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FTY720phosphate (FTY720P) is a high potency agonist for all
the endothelial differentiation gene family sphingosine 1-phos-
phate (S1P) receptors except S1P receptor subtype 2 (S1P2). To
map the distinguishing features of S1P2 ligand recognition, we
applied a computationalmodeling-guidedmutagenesis strategy
that was based on the high degree of sequence homology
between S1P1 and S1P2. S1P2 point mutants of the ligand-bind-
ing pocket were characterized. The head group-interacting res-
idues Arg3.28, Glu3.29, and Lys7.34 were essential for activa-
tion. Mutation of residues Ala3.32, Leu3.36, Val5.41, Phe6.44,
Trp6.48, Ser7.42, andSer7.46, predicted to interactwith the S1P
hydrophobic tail, impaired activation by S1P. Replacing individ-
ual or multiple residues in the ligand-binding pocket of S1P2
with S1P1 sequence did not impart activation by FTY720P. Chi-
meric S1P1/S1P2 receptors were generated and characterized
for activation by S1P or FTY720P. The S1P2 chimera with S1P1
sequence from the N terminus to transmembrane domain 2
(TM2) was activated by FTY720P, and the S1P2(IC1-TM2)S1P1

domain insertion chimera showed S1P1-like activation. Twelve
residues in this domain, distributed in four motifs a–d, differ
between S1P1 and S1P2. Insertion of 78RPMYY in motif b alone
or simultaneous swapping of five other residues inmotifs c andd
from S1P1 into S1P2 introduced FTY720P responsiveness.
Molecular dynamics calculations indicate that FTY720P bind-
ing selectivity is a function of the entropic contribution to the
binding free energy rather than enthalpic contributions and that
preferred agonists retain substantial flexibility when bound.
After exposure to FTY720P, the S1P2(IC1-TM2)S1P1 receptor
recycled to the plasma membrane, indicating that additional
structural elements are required for the selective degradative
trafficking of S1P1.

The lipid signalingmolecule sphingosine 1-phosphate (S1P)3
is an important regulator of the cardiovascular and immune
systems and functions in numerous physiological and patho-
physiological conditions (for reviews, see Refs. 1–3). Although
S1P has several intracellular targets and can function as a sec-
ond messenger (4), many of its biological effects are mediated
by activation of five members of the endothelial differentiation
gene family of G protein-coupled receptors, S1P1–5. The five
S1P receptors share high amino acid identity, ranging from 33
to 51% (5), and the individual receptor subtypes couple to dis-
tinct as well as overlapping cellular signaling pathways, allow-
ing S1P to mediate its diverse cellular effects (6, 7).
The S1P receptor modulator FTY720 (Gilenya) has been

approved as frontline treatment for relapsing/remitting multi-
ple sclerosis (8, 9). FTY720 is phosphorylated in vivo by sphin-
gosine kinase 2 to form the active metabolite FTY720 phos-
phate (FTY720P), which is a high affinity agonist of all the
endothelial differentiation gene family S1P receptors except
S1P2 (10–12). This type of receptor selectivity of FTY720P
appears to be important to its therapeutic application because
activation of S1P2mediates several undesired responses includ-
ing pathological angiogenesis, vascular leakiness, vasoconstric-
tion, and increased vascular tone (13–17). Although FTY720P
is an agonist of the S1P1 receptor, its therapeutic benefit is
derived from its long term down-regulation of S1P1 signaling.
Upon stimulation by the natural ligand S1P, S1P1 is internalized
in endocytic vesicles, which subsequently recycle S1P1 back to
the plasma membrane. In contrast, activation by FTY720P
selectively leads to internal sequestration, ubiquitination, and
degradation of the S1P1 receptor (18, 19). The immunosuppres-
sive actions of FTY720P are dependent on the down-regulation
of S1P1 surface expression on activated T cells, thereby render-
ing the T cells unresponsive to an S1P gradient in the blood and
unable to egress from secondary lymphoid organs (20). Besides
its effects on the immune system, the therapeutic benefit of
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FTY720P inmultiple sclerosis might rely on S1P receptormod-
ulation in the central nervous system. The down-regulation of
S1P1 signaling in astrocytes appeared to be a primary protective
mechanism in an experimental autoimmune encephalomyelitis
mouse model (3).
The S1P2 receptor is not activated by para-substituted aro-

