporting Figure S6) are only
slightly higher compared to the WT receptor (Table 1)
suggesting that W256 is not required for binding of CYM-5541
and S1P3 receptor activation. The same ligand pose in the S1P3
F263L mutant receptor shows significantly worse energetics
(docking score-based binding affinity and relative binding free
energy by MM-GB/SA; Table 1 and Supporting Figure S7).
We also observed flipped poses of CYM-5541 in the F263L
mutant receptor in many of the frames extracted from the MD
simulations for cross-docking studies of the ligand receptor
interactions (to account for receptor flexibility). In contrast, the
CYM-5541 docking poses in S1P3 WT and also the W256L
mutant receptors were stable across the simulation frames.
These results further support that the F263L mutation, in
contrast to W256L and WT, destabilizes binding of CYM-5541
(Supporting Figure S6). In all of these cases, docking scores for
CYM-5541 in the F263L mutant receptor remain significantly
above (worse energetics) the WT scores (Supporting Table
S8). To conclude, these results support that F263 is required
for binding of CYM-5541 to the S1P3 receptor.
When docked into the S1P3 pocket, S1P3 antagonist SPM-

242 overlaps with S1P in terms of the headgroup and some
hydrophobic interactions, while it also picks up some aromatic
interactions near F263, interrupting CYM-5541 binding (Figure

7). Therefore, SPM-242 in the S1P3 pocket occupies the ligand
binding spaces of both S1P and CYM-5541, showing its bitopic

mode of binding, consistent with our hypothesis based on the
signaling data (Figure 5).

■ CONCLUSIONS
Our biochemical data as well as molecular modeling strongly
suggest that S1P and CYM-5541 occupy different chemical
spaces in the ligand binding pocket of S1P3. CYM-5541 allowed
us to identify an allosteric site where F263 is a key gate-keeper
residue for its affinity and efficacy. The novel allosteric
hydrophobic pocket may account for the S1P3 selectivity of

Table 1. CYM-5541 Binding Energetics to S1P3 WT and
Mutants

Glide score (XPa) relative binding free energiesc

receptor WT
W256L/
W269L F263L WT

W256L/
W269L F263L

S1P3 −12.15 −10.20 −8.13b −44.02 −42.99 −36.89
S1P1 −9.79 −9.04 −40.04 −37.66

aXP score was chosen because hydrophobic interactions are dominant
for CYM-5541. bDocking score of the S1P3 WT pose of CYM5541
after minimization: the exact WT pose was invalid (i.e., interferes with
Tyr92). cComputed using MM-GBSA (includes ligand and receptor
strain).

Figure 7. Visualization of the orthosteric, allosteric, and bitopic ligand
interactions based upon the biochemistry, mutagenesis, homology
modeling, and molecular dynamic simulations. Dual inhibition of
SPM-242 is illustrated. (a) S1P (green) and SPM-242 (cyan) overlap
in the S1P3 binding pocket. (b) CYM-5541 (green) and SPM-242
(cyan) overlap in the S1P3 binding pocket.
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CYM-5541. However, despite its great selectivity and stability,
CYM-5541 has some limitations. It has low solubility and
moderate potency, which limits its DMPK profiling and
ultimately its use in animal testing. In addition, SPM-242 has
a challenge of its phosphate-ester bond, which is extremely
labile in biological systems. Its hydrophobic, amino-phosphate
zwitterion also has low solubility, which limits its application for
in vivo delivery. Therefore, these chemical probes with
therapeutic potential need further optimization as in vivo
chemical probes of S1P3 function. Overall, our coordinated
approach maximizing crystal structure data in a highly
conserved set of related receptors with a shared ligand,
together with mutagenesis, provides a potential basis for the
successful optimization of orthosteric and allosteric modulators
of S1P3.

