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Abstract
The lyso-phospholipid sphingosine 1-phosphate modulates lymphocyte trafficking, endothelial
development and integrity, heart rate, and vascular tone and maturation by activating G-protein-
coupled sphingosine 1-phosphate receptors. Here we present the crystal structure of the
sphingosine 1-phosphate receptor 1 fused to T4-lysozyme (S1P1-T4L) in complex with an
antagonist sphingolipid mimic. Access to the binding pocket is completely occluded by the N-
terminus and extracellular loops of the receptor. Access is gained by ligands entering laterally
between helices I and VII within the transmembrane region of the receptor. This structure, along
with mutagenesis, agonist structure-activity relationship data and modeling, provides a detailed
view of the molecular recognition and hydrophobic volume triggering that activates S1P1 resulting
in the modulation of immune and stromal cell responses.

G protein-coupled receptors (GPCRs) convert exogenous signals into a cellular response by
initiating a variety of intracellular signal cascades. The sphingosine 1-phosphate receptor
subtype 1 (S1P1) (1) belongs to a sub-class of the GPCR family originally termed the
endothelial differentiation gene (EDG) family of lipid receptors. The family was later
renamed to reflect activation by two distinct lipids, S1P and lysophosphatidic acid (2). The
S1P receptor family comprises five members (S1P1–5) with significant sequence identity
within the ligand binding region including the conserved sphingolipid binding pocket.
Activation of the S1P1 receptor through exogenous ligands, both physiological and
pharmacological, results in significant inhibition of lymphocyte recirculation (3). This
physiological effect was leveraged in the development of the nonselective S1P agonist pro-
drug FTY720 (fingolimod) recently approved for the clinical treatment of relapsing
remitting multiple sclerosis (4).
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The structures of multiple members of the GPCR family have been determined at atomic
resolution in both agonist and antagonist conformation as well as in complex with a cognate
G protein (5–16). Together, these structures help define the repertoire of structural changes
associated with the class A GPCR family that are required to recognize ligands of very
different physico-chemical properties, yet signal through common mechanisms. We report
here the structural characterization of a lipid-sensing GPCR, the S1P1 receptor fused to T4-
lysozyme, in complex with the selective antagonist sphingolipid mimic (R)-3-Amino-(3-
hexylphenylamino)-4-oxobutylphosphonic acid (ML056) (17) to 3.35 Å using traditional x-
ray diffraction data processing methods and to 2.8 Å resolution using an experimental
microdiffraction data assembly method to help process data of rapidly decaying
microcrystals (Table S1) (18). Analysis of the structure along with structure-activity and
mutagenesis data, reveals key interactions associated with the binding of physiological
phospho-sphingolipids and related molecules (class I ligands). In addition, we report
interactions within the binding pocket that are not required for class I ligand binding or
function, but which directly affect binding of class II ligands, small-molecule S1P1 agonists
that are not dependent on polar lipid head group interactions (19).

Overall the S1P1-T4L receptor structure shares many common features with previously
determined receptors, including seven trans-membrane helices arranged in a structurally
conserved bundle. The extracellular region for all GPCRs is composed of three loops: ECL1
between helices II and III, ECL2 between helices IV and V, and ECL3 between helices VI
and VII. However, a number of distinguishing characteristics are associated with the ligand
binding pocket in the S1P1 receptor (Fig. 1A). The N-terminus folds over the top of the
receptor and contributes binding interactions, while at the same time forming a helical cap,
which limits access to the amphipathic binding pocket (Fig. 1B). Both ECL1 and ECL2 pack
tightly against the N-terminal helix further occluding ligand access to the receptor from the
extracellular milieu while contributing significant surface area to the binding pocket. The
limited access to the ligand binding site from the extracellular region explains why S1P1
ligands, including S1P, show slow saturation of receptor binding in the presence of excess
ligand (1) (Fig. 1C). The ligands may gain access to the binding pocket from within the
membrane bilayer, possibly through a gap between helices I and VII (Fig. 1D). This region
of the receptor structure is more open than in other receptors due to a repositioning of
helices I and II toward helix III in S1P1 relative to other receptors which is apparent after
alignment using GPCR fold core residues (Fig. S4) (20). A similar mode of entry has been
postulated for retinal loading into opsin, as well as for the entry of anandamide into the
closely related cannabinoid receptors (21–23).