matic ligands such as FTY720P (10, 21). We have applied com-
putational modeling-guided mutagenesis studies for mapping
the common and distinguishing features of ligand recognition
by endothelial differentiation gene family lysophosphatidic acid
and S1P G protein-coupled receptors (22–27). Previously, we
have developed and validated a computational model of the
ligand-binding pocket of S1P1 that was used to successfully
screen the NCI Developmental Therapeutics Library for two
non-lipid S1P1 agonists (26). In the present study, we set out to
identify the structural basis of the lack of activation of S1P2 by
FTY720P. Based on the high degree of sequence similarity
between S1P1 and S1P2, we first hypothesized that a computa-
tional homology model of the S1P2 ligand-binding pocket
derived from the validated S1P1 model might reveal critical
interactions with S1P that are lacking with FTY720P.
To test this hypothesis, we generated a library of S1P2 recep-

tor constructs with point mutations to alter the charge, steric,
or size properties of residues predicted to line the ligand-bind-
ing pocket.We also generated S1P1/S1P2 swapmutation recep-
tors in whichwe replaced one ormore amino acids of S1P2 with
the corresponding S1P1 residues. We examined the effects of
thesemutations on ligand specificity in an effort to uncover the
negative selectivity of S1P2 for FTY720P. However, none of
these S1P2mutations could recapitulate S1P1-like activation by
FTY720P. This led us to hypothesize that the FTY720P selec-
tivity determinants in the S1P1 and S1P2 receptors might not
reside in the ligand-binding pocket; therefore, chimeric recep-
tors were generated with domain exchanges between the S1P1
and S1P2 receptors. Testing the activation of and ligand binding
to these receptors using S1P and FTY720P identified aminimal
region of S1P1 in the first intracellular loop (IC) and second
transmembrane domain (TM) that confers activation by
FTY720P in a chimeric S1P2 receptor. Modeling studies indi-
cate that FTY720P binding selectivity is a function of the
entropic contribution to the binding free energy rather than
enthalpic contributions. Preferred agonists retain substantial
flexibility when bound. Using the S1P1/S1P2 chimera, we tested
other S1P1-selective analogs including (R)-FTY720 phospho-
nate (FTY720PN) (21, 28), which also activated this chimera.
Interestingly, neither FTY720P nor FTY720PN caused the
selective internal sequestration of the S1P1/S1P2 chimera char-
acteristic for S1P1, indicating that additional structural ele-
ments are required for the selective trafficking of the S1P1
receptor to the degradative pathway by these types of ligands.

EXPERIMENTAL PROCEDURES

Reagents—S1P and FTY720P were purchased from Avanti
Polar Lipids (Alabaster, AL), and 1 mM stock solutions were
prepared in PBS containing 1 mM charcoal-stripped bovine
serum albumin (BSA). Anti-FLAG M2 monoclonal antibody
and cycloheximide were purchased from Sigma-Aldrich.
FTY720PN was synthesized (25) and dissolved as described

previously (21). [32P]S1P was synthesized enzymatically using
recombinant sphingosine kinase 1 as described previously (29);
the specific activity was 86 cpm/fmol.
Residue Position Nomenclature—We have used Ballesteros-

Weinstein nomenclature in which index positions are in the
format X.XX. The first number specifies the TM of the residue,
and the second number refers to the position within that TM
relative to the most highly conserved residue in the G protein-
coupled receptor superfamily that is designated as position 50
(30).
Computational Homology Modeling—Homology models of

S1P1 and S1P2 in complex with S1P and FTY720P were used
from a previous study (31). The starting structures of the four
receptor-ligand complexes wereminimized inMOE (Chemical
Computing Group,Montreal, Canada, version 2010.10) using a
distance-dependent implicit solvent treatment with a dielectric
constant of 10 and the MMFF94 force field (32).
Chimeric S1P2 receptors with varying levels of FTY720P

selectivity were generated from the S1P2 receptor complexes.
One construct, S1P2(a)S1P1, was created by mutating motif a
residues ARNS found in S1P2 to the WKTK residues found in
S1P1. Hydrogen was added to the mutated residues. The
remaining S1P2 chimeric structure, S1P2(a,b,c,d)S1P1, was cre-
ated in the MOE program by splicing the IC1-TM2 segment of
the S1P1 receptor model in place of the corresponding IC1-
TM2 segment of the S1P2 receptor after superposition of two
residues before and after each splice. Constructs were mini-
mized first with the backbone fixed and thenwithout positional
restraints. Chimeric S1P1 receptors with varying levels of
FTY720P selectivity were generated from the S1P1 receptor
complexes. One construct, S1P1(b)S1P2, was created by mutat-
ing motif b residues RPMYY found in S1P1 to the SAMYL res-
idues found in S1P2. Hydrogen was added to the mutated resi-
dues. The remaining S1P1 chimeric structure, S1P1(a,b,c,d)S1P2,
was created in theMOE program by splicing the IC1-TM2 seg-
ment of the S1P2 receptor model in place of the corresponding
IC1-TM2 segment of the S1P1 receptor after superposition of
two residues before and after each splice. Constructs weremin-
imized first with the backbone fixed and then without posi-
tional restraints.
Each receptor-ligand combination was used in molecular