■ METHODS
S1P Receptor Agonists and an Antagonist. S1P was purchased

from BioMol Research Laboratories. The selective S1P3 agonist CYM-
5541, N,N-dicyclohexyl(5-cyclopropylisoxazol-3-yl)carboxamide, was
synthesized in Dr. Edward Roberts’ lab (The Scripps Research
Institute). The compound synthesis procedure and characterization
data are provided (Supporting Scheme S9). [33P]S1P was from
American Radiolabeled Chemicals, Inc. The selective S1P3 antagonist
SPM-242, (+)-2-amino-4-(2-chloro-4-((3-hydroxyphenyl)thio)-
phenyl)-2-(hydroxymethyl)butyl dihydrogen phosphate, was synthe-
sized by Kohno et al. (Kyorin Pharmaceutical Co.). As shown in the
Supporting Scheme S10, 1 (100 mg, 0.19 mmol) was dissolved in
CH2Cl2 (2 mL) and iodotrimethylsilane (105 uL, 0.74 mmol) was
slowly added at room temperature (RT) under argon atmosphere.
After stirring for 5 h at RT, the reaction mixture was purified by
column chromatography (silica gel 60 silanized, H2O/CH3CN = 9:1 to
3:1) to give SPM-242 (63 mg, 0.145 mmol) as a white powder. The
compound characterization data are provided (Supporting Scheme
S10).
Cell Lines and Plasmids. Plasmid encoding S1P3 in pcDNA3.1

was purchased from cDNA.org. S1P3 receptor mutants were generated
by overlapping PCR mutagenesis, and sequences were verified prior to
use.
Jump-In TI CHO-K parental cells, Gateway cloning vectors

(pDONR 221, pJTI R4 DEST, and pJTI R4 Int), and enzymes (BP
clonase II and LR clonase) were purchased from Invitrogen Corp. WT
and mutant S1P3 were first cloned into entry clones using the BP
recombination reaction. They were retargeted into an appropriate pJTI
R4 DEST vector to yield a pJTI R4 EXP retargeting expression vector.
Jump-In TI CHO-K cells were transfected with both pJTI R4 EXP
S1P1 and pJTI R4 Int vector for retargeting. After expanding
retargeted cells, retargeted Jump-In TI cells were selected using
blasticidin at 10 μg/mL for 4 weeks.
ELISA for p44/42 MAPK Phosphorylation. Ligand-mediated

ERK phosphorylation was measured using PathScan Phospho-p44/42
MAPK (Thr202/Tyr204) Sandwich ELISA kit (Cell Signaling
Technology). Cells expressing WT or mutant S1P3 were serum-
starved for 4 h. In the antagonist experiments, cells were either
preincubated with SPM-242 at 1 uM for 15 min before agonist
treatment or 1 uM SPM-242 was premixed with agonists. Cells were
then stimulated for 5 min (determined to give maximal ERK
phosphorylation for all agonists) with increasing concentrations of
S1P or CYM-5541, and phosphorylation of p44/42 MAPK was
assayed according to manufacturer’s protocol. The dose−response
curves for agonist-mediated p44/42 MAPK phosphorylation were
analyzed, and EC50 was determined using Prism (Graphpad
Software).
[33P]S1P Radioligand Binding Assay. Jump-In TI CHO-K cells

(5 × 105) stably expressing WT or mutant S1P3 were serum-starved
for 4 h. They were then incubated at 4 °C for 30 min in the binding
buffer containing 20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 15 mM
NaF, 0.5 mM EDTA, 1 mM Na3VO4, 0.5% fatty acid-free bovine

serum albumin, and protease inhibitor mixture (Roche) with 0.1 nM
[33P]S1P and increasing concentrations of S1P, SPM-242, or CYM-
5541. Cells were washed three times with cold binding buffer. Cell-
bound radioactivity was measured by lysing the cells with 0.5% SDS
followed by liquid scintillation counting. The raw data was normalized
so that the level of [33P]S1P bound to each cell line (WT or mutant)
in the absence of competing ligand was referenced as 100% for its own
cell line.

Calcium Response Assay. A CHO cell line stably transfected
with human S1P3 receptor and nuclear factor of activated T cell β-
lactamase (NFAT-BLA) reporter construct was used. The growth
medium consisted of Dulbecco’s Modified Eagle’s Media containing
10% v/v heat inactivated bovine growth serum, 0.1 mM NEAA, 1 mM
sodium pyruvate, 25 mM HEPES, 5 mM L-glutamine, 0.2 mg mL−1

Hygromycin B, and 1× penicillin-streptomycin. Prior to the start of the
assay, cells were suspended to a concentration of 1 × 106/mL in
phenol red free Dulbecco’s Modified Eagle’s Media containing 0.5%
charcoal/dextran treated fetal bovine serum, 0.1 mM NEAA, 1 mM
sodium pyruvate, 25 mM HEPES, and 5 mM L-glutamine. The cells
were then dispensed in 384-well plates and incubated overnight at 37
°C in 5% CO2. The next day, S1P dilution series with six different
concentrations of CYM-5541 (ranging EC0 to EC80) were added.
The S1P or CYM-5541 alone was also added to the appropriate
control wells. Plates were then incubated at 37 °C in 5% CO2 for 4 h.
After the incubation, the GeneBLAzer’s fluorescent substrate mixture
containing 200 mM probenicid was added. After 2 h of incubation at
RT, plates were read on the EnVision plate reader (PerkinElmer
Lifesciences) at an excitation wavelength of 405 nm and emission
wavelengths of 535 and 460 nm.

