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Abstract

The sphingosine 1-phosphate receptor 1 (S1P1) and its ligand, sphingosine 1-phosphate (S1P),
have now emerged as critical regulators of lymphocyte trafficking, vascular development and
integrity, and immunity. S1P1 is targeted by the phosphorylation product of fingolimod, which has
been approved for the treatment of multiple sclerosis. The recent progress in the structural biology
of heterotrimeric guanine nucleotide–binding protein (G protein)–coupled receptors has now
enabled the elucidation of the structure of S1P1. Analysis of the structure, along with structure
activity and mutagenesis analysis, highlighted key interactions associated with the binding of S1P
and agonists and suggested that the ligand may gain access to the binding pocket by lateral
diffusion within the plasma membrane. The S1P1 crystal structure will be helpful for designing
ligands that specifically target S1P1.

The pleiotropic sphingolipid mediator, sphingosine 1-phosphate (S1P), exerts many of its
functions by binding to a family of five specific S1P receptors (S1PRs). Some flavor of
these receptors is present on almost every cell in the human body, although the receptor
S1P1 has attracted much attention because it controls many functions, including lymphocyte
trafficking, immunity, and vascular integrity (1). Additional interest in this receptor has
arisen with the development of the first Food and Drug Administration–approved S1PR-
targeted therapeutic, fingolimod [also known as Gilenya or FTY720 (Novartis)] (2), for the
treatment of multiple sclerosis. Fingolimod is a sphingosine analog that is phosphorylated in
vivo to an S1P mimetic that is thought to act as a functional antagonist of S1P1, decreasing
its cell surface abundance on lymphocytes, which prevents their egress from secondary
lymphoid organs and suppresses immune responses. The report by Hanson et al. (3) that
deciphered the crystal structure of S1P1 has provided important clues as to how the natural
ligand S1P binds to S1P1 as well as how to develop even more effective and specific S1P1
agonists and antagonists.

To solve the structure of the S1P1 heterotrimeric guanine nucleotide–binding protein (G
protein)–coupled receptor (GPCR), Hanson et al. implemented advanced x-ray
microdiffraction data collection and data manipulation methods (3). Because of rapid crystal
decay during data collection, complete data sets had to be constructed by merging partial
data of many microcrystals. With traditional data processing and merging methods of
isotropic resolution cutoffs, which systematically exclude data with poor statistics, they
successfully obtained a 3.35 Å–resolution structure of the S1P1 receptor complexed with the
selective antagonist (R)-3-amino-(3-hexylphenylamino)-4-oxobutylphosphonic acid
[ML056, Protein Data Bank identification code (PDB ID) 3V2W]. By the pioneering use of
a microdiffraction data assembly method, they were also able to include or exclude
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individual reflections on the basis of their correlation threshold to a peak fitting profile and
effectively assemble a data set containing many of the reflections at high resolution that
were not affected by radiation damage but that were excluded by the traditional processing
methods. This allowed Hanson et al. to report the structure of the S1P1 receptor–ML056
complex at 2.8 Å resolution (PDB ID 3V2Y), which highlights details of the structure that
were not clearly defined in the lower-resolution data assembly. Improved electron density
was observed for the ML056 antagonist and for the residues that line the ligand binding
cavity, revealing critical ligand-receptor interactions, and they reported that the higher
quality maps show electron density for an N-terminal helix that caps the ligand binding site
by packing tightly against extracellular loops (ECLs) 1 and 2.