dynamics to observe the differences and similarities in struc-
tures and dynamics. Molecular dynamics simulations used the
same force field and solvent treatment asminimizations. Three
or four molecular dynamics simulations were performed for
each complex depending on consistency between different sim-
ulations. Molecular dynamics simulations used the NVT (mole
number, volume, temperature) ensemble and 2-fs time steps
with light atom distance restraints with temperature raised to
300 K over 30 ps followed by a production phase of 100 ps at
constant temperature. Root mean square fluctuations
(RMSF) of ligand atom positions relative to the starting
structure were determined from each simulation, and aver-
ages for each ligand atom were computed from three or four
independent simulations.
Receptor Constructs and Mutagenesis—N-terminal FLAG

epitope-tagged human S1P1 and S1P2 receptors in pcDNA3.1
were generous gifts fromDr. Timothy Hla (Weill Cornell Med-
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ical College, New York, NY). S1P2 point mutants were gener-
ated at specific residues using the QuikChange II XL site-di-
rected mutagenesis kit (Stratagene, La Jolla, CA); all constructs
were verified by complete sequencing of the inserts.
To generate chimeric receptor constructs, we first con-

structed a panel of receptors in which the N-terminal sequence
of either S1P1 or S1P2 was fused to the C-terminal part of the
other receptor to create single splice site chimeras. The splice
overlap extensionmethod was used to generate the N-terminal
FLAG-tagged chimeric receptors in pcDNA3.1 (33). The single
splice site chimeric receptors were used in a second round of
splice overlap extension PCR to generate the domain replace-
ment chimeras containing two splice junctions.
Construction of Receptor-Green Fluorescent Protein (GFP)

FusionConstructs—The S1P1, S1P2, or chimeric receptors were
fused in-frame at the C terminus to the GFP from Aequorea
coerulescens by subcloning the receptors into the pAcGFP-N1
vector (Clontech). The receptors in pcDNA3.1 were amplified
using primers engineered to introduce a KpnI restriction site 5�
to the N-terminal FLAG epitope. For receptors with N-termi-
nal FLAG-S1P1 sequence, the forward primer 5�-TCA GAT
CGC GGT ACC ACC ATG GAC TAC AAG GAC GAC GAT
GAC AGG ACC CAC CAG CG-3�, which also introduced a
silent mutation to abolish an ApaI restriction site at the third
amino acid of the S1P1 sequence, was used. For receptors with
N-terminal FLAG-S1P2 sequence, the forward primer 5�-ACC
ATG GGC GCT TGT ACT CGG AGT ACC TGA ACC CCA
AC-3� was used. For receptors containing C-terminal S1P1
sequence, the reverse primer 5�-GAC CGG TGG ATC CCG
GGC CCC GGA AGA AGA GTT GAC-3� was used to intro-
duce an ApaI site to fuse the receptor in-frame at the C termi-
nus to the GFP polypeptide. For receptors containing N-termi-
nal S1P2 sequence, the reverse primer 5�-GACCGGTGGATC
CCG GGC CCC GAC CAC CGT GTT GC-3� was used. PCRs
were carried out using the Expand High Fidelity PCR system
(Roche Applied Science) using the following conditions: dena-
turation (95 °C for 2 min) and 30 cycles of annealing/extension
(94 °C for 1 min, 55 °C for 1 min, and 72 °C for 2 min) followed
by an anneal/extension step (72 °C for 7 min). Purified PCR
products were digested with KpnI and ApaI (Promega, Madi-
son, WI) and ligated into the pAcGFP-N1 vector. Positive
clones were verified by complete sequencing of inserts and
splice sites.
Cell Culture and Transfection—McArtl rat hepatoma

RH7777 cells (ATCC,Manassas, VA), rat hepatomaHTC4 cells
(a kind gift from Dr. Edward Goetzl, University of California,
San Francisco), and HEK293 cells (ATCC) were grown in Dul-
becco’s modified Eagle’s medium supplemented with 10% (v/v)
fetal bovine serum, 100 units/ml penicillin, 10 �g/ml strepto-
mycin, and 2 mM glutamine. For cellular Ca2� assays of the
N-terminal FLAG-tagged wild type (WT) and point mutant
S1P2 receptors, the constructs were transfected into RH7777
cells using Xfect transfection reagent (Clontech). The receptor
constructs were cotransfected with an equal amount of G�q
plasmid to allow the receptors to couple effectively to Ca2�

mobilization. For cellular Ca2� assays of theN-terminal FLAG-
tagged S1P1, S1P2, and chimeric receptors, HTC4 cells were
cotransfectedwith an equal amount ofG�16 plasmid and recep-

tor plasmid using Effectene transfection reagent (Qiagen,
Valencia, CA). HEK293 cells were transfected with N-terminal
FLAG-tagged S1P receptor constructs fused at the C terminus
to GFP using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. The transfected HEK293 cells
were selected for stable expression in growth medium supple-
mented with 1.0 mg/ml G418 (Invitrogen).
Flow Cytometric Analysis—Expression of receptor con-

structs on the cell surface was measured by flow cytometry
using indirect immunofluorescence staining with anti-FLAG
M2 antibody as described previously (26).
Radioligand Binding—Ligand binding assays were per-

formed as described previously (27). Briefly, HEK293T cells
were plated in 24-well plates (3� 105 cells/well) and the follow-
ing day transfected with 0.6 �g of receptor constructs using
Lipofectamine 2000 (Invitrogen). Two days later the cells were
washed with ice-cold binding buffer (50 mM Tris, pH 7.4, 150
mM NaCl). The cells were then incubated in binding buffer
containing 4 mg/ml fatty acid-free BSA and 3 nM [32P]S1P on
ice for 45min in the presence or absence of 3 �M unlabeled S1P
or FTY720P as a competitor. The cells were washed twice with
cold binding buffer containing 0.4mg/ml BSA and then lysed in
0.5% SDS, and binding was quantified by scintillation counting.
Quadruplicate samples were measured for each condition.
Receptor Activation/Ca2�Mobilization Assays—To examine

the impact of point mutations on receptor activation, N-termi-
nal FLAG-tagged receptor constructs were transiently
expressed in RH7777 cells. After 6 h, the cells were detached
using HyQtase Cell Detachment Solution, replated into poly-L-
lysine-coated 96-well plates (30,000 cells/well), and cultured for
16 h. The culture medium was replaced with Krebs buffer, 4 h
later the cells were incubated with Fura-2-AM in Krebs buffer
containing 0.001% pluronic acid for 30 min and rinsed with
Krebs buffer, and the Ca2� response to S1P, FTY720P, or
FTY720PN was measured using a Flex Station II fluorescence
plate reader (Molecular Devices, Sunnyvale, CA). The ratio of
peak emissions at 510 nm2min after ligand additionwas deter-
mined for excitation wavelengths of 340/380 nm. All samples
were run in triplicate, and assays were performed at least three
times with a different transfection for each receptor construct.
The response elicited by the agonists was measured, and max-
imal activation (Emax; efficacy) and potency (EC50) were deter-
mined. Activation of the FLAG-tagged chimeric S1P1/S1P2
receptors constructs was examined in transiently transfected
HTC4 cells, which show no endogenous Ca2� response to S1P.
The assays were performed similarly to the assays that utilized
RH7777 cells except that the HTC4 cells were replated into
poly-L-lysine-coated 96-wellmicroplates 16 h after transfection
at a density of 40,000 cells/well and cultured for 24 h before
performing the Ca2� mobilization assays.
Receptor Internalization—HEK293 cells stably transfected

with S1P receptor-GFP constructs were plated on poly-L-ly-
sine-coated glass coverslips in 24-well plates (30,000–60,000
cells/well). Forty hours later, the complete medium was
replaced with serum-free medium. After 3 h, cells were treated
with either vehicle (100 nM charcoal-stripped BSA in PBS) or
agonist for 30min. The cells were either washed in ice-cold PBS
and fixed for 15 min in 100% methanol at �20 °C or in some
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cases rinsed twice with serum-free medium and incubated for
2 h in serum-free medium that contained 15 �g/ml cyclohexi-
mide before fixation. Microscopy was performed using a Zeiss
LSM 510 Pascal laser-scanning confocal microscope.

RESULTS

Mutagenesis Strategy—To validate and refine the previously
published S1P2 computational model (31), 22 residues in TMs
3, 4, 5, 6, and 7 predicted to line the ligand-binding pocket (Fig.
1) were mutated to alter their charge, size, and/or steric prop-
erties to create 37 point mutants. The receptor constructs were
transiently expressed in RH7777 cells, and the cell surface
expression was measured by anti-FLAG epitope flow cytomet-
ric analysis. The constructs showed variable expression at the
cell surface, ranging from5 to 41% FLAG-positive cells (supple-
mental Table 1).
WT S1P2 plasmid was diluted with different amounts of

empty vector plasmid and transfected into RH7777 cells to
determine the effect of cell surface expression on EC50 andEmax
values in cellular Ca2� mobilization assays. Transfection with
receptor plasmid that was diluted 6-fold resulted in only 8%
FLAG-positive cell staining compared with 20% for cells trans-
fected with undiluted receptor plasmid; however, EC50 and
Emax values were similar to those obtained for cells transfected
with the undiluted receptor (supplemental Table 2). Seven of
the S1P2 point mutant constructs, F3.33A, F3.33S, L3.43E,