S1P1/S1P3 Receptor Structure WT and Mutant Models. The
initial S1P1 receptor structure was taken from the X-ray cocrystal
structure (PDB code 3V2W, resolution 3.35 Å).25 The structure was
prepared using the protein preparation workflow in Maestro39 to
assign hydrogens, optimize hydrogen bonds, and to perform constraint
minimization. The homology model of S1P3 was built using the
Uniprot sequence S1PR3_Human (accession Q99500) in Prime.39

This initial S1P3 model was optimized using the same protein
preparation workflow above. Both S1P1 and the S1P3 models with the
antagonist sphingolipid mimic ML5 ligand25 were then optimized
using a multistep all-atom minimization and molecular dynamics
(MD) simulation implemented in the software package Desmond (DE
Shaw Research).40 Prior to the MD multistep simulation, a membrane
bilayer model (POPC 300K) was added to both the S1P1 and S1P3
models. The system was set up using the OPLS-AA force field, the
TIP4P explicit solvent model in an orthorhombic simulation box 10 Å
distance in all directions, and adding counterions. Simulations were
performed at 300 K and 1.01325 bar using the NPT ensemble class.
All other settings were default. The production simulation time was 12
ns. Simulations were run on an IBM E-server 1350 cluster (36 nodes
of 8 Xeon 2.3 GHZ cores and 12 GB of memory). Several later
simulation frames were extracted from the S1P1 and S1P3 simulations
based on conformational diversity, low (stable) rmsd, and a stable
ML5 (ligand) pose with maximum H-bonds. These frames were then
used to generate W269L mutant receptor for S1P1 and W256L and
F263L mutant receptor structures for S1P3. To avoid clashing side
chains, constraint minimization39 was performed for the WT and
mutant S1P1 and S1P3 receptor structures. These structures were then
used for further modeling.

Ligand Receptor Binding Models. Using the optimized S1P1
and S1P3 WT and mutant receptor models above, we generated initial
binding poses for the ligands of CYM-5441 and S1P as follows.
Ligands were prepared using ligprep39 to generate ionization states
(pH = 7) and stereoisomers resulting in a single representation for
S1P and CYM-5441 and two representations for SPM242. Ligands
were initially docked into the receptor structures using the induced fit
docking (IFD)39 protocol with default settings. The IFD protocol
includes a constraint receptor minimization step followed by initial
flexible Glide docking of the ligand using a softened potential to
generate an ensemble of poses. For each pose, the nearby receptor
structure is then refined using Prime. Each ligand is then redocked
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(using Glide) into its corresponding optimized low-energy receptor
structure and ranked by Glide score. For S1P, we required at least two
hydrogen bond interactions with two (of the three) polar receptor side
chains known to interact with S1P (R120/114, E121/115, R292/
K286; S1P1/S1P3). For CYM-5541 and SPM-242, no constrains were
used. The best pose with highest IFD score obtained for each ligand
was again subjected to MD simulation (3−5 ns production runs) for
further optimization of the protein ligand complex. The MD protocol
includes a multistep procedure of minimizations and short MD runs
followed by the production MD simulation. The same parameter and
settings as described above were used. Poses were stable during the
production MD runs. The final frames of these simulations were then
used for docking of ligands after constraint minimization.39 Ligands
were redocked using Glide SP and XP with default potential and other
settings. The best pose of the ligand was selected based on the Glide
scores, known interactions (e.g., headgroup), and visual inspection.
MM-GB/SA implemented in Prime was performed to calculate the
relative binding free energies for the studied ligands. Receptor
flexibility cutoff was set to 4 Å around the ligand. Three-dimensional
plots were produced using PyMol.
To evaluate the energetics of the best pose of CYM-5541 in S1P3

WT in comparison to the mutants, the ligand was cloned into the
mutated receptors and scored in place using Glide XP. In the case of
F263L, the complex was minimized using MacroModel39 with default
settings prior to docking because the initial docking score was invalid
due to an unfavorable van der Waals interaction with Y92.
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