The S1P1 crystal structure exhibits the structurally conserved helical bundle characteristic of
the 12 different GPCR family members for which crystallographic structures are available
(4) (Fig. 1A). In contrast, the extracellular regions of the S1P1 receptor, including three
ECLs (ECL1, ECL2, and ECL3) and the N terminus, adopt a previously undiscovered
GPCR architecture (Fig. 1A). Key features include a helical portion of the N terminus that
packs between ECL1 and ECL2 and intraloop disulfide bonds within both ECL2 and ECL3.
The unique extracellular structure comes as no surprise based on several observations. First,
only three pairs of receptors have exhibited a shared extracellular architecture so far. The β2
and β1 adrenoceptors, which share >60% sequence identity, exhibit a short helical stretch in
the second ECL and an α-carbon root mean square positional deviation (RMSD) of 0.9 Å
for residues in the first, second, and third ECLs. Visual comparison of the magenta and cyan
ribbons in Fig. 1 demonstrates the high degree of structural similarity that is reflected by this
low RMSD value. The κ and μ opioid receptors, which share over 55% sequence identity,
both exhibit a β sheet in the second ECL but have lower overall structural similarity than the
adrenergic pair because of differences in the lengths of the second and third ECLs. The M2
and M3 muscarinic acetylcholine receptors, which share >60% sequence identity, possess an
outward bend at the extracellular end of the fourth transmembrane helical segment and
exhibit an RMSD of 1.2 for residues in the ECL1, ECL2, and ECL3. Because S1P1 is the
only member of the S1PR subfamily to be crystallized to date, a closely homologous
extracellular structure was not expected. Second, S1P1 shares little sequence identity
(<22%) with any of the other 11 crystallized sequences. The S1P1 structure, therefore,
provides a window through which a new region of GPCR sequence space may be viewed. In
particular, S1P1 is the closest homolog to other phospholipid receptors responsive to S1P
(S1P2 to S1P5) or to lysophosphatidic acid (LPA1 to LPA3), previously known as the
endothelial differentiation gene family, as well as to the two cannabinoid receptors (CB1
and CB2) that are responsive to N-arachidonoyl ethanolamide and the structurally related
orphan receptors, GPR3, GPR6, and GPR12. The first ECL is the same length in these
receptors except in the GPR3/6/12 group, which have three fewer amino acids in this loop.
The entire set of related receptors also has the cysteine residues in the second ECL that in
S1P1 form a disulfide bond. However, S1P4, LPA1 to LPA3, and CB2 have an additional
cysteine residue that may lead to a different disulfide bond pattern. The length of the second
ECL is well conserved, with only CB2 having two fewer amino acids. The third ECL shows
greater differences, and the cysteine residues that form a disulfide bond in S1P1 are found
only in S1P2, S1P3, and S1P5. The length of the third ECL is also conserved only among
these receptors, with other receptors having both longer (S1P4) and shorter (LPA1 to LPA3,
GPR3/6/12, and CB1 and CB2) loops. The limited conservation of the ECL lengths and
disulfide bonds in S1P4 may be responsible for the substantially reduced affinity for S1P (5)
relative to other S1PRs. Despite the noted differences, the crystal structure of S1P1 provides
the best starting point to develop models for these lipid receptors.

The crystal structure of S1P1 not only provides insights into other GPCR structures but also
provides answers to questions that have long puzzled phospholipid researchers, as well as a
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new set of puzzles for future research to solve. A long-standing question that arose from the
first S1P1 model structure (6) relates to the entry path taken by the poorly water-soluble S1P
from carrier proteins such as albumin or high-density lipoprotein (HDL) into the receptor
binding site. Hanson et al. show compelling structural evidence that this entry path is likely
to involve delivery of S1P to the outer leaflet of the cell membrane, followed by lateral
diffusion into the binding pocket and entry between helical segments 1 and 7. One new
puzzle presented by the crystal structure of S1P1 centers on the role of Arg292 in helix 7,
position 34. Mutation of this arginine residue to either alanine or valine results in receptors
that properly localize to the cell membrane but fail to respond to S1P (7). These mutations
were selected on the basis of a modeled S1P1 complex with S1P, which predicted a direct,
favorable ion-pairing interaction between Arg292 (7) and the phosphate headgroup of S1P.
The crystal structure places the cationic side chain of Arg292 almost 12 Å from the
phosphate headgroup of the crystallized antagonist, oriented into the gap between helical
segments 1 and 7. This distance is so large that Arg292 does not make a direct binding
interaction with the antagonist. We speculate whether the role of Arg292 differs substantially
between antagonists and agonists, with a direct binding interaction only important for
agonist binding, or whether Arg292 serves as a cationic lure to draw phospholipids from the
outer leaflet of the cell membrane toward the receptor, thus directing lateral diffusion of
candidate ligands in the bilayer toward the entryway into the receptor without retaining a
direct interaction with bound ligands in the final complex.