W4.64A, K5.38A, K5.38N, and K5.38Q, showed less than 8%
cell surface expression andwere excluded from further analysis.
For the receptors that did show at least 8% surface expression,
we assessed the effect of each mutation on receptor activation.
The receptor constructs were transiently coexpressed in
RH7777 cells with G�q protein to facilitate coupling of the
receptors to cellular calcium mobilization, and the EC50 and
Emax of the Ca2� responses elicited by S1P and FTY720P were
measured (Table 1).
Effects of Mutations of Conserved Residues Interacting with

Polar Head Group of S1P—In previous studies of the S1P1 and
S1P4 ligand-binding pocket, we concluded that the amino acid
residues Arg3.28 and Glu3.29 form obligate ion pair interac-
tions with the phosphate and hydroxyl groups of S1P and that
the Arg7.34 residue of S1P1 also forms an ionic interactionwith
the phosphate group of S1P that is required for ligand binding
and activation (22, 25). The model complex of S1P with S1P2
(Fig. 1, A–C) suggests similar roles for residues at these posi-
tions in S1P2. Experimentally, the R3.28A mutant of S1P2 was
not activated in our assays, whereas the R3.28K mutant was
activated by S1P albeit with a 19-fold reduced potency (EC50 �
191 � 98 versus 10 � 3 nM for WT S1P2), indicating that
Arg3.28 is also required for S1P2-S1P head group interactions,
but could be partially compensated for by a positively charged
lysine residue. The E3.29A showed a 100-fold reduced potency

FIGURE 1. Model S1P2 complex with S1P. All panels show the same view of the complex with S1P (ball and stick) and different subsets of S1P2 residues (stick)
shown. A, complex showing all mutation sites with the ribbon (gray) with transmembrane domains labeled at the extracellular end. B, complex showing all
mutation sites. C, complex showing mutated residues interacting with the polar head group. Hydrogen bonding/ionic interactions are shown as dotted lines.
D, mutation sites in green at which all mutations showed WT activation by S1P. E, mutation sites in yellow at which a mutant showed only moderately
diminished activation by S1P. F, mutation sites in red at which a mutant showed impaired or abolished activation by S1P.
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for S1P (EC50 � 1000 nM), and the E3.29Q mutant was com-
pletely inactive. The K7.34A mutant showed decreased activa-
tion (EC50 � 123� 75 nM, Emax � 58% ofWT S1P2), indicating
the key role of this residue in S1P2-S1P head group interactions.
The charge-conservative substitution of Lys7.34 with arginine
found at this position in S1P1, K7.34R, yielded a receptor with
nearly WT S1P2-like activity albeit slightly decreased potency
for S1P (EC50 � 28 � 6 versus 10 nM � 3 nM for WT S1P2).
Thus, our data indicate that the Arg3.28, Glu3.29, and Lys7.34
residues form a critical tripartite interaction with the polar
head group of S1P (Fig. 1C) similar to the Arg3.28/Glu3.29/
Arg7.34 triad of S1P1 (25, 26).
Effects of Mutations of Residues Lining Predicted Hydropho-

bic Binding Pocket of S1P2—Previously, we identified residues
in the hydrophobic binding pocket of S1P1 that interact with
the aliphatic chain of S1P; some of these residues are essential
for ligand activation (26). We mutated the corresponding resi-
dues in the predicted hydrophobic binding pocket of S1P2 to

examine their impact on activation by S1P. Based on the
responses measured in our Ca2� mobilization assays, we cate-
gorized the effects of the mutations into three categories:
mutants with WT-like S1P activation (EC50 � 30 nM and
Emax � 80% ofWT S1P2), mutants with diminished S1P activa-
tion (EC50 � 30 nM or Emax � 80%), andmutants with impaired
or abolished S1P activation (EC50 � 50 nM or Emax � 70%)
(Table 1).Mutations of five residues, F5.48A, I5.51A, H7.36E,
F7.38A, and F7.39L, produced receptors that retained WT-
like activation by S1P consistent with limited contact
between these sites and S1P in the model (Fig. 1D). Muta-
tions of five other residues, V3.40A, V5.44A, V5.45A,
V6.37T, andW6.48E, showedmoderately diminished activa-
tion by S1P. Four of these residues show moderate interac-
tions with the S1P hydrophobic tail in our homology model
(Fig. 1E). Seven other residues predicted by our model to
interact with the S1P hydrophobic tail (Fig. 1F), Ala3.32,
Leu3.36, Val5.41, Phe6.44, Trp6.48, Ser7.42, and Ser7.46,