The binding pocket of the S1P1 receptor is highly amphipathic reflecting the nature of its
hydrophobic-zwitterionic agonist. The established roles of R1203.28 and E1213.29 (24) that
interact with the zwitterionic sphingosine head group (25, 26) are recapitulated in their
interactions with the phosphonate and primary amine of ML056 (Fig. 2). However, a third
predicted ionic interaction between R2927.35 and the phosphate head group is not apparent
in the ML056 interactions. Instead, the phosphonate head group of ML056 is surrounded by
a ring of positively charged and polar residues contributed by helices III and VII, ECL2 and
the N-terminal capping helix, which form a positively charged pocket that provides charge
complementarity and high affinity interactions to the phosphate group of the sphingolipids.
The primary amine of ML056 is likely protonated at physiological pH, which results in a
zwitterionic head group. This positive charge contributes to the binding affinity of
sphingosine containing compounds through ionic interactions with the carboxylate side
chain of E1213.29 as well as the amide carbonyl of N1012.60 (helix II). The involvement of
N1012.60Y29 and K34 (27) in the binding of sphingosine-like head groups was not
previously predicted. We, therefore, verified their involvement through mutagenesis coupled
with signaling assays (Table S3).
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The phenyl acyl tail of ML056 inserts into a largely aromatic pocket consisting of residues
from helices III, V, VI and VII, as well as ECL2. The majority of the hydrophobic portion of
the binding pocket is lined with short aliphatic residues that define the shape of the pocket
and four aromatic residues that provide the potential for specific interactions (Fig. 2). The
involvement of some of these residues in the binding and signaling of the S1P receptor was
determined previously through molecular modeling and mutagenesis. The acyl chain is
precisely structured, which was not expected based on commonly held views of acyl chain
flexibility (28). This reflects a role for selective hydrophobic interactions within the pocket
that result in this preferred low energy minimum. The previously published mutagenesis
data for the S1P1 receptor are, for the most part, consistent with the structure of the
antagonist bound receptor.

Structure-activity relationships from ML056-like compounds reveal an antagonist island that
is easily converted to full agonism by small extensions of the acyl chain, suggesting that the
volume occupied by the hydrophobic portion of the ligand plays a key role in triggering
agonist signaling (29). In addition, changing the substitution pattern around the phenyl ring
from para to meta switches the pharmacology of the compound series from agonist to
antagonist, localizing the effect of hydrophobic volume changes within the binding pocket.
Docking studies corroborate these trends in that the ML056 antagonist binding pocket of the
S1P1 receptor could not accommodate an acyl carbon length greater than nine carbons long
without significant ligand strain (Fig. 3A) (30, 31). The increased volume requirements for
agonists were accommodated in the model by using an induced fit docking protocol that
allowed the side-chains of the residues lining the hydrophobic portion of the binding pocket
to move in response to a para-substituted regio-isomer of ML056 while holding the S1P
head group interactions fixed (Fig. 3B) (32–34). The largest positional change occurred in
F2736.52 whose movement along with slight positional changes in W2696.48 and F1253.33

accommodated binding of the endogenous S1P ligand as well as FTY720-P suggesting that
these residues maybe be particularly important for signaling (Fig. 4A).

Inspection of known agonists of the S1P1 receptor allows their classification into two basic
groups based upon receptor interactions: Class I) ligands that can be either lipid-like
compounds mimicking S1P and its sphingophospholipid head group interactions
exemplified by FTY720-P, or non-lipid like small molecules possessing polar groups that
interact with the S1P head group region, sharing similar bond lengths and volume to drive
affinity and efficacy as exemplified by SEW2871, and Class II) small molecule agonists that
do not require interactions with the polar head group interacting region of the receptor,
exemplified by CYM-5442 (19, 35), and instead make specific variant binding interactions.
The binding of the endogenous ligand S1P, as well as other head group-containing class I
agonists to the S1P1 receptor, involves strong ionic interactions between the zwitterionic
head group and a cluster of charged and polar residues from helices II, III and VII and the
N-terminal capping helix of the receptor (19, 25, 36). The interactions within the S1P
binding region are likely similar to those exhibited by the head group of ML056. The length
and position of the acyl chain relative to the amino-phosphate or aminophosphonate groups
are, in general, what dictate the pharmacology of these compounds (37). The class II
agonists to the S1P1 receptor were developed in response to the observation that certain
library screening hits do not interact with the conserved polar residues, R1203.28 and
E1213.29, which was hypothesized to increase their potential for tuning receptor subtype
selectivity while also providing greater variability in physico-chemical properties (19, 35).
Recently, we reported development of such a ligand, CYM-5442, which does not require
interactions with either R1203.28 or E1213.29 of the S1P1 receptor, yet induces ERK
phosphorylation in vitro and potent lymphopenia in vivo with nanomolar potency, and
showed non-competitive inhibition of ERK signaling with ML056 (19). In conjunction with
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structural efforts, we have investigated the mechanism of binding of CYM-5442 to the S1P1
receptor through mutagenesis of the ligand-interacting portion of the binding pocket.