The S1P1-ML056 complex reveals important interactions that contribute to the binding and
stabilization of hydrophobic and hydrophilic moieties of S1P1 ligands within the receptor
cavity (Fig. 2). Like many GPCRs, S1P1 and other members of this GPCR family have a
conserved Trp in helix 6, position 48 (Trp269 in S1P1), which along with other residues on
this helix are critical for GPCR ligand-binding receptor activation (8). This aromatic side-
chain rotamer toggle switch controls the ligand-induced conformational states of rhodopsin
light/dark activation cycle (9) and is a primary determinant in receptor activation, but not for
ligand binding in GPR119, GPR39, or the ghrelin, β2-adrenergic, or neurokinin-1 receptors
(10). Through mutagenesis of Trp269 (3), Hanson et al. showed that this residue also
contributes to the differential stabilization and binding of different subtypes of S1P ligands.
For example, S1P and the agonist CYM-5442, which have substantially different molecular
structures, interact with the receptor in similar and different ways. Both ligands require the
binding energy contribution of the amide carbonyl of Gln101. In addition, S1P interactions
with S1P1 require a hydrophobic residue at position 269 of the receptor. In contrast,
CYM-5442 interactions specifically require an aromatic residue at this position because
ligand binding in Trp269 mutants could not be rescued by insertion of an aromatic residue
vicinal to this position. These observations, and others provided by the crystal structure of
the S1P1-ML056 complex, provide a powerful basis for the design of S1PR subtype–
specific ligands because CYM-5442 preferentially binds only to S1P1. The amphiphilic
S1P1 binding site provides important interactions that stabilize ML056 atoms within the
receptor cavity (Fig. 2). As in other GPCRs, S1P1 ligands act as agonists or antagonists on
the basis of small variations in ligand structure. For example, differential effects on S1P1
activation can be seen between VPC22277 and VPC23019 ligands, which differ in the
relative position of substituents on the aromatic ring (11). In the S1P1-ML056 complex,
ML056 atoms occupy only a portion of the ligand cavity, possibly because of the meta-
substituted aromatic ring (Fig. 2). It will be interesting to see whether the unoccupied
regions of the cavity in this complex are occupied by agonists such as VPC22277, which
exhibit more linear shapes because of the para-substituted aromatic ring. The crystal
structure of S1P1 provides a critical starting point for the design of experiments to probe
these questions.
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The crystal structure of S1P1 will be important for modeling and understanding agonistic
functions of other members of the S1PR family, particularly S1P2, which has unique
functions and ligand binding specificity and does not bind phosphorylated fingolimod. The
structure will be helpful for designing ligands that will have specificity for S1P1 over other
receptors for new therapies. The next step will be to crystallize the other members of the
S1PR family, particularly those with the largest differences in ECL lengths and sequences,
such as S1P4. Moreover, it will be useful in the future to obtain the structure of the S1P1
receptor complexed with its natural ligand, S1P, to verify the conclusions drawn by this
study. This is especially important if the crystal structure is the inactive form of the receptor
that was trapped by the antagonist. Lastly, following the pioneering report of the crystal
structure of the β2-adrenergic receptor–Gs protein complex that provides a high-resolution
view of transmembrane signaling by a GPCR (12–15), it will be important to elucidate a
crystal structure of the agonist-bound S1P1 coupled to its G protein partner to unravel the
molecular underpinning of G protein activation by this receptor.
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Fig. 1.
(A and B) Superposition of 11 crystallized GPCR family members. Rhodopsin (PDB ID
1F88) (16), β2-adrenoceptor (PDB ID 2RH1) (12), β1-adrenoceptor (PDB ID 2VT4) (17),
adenosine A2A (PDB ID 3EML) (18), dopamine D3 (PDB ID 3PBL) (19), chemokine
CXCR4 (PDB ID 3OE0) (20), histamine H1 (PDB ID 3RZE) (21), muscarinic acetylcholine
M2 (PDB ID 3UON) (22), κ-opioid (PDB ID 4DJH) (23), and μ-opioid (PDB ID 4DKL)
(24) are shown using ribbon (A) and line (B) representations. S1P1 (PDB ID 3V2Y) (3) is
shown using a ribbon representation in all panels. The muscarinic acetylcholine M3 (PDB
ID 4DAJ) (25) structure is not shown. Ribbon representations are oriented with extracellular
segments at the top of the figure and transmembrane domain 1 on the left (A). T4 lysozyme
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replacements for IL3 are not shown. (B) Two views of the extracellular segments are shown
to emphasize the unique extracellular architecture of the S1P1 receptor.
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Fig. 2.
Surface-rendering representation of S1P1 and its extended ligand cavity. Representative
residues forming the cavity are shown in CPK coloring and stick illustration. Some residues
critical for ligand binding, such as Gln101, Arg292, and Phe210, are not shown. Gray marks
interior-facing protein surfaces, and colored faces illustrate solvent- or membrane-facing
protein surfaces. The ML056 antagonist is colored CPK and illustrated as spheres. Residues
Tyr29 and Lys34 are located on an N-terminal helix that is believed to occlude ligand cavity
access, and ECL1 faces the membrane or solvent interface through which membrane
imbedded ligands are predicted to enter the cavity (3). Residues Val261, Phe265, and Trp269
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are in positions 40, 44, and 48, respectively, of helix 6; all of these positions are critical for
GPCR activation or ligand binding (or both).
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