TABLE 1
Properties of S1P2 receptors with point mutations
EC50 values (mean � S.D., n � 3) and Emax values were determined in RH7777 cells transiently expressing S1P2 receptor constructs. 100% represents the maximal
S1P-elicited Ca2� mobilization response of the WT S1P2 receptor. na, not activated.

Receptor construct
S1P FTY720P

EC50 � S.D. Emax EC50 � S.D. Emax

nM % nM %
S1P2 WT 10 � 3 100 359 � 69 56
Mutations of residues interacting with the polar head group
R3.28A na na na na
R3.28K 191 � 98 96 na na
E3.29A �1000 106 na na
E3.29Q na na na na
K7.34A 123 � 75 58 na na
K7.34R 28 � 6 97 383 � 63 52

Mutations in the hydrophobic binding pocket that retained wild-type-like
activation by S1P (EC50 < 30 nM and Emax > 80% of WT S1P2)

V3.40T 22 � 5 101 892 � 419 40
V5.44C 18 � 12 87 210 � 208 52
V5.45T 14 � 7 94 384 � 345 49
F5.48A 8 � 3 97 509 � 142 56
I5.51A 8 � 3 83 77 � 33 56
I5.51L 10 � 1 111 473 � 524 43
H7.36E 22 � 8 107 379 � 259 45
F7.38A 10 � 4 96 292 � 92 56
F7.39L 9 � 3 92 132 � 74 46
S7.42A 23 � 8 100 518 � 99 51

Mutations in the hydrophobic binding pocket with moderately diminished
activation by S1P (EC50 > 30 nM or Emax < 80% of WT S1P2)

L3.36A 50 � 23 76 na na
V3.40A 32 � 18 79 na na
V5.44A 48 � 16 88 na na
V5.45A 16 � 6 76 na na
V6.37T 37 � 9 102 na na
W6.48E 30 � 9 102 na na
S7.46H 40 � 17 112 na na

Mutations in the hydrophobic binding pocket with impaired or abolished
activation by S1P (EC50 > 50 nM or Emax < 70% of WT S1P2)

A3.32K na na na na
A3.32M 93 � 27 118 420 � 132 59
L3.36Q na na na na
V5.41A 25 � 14 59 na na
F6.44A 56 � 28 62 na na
W6.48A na na na na
S7.42L 15 � 11 67 na na
S7.42H 81 � 28 54 na na
S7.46L na na na na

S1P2 receptor constructs with multiple point mutations
CVVTI5.43-47FCTTV 7 � 2 89 na na
CVVTI5.43-47FCTTV�F7.30L 14 � 6 84 na na
SII5.49-51TLL 7 � 3 89 na na
FAVST7.39-43LVLAV 9 � 6 51 na na
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whenmutated impaired or abolished activation by S1P in our
cellular Ca2� mobilization assays (Fig. 1F and Table 1).
Effects ofMutations on S1P2 Receptor Activation by FTY720P—

FTY720P is a high affinity agonist of all the S1P receptors
except S1P2, although high concentrations of FTY720P activate
S1P2-mediated Ca2� mobilization in some experimental set-
tings (21). In RH7777 cells co-transfected with G�q, FTY720P
elicited aweak butmeasurable calciumefflux response from the
WT S1P2 receptor (EC50 � 359 � 69 nM, Emax � 56% of the
maximal S1P response; Table 1). Priormodeling studies did not
identify substantial differences in the interactions of S1P and
FTY720P with S1P2 (31). To investigate the molecular basis of
the negative selectivity of S1P2 for FTY720P, we tested the S1P2
ligand-binding pocket mutants for Ca2� mobilization in
response to FTY720P. Most of the receptor constructs with
WT-like S1P activation retained weak activation by high con-
centrations of FTY720P similar to WT S1P2, whereas most
mutants with moderately diminished, impaired, or abolished
activation by S1P lacked any detectable activation by FTY720P
(Table 1).
As part of our strategy to uncover the basis for ligand selec-

tivity of the S1P1 and S1P2 receptors, we generated mutants in
which we replaced one or more amino acids of S1P2 with the
corresponding S1P1 residue. This strategy had only limited suc-
cess. The S1P1/S1P2 swap mutation A3.32M impaired potency
by S1P (93 � 27 versus 10 � 3 nM for WT S1P2) but retained
WT S1P2-like activation by FTY720P (EC50 � 430 � 132 nM,
Emax � 59%), and the alanine mutant rather than the swap
leucine mutant of Ile5.51 showed enhanced potency for
FTY720P (77� 33 versus 359� 69 nM forWTS1P2). The other
S1P1/S1P2 swapmutants, V5.44C, V5.45T, F7.39L, S7.42A, and
H7.36E, retained activation by S1P but still showed only weak
activation by FTY720P.
To further investigate the negative selectivity of S1P2 for