A series of conservative point mutations along the hydrophobic ligand-binding pocket were
made to probe for defective binding or signaling in response to either S1P or CYM-5442
(38)and complement previous studies (39, 40). Three such S1P1 receptor mutants,
F2105.47L, F2656.44L, and W2696.48L (Table S3), decreased or abolished CYM-5442-
induced ERK phosphorylation and binding while only the W2696.48L mutation minimally
affected either binding or signaling induced by S1P and other orthosteric ligands (Fig. 4D).
This contrasts with the negative effect of W2696.48A on ligand induced [35S]GTPγS Emax
(28), indicating that S1P binding is highly dependent on hydrophobicity, but not aromaticity
at this position. The class II agonist, CYM-5442, was dependent on the presence of an
aromatic residue, displaying a complete disruption of signaling and binding by the
W2696.48L mutation (Fig. 4B & Table S3). The hierarchy of loss of agonist responsiveness
for the W2696.48L S1P1 mutant receptor relative to WT (CYM-5442 >> S1P) was preserved
for structural analogues of CYM-5442, such as CYM-5181 and CYM-5178 (Fig. 4E &
Table S2), suggesting an interaction between the 3,4-diethyloxy-phenyl ring common to
these compounds and the aromatic ring of W2696.48. Results from a radioligand binding
competition assay also indicate that W2696.48 plays a more critical role in binding
CYM-5442 than in binding S1P (Fig. S6) (41). These mutagenesis data, together with
structure activity relationship (SAR) data and the structural information, allowed us to
model the likely binding orientation of CYM-5442 and rationalize the high selectivity
exhibited by this series of ligands (Fig. 4B). These data also suggest that while hydrophobic
packing interactions are the basis of both retinal and S1P interactions with the conserved
tryptophan, the altered aromatic interactions with this highly conserved residue provides
differences in ligand orientation, function and, thus, a foundation for specific anchoring in
the pocket.

Designing selectivity is an important component of the development process for S1P1
receptor modulators given that signaling along the other S1P receptor subtypes is associated
with a number of clinically adverse events such as bronchoconstriction (42). The recently
approved therapeutic, Gilenya™, is a first-in-class S1P1 pro-drug modulator that once
phosphorylated by sphingosine kinase is a potent agonist for the S1P3, S1P4 and S1P5
receptors. Second generation therapeutics, derivatives of CYM-5442, currently under
development are able to selectively agonize the S1P1 pathway without loss of potency. The
structural basis for this enhanced selectivity can be rationalized directly based on discrete
binding pocket substitutions as compared to S1P3 and S1P4. The S1P3 receptor has one
significant substitution F2636.55 relative to the S1P1 receptor’s L2766.55, which occurs
further down in the hydrophobic binding pocket introducing steric clashes with the aromatic
ring system of class II agonists. The S1P4 receptor also has only one significant change in
the binding pocket L1253.32 relative to the S1P1 receptor’s M1243.32, which may result in a
slight constriction of the binding pocket at a critical location where the phenyl ring of
FTY720-P and the indole ring of CYM-5442 are predicted to bind. The binding pocket of
the S1P5 receptor is very similar to the S1P1 receptor with no apparent substitutions to
inform selectivity, which is consistent with the lack of selectivity exhibited by most, if not
all, of the S1P1 agonists. In addition to the S1Px receptors, this structure will be particularly
useful for modeling additional members of the EDG family as well as increasing the
repertoire of structural knowledge being collected on class A GPCRs.

By taking advantage of specific aromatic interactions within the hydrophobic binding pocket
class II agonists avoid features that mimic the S1P head group relying more on shape
complementarity to the agonist pocket allowing more selectivity between receptor subtypes.
The ability of the GPCR fold to adapt to multiple diverse chemotypes appears to be driven
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by topological differences in the extracellular domain. Sphingolipid binding receptors
channel access to the binding pocket a small region between helices I and VII adjacent to the
plasma membrane, where sphingolipid molecules gain access from within the confines of
the membrane rather than the extracellular milieu. Based on recent work on retinal loading
in opsin, activation of the receptor may impact pocket accessibility through slight
rearrangement of the transmembrane helices (43). Persistent signaling of S1P1 in the
presence of certain ligands may be explained by occlusion of ligand egress from the binding
pocket after activation.(44)

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Overview of the structural features unique to the S1P1 receptor. A. Ribbon trace of the
receptor with relevant features highlighted. The receptor folds in a traditional seven
transmembrane helical bundle similar to other class A GPCRs. However, the extracellular
domain of the S1P1 receptor adopts a novel fold incorporating helical elements from the N-
terminus (red ribbon), as well as ECL1 (gold ribbon), that occlude access to the ligand
binding pocket. ECL2 (orange ribbon) and ECL3 (yellow ribbon) are both constrained by
intraloop disulfide bonds (yellow ball-and-stick) and contribute important interactions
within the binding pocket. The compound ML056 is shown in green carbon ball-and-stick
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rendering and W2696.48 is rendered as a space-filling atom in blue as reference point for the
binding pocket. The T4L fusion protein was omitted from this figure for clarity. B. Top view
of the receptor highlighting the critical role of the N-terminal helix in capping the ligand and
limiting solvent access to the binding pocket. There is a sizable access point for ligand entry
and exit between helices I and VII. C. Surface rendering of the receptor from the top view
highlighting the occluded nature of the binding pocket with two points of access either for
lipid or solvent. D. Side-view of the lipid access channel relative to the predicted position of
the membrane bilayer.
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Fig. 2.
Detailed structural representation of the interactions between ML056 and the S1P1 receptor.
A. ML056 is colored as green carbons sticks. Polar residues within the binding pocket are
colored with cyan carbons, whereas residues comprising the hydrophobic portion of the
binding pocket are colored with tan carbons and the two disulfide bonds are shown in yellow
ball-and-stick. The N-terminal helix and extracellular loops are shown as red and blue
ribbons respectively. B. Two-dimensional residue interaction map illustrating the amino-
acids within 4 Å of ML056. Polar interactions are represented by dotted cyan lines, whereas
hydrophobic interactions are represented as solid yellow lines drawn to the closest atom of
the ligand.
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Fig. 3.
Docking study of ML056 analogs (green carbons) with progressively longer acyl chains. A
ten carbon acyl chain (yellow carbons) switches the response from antagonism to agonism.
A. Docking each of the five ligands into the antagonist binding pocket resulted in essentially
superimposable docking poses for all of the ligands except ML056 + 4 (yellow carbons)
which cannot maintain sphingolipid headgroup binding interactions due to high ligand
strain. B. Docking each of the five ligands into the induced fit agonist modeled binding
pocket reveals that all ligands can bind with reasonable docking scores while maintaining
head group interactions. C. Table of docking and MM-GB/SA (Molecular Mechanics,
Generalized Born and Solvent Accesibility) calculations for assessing the quality of the
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docking poses. The agonist compound ML056 + 4 docked into the antagonist binding pocket
generates a steep drop in calculated ΔGbind along with an increase in calculated ligand
strain.
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Fig. 4.
A comparison of putative binding interactions for class I and class II S1P1 agonists. A. The
docked binding pose of S1P in the modeled S1P1 receptor agonist binding pocket. The red
and blue ribbons are from N-terminal and extracellular loops respectively. Residues that
deviate from their crystallographically determined positions (tan carbons) are rendered
twice, the red atoms represent the modeled agonist position determined by induced fit
docking. B. The docked binding pose of CYM-5442 in the modeled agonist binding pocket.
Residues that deviate from their crystallographically determined positions (tan carbons) are
rendered twice, the red atoms represent the modeled agonist position determined by induced
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fit docking. The binding pocket must accommodate slightly greater ligand volume in the
hydrophobic portion. C. Overlay of the docked ligands S1P (yellow carbons) and
CYM-5442 (cyan carbons) compared to the structurally determined conformation of ML056
(green carbons). Binding pocket residues are indicated with black font for those that do not
change between the agonist and antagonist binding models, red font for those that change for
the agonist induced fit docking model, and green font for those that change conformation
induced by CYM-5442 docking. D. Ligand-induced ERK phosphorylation in WT,
W2696.48L, and W2696.48F Jump-In stable cell lines stimulated with increasing
concentrations of either S1P or CYM-5442 (mean ± S.D. of triplicate samples). The data are
from one of three independent experiments showing a minimal effect on S1P signaling. The
progressive loss in potency of CYM-5442 tracks with a loss of aromatic π-stacking
interactions. E. A differential loss of agonist responsiveness of the mutant W269L S1P1
receptor compared to WT receptor was observed. For each experiment, the EC50 for agonist
activation of ERK phosphorylation of W269L S1P1 receptor was divided by the EC50 of WT
S1P1 receptor.
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