FTY720P, we created receptor constructs with multiple S1P1/
S1P2 swapmutations of residues in TM5 and TM7 that line the
predicted ligand-binding pocket. Although these receptor con-
structs could all be activated by S1P to some degree, none of
themwere activated by FTY720P (Table 1). Although the point
mutants we generated revealed many similarities between the
S1P2model and our previously validated S1P1 and S1P4models,
we were unable to identify single or multiple residue replace-
ments that could bestow FTY720P responsiveness to S1P2.
Therefore, we undertook a different experimental strategy.
Chimeric S1P1/S1P2 Receptors—Because none of the S1P2

receptors wemadewith single ormultiple S1P1 swapmutations
in the ligand-binding pocket gave a robust response to
FTY720P in our assays, we considered that the FTY720P selec-
tivity determinants might reside in other regions of the recep-
tors. FTY720P functions as a biased ligand for the S1P3 recep-
tor, selectively stimulating S1P3-coupled G�i activation but
inhibiting S1P3-coupled G�q activation (34). This suggested
that G protein-coupling and receptor conformation may coor-
dinately impact ligand specificity. We hypothesized that the
FTY720P ligand specificity determinants of the S1P1 and S1P2
receptors might partly reside in the regions that determine
G-protein coupling selectivity, the ICs and C-terminal tail (CT)
of the receptors.We constructed a panel of chimeric S1P1/S1P2

receptors in which we swapped these domains between the two
receptors to examine their effect on receptor activation and
ligand selectivity. To test the activation of the chimeric recep-
tors by S1P or FTY720P, the receptors were transiently
expressed in HTC4 cells, which lack any endogenous Ca2�

response to S1P. G�16 was coexpressed with the chimeric
receptors because it allowed both S1P1 and S1P2 to couple to
Ca2� mobilization in our cellular assays.
Characterization of Single Splice Site Chimeric Receptors—In

constructing the S1P1/S1P2 domain swap chimeras, we first
generated a panel of receptors in which the N-terminal
sequence of either S1P1 or S1P2 was fused to the C-terminal
part of the other receptor. The single splice junction chimeric
receptors were characterized for their cellular surface expres-
sion by anti-FLAG antibody flow cytometry analysis (supple-
mental Table 3). Cells transfected with vector showed 2% back-
ground staining, whereas the WT S1P1-transfected cells
exhibited 13% positive staining, and the WT S1P2-transfected
cells showed 18% positive staining. The chimeric S1P2 recep-
tors with replacements of the N-terminal domains (NT)
with S1P1 sequence, S1P2(NT-TM1)S1P1, S1P2(NT-IC1)S1P1,
S1P2(NT-TM2)S1P1, S1P2(NT-EC1)S1P1, S1P2(NT-TM3)S1P1,
S1P2(NT-IC2)S1P1, S1P2(NT-TM5)S1P1, and S1P2(NT-IC3)S1P1,
all resulted in receptors that were expressed on the cell surface
at comparable levels, ranging from 12 to 19% (supplemental
Table 3). The chimeric receptors all retained nearly WT S1P2-
like activation by S1P except for the S1P2(NT-TM1)S1P1 recep-
tor, which hadmoderately reduced potency for S1P (EC50 � 49
versus 4 nM for WT S1P2) (Table 2). The receptors were also
tested for activation by FTY720P. Similar to WT S1P2, the
S1P2(NT-TM1)S1P1 and S1P2(NT-IC1)S1P1 receptors were
unresponsive to FTY720P. However, S1P2 chimeric receptors
further substituted with S1P1 N-terminal proximal domains,
S1P2(NT-TM2)S1P1 and S1P2(NT-EC1)S1P1, were each acti-
vated by FTY720P although with decreased potency and effi-
cacy compared withWT S1P1 (EC50 � 27 or 44 nM versus 5 nM
for WT S1P1 and Emax � 85 or 62% of the WT S1P1 response).
The S1P2 chimeric receptors that were even more substituted
from the N terminus with S1P1 sequence, S1P2(NT-TM3)S1P1,
S1P2(NT-IC2)S1P1, S1P2(NT-TM5)S1P1, and S1P2(NT-
IC3)S1P1, were also activated by FTY720P with a similar
decreased potency (EC50 ranging from 36 to 52 nM) but with an
increase in efficacy for FTY720P (Emax ranging from 101 to
181% of theWT S1P1 response) (Table 2). The chimeric recep-
tors we generated containing C-terminal S1P1 sequence,
S1P2(TM6-CT)S1P1, S1P2(IC3-CT)S1P1, S1P2(TM4-CT)S1P1,
S1P2(IC2-CT)S1P1, S1P2(TM3-CT)S1P1, S1P2(EC1-CT)S1P1,
and S1P2(TM2-CT)S1P1, all showed dramatically reduced or no
surface expression (supplemental Table 3) and were unrespon-
sive to both S1P and FTY720P in Ca2� mobilization assays
(data not shown).
Characterization of S1P2 Chimeric Receptors with S1P1

Domain Insertions—In the S1P2(NT-TM3)S1P1 chimera, the
collective replacement of the NT, TM1, IC1, TM2, EC1, and
TM3 domains with S1P1 sequence bestowed responsiveness to
FTY720P (Table 2). To assign the FTY720P selectivity determi-
nants to individual domains, we created a panel of S1P1 and
S1P2 chimeric receptors with each of these domains individu-
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ally replaced with the corresponding region of the other recep-
tor. We also created constructs in which we swapped the CT,
IC2, or IC3 domains, which are known determinants of G pro-
tein selectivity (35). These chimeric receptors were tested for
surface expression and Ca2� mobilization in response to S1P
and FTY720P (Table 3).
S1P2 chimeric receptors with individual internal S1P1

domain insertions all showed surface expression ranging from
11 to 27% FLAG-positive stained cells. The receptors main-
tained nearly WT S1P2-like activation by S1P with EC50 values
ranging from 1 to 10 nM (versus 4 nM for WT S1P2) and effica-
cies that ranged from 142 to 173% of the S1P1 Emax for S1P
(versus 151% for WT S1P2). The S1P2(CT)S1P1 construct
showed diminished surface expression (10% FLAG-positive)
comparedwith the other receptors and showedno activation by
S1P.
Replacement of either the IC1 or TM2 domain in S1P2 with

the corresponding sequence of S1P1 enabled the chimera to be
partially activated by FTY720P although to a lesser extent than
WTS1P1. The S1P2(IC1)S1P1was activated by FTY720Pwith an
EC50 of 60 nM and Emax that was 78% of WT S1P1. The
S1P2(TM2)S1P1 receptor showed a similar partial responsive-
ness to FTY720P with lower potency (EC50 � 112 nM) but WT
S1P1-like efficacy (Emax � 97% ofWT S1P1). None of the other
single domain-swapped S1P2 chimeras showed any response to
FTY720P. Because the IC1 or TM2 S1P1 domain alone could
impart partial activation by FTY720P, we tested whether the
receptor with both domains replaced with the corresponding
S1P1 sequence, S1P2(IC1-TM2)S1P1, would be even more
responsive to FTY720P. The S1P2(IC1-TM2)S1P1 receptor
retained full WT S1P2-like activation by S1P and was activated
by FTY720P with an efficacy comparable with WT S1P1 but
with a diminished potency (EC50 � 35 versus 5 nM forWTS1P1;
Table 3).
Characterization of S1P1 Chimeric Receptors with S1P2

Domain Insertions—Replacement of any of the NT, TM1, IC1,
TM2, EC1, TM3, IC2, or IC3 of S1P1 with the corresponding
domain of S1P2 all resulted in receptors that were expressed at

the cell surface with the percentage of FLAG-positive stained
cells ranging from 7 to 22% (Table 3). The S1P1(NT)S1P2 and
S1P1(EC1)S1P2 constructs showed relatively high expression (22
and 15%, respectively). In contrast, replacement of the S1P1 CT
with that of S1P2 had a detrimental effect on cell surface expres-
sion (4% FLAG-positive stained cells), and the receptor
construct was not activated in our cellular assays. The
S1P1(IC1)S1P2 and S1P1(IC2)S1P2 constructs both showed
somewhat decreased expression and activation in response to
S1P. The S1P1(IC1)S1P2 receptorwas not activated by FTY720P,
whereas the S1P1(IC2)S1P2 receptor was, supporting the role of
the IC1 domain as a determinant of FTY720P selectivity.
Radioligand Binding Experiments—To obtain additional evi-

dence for the specific interaction of S1P2(IC1-TM2)S1P1 chi-

TABLE 2
Properties of S1P1 and S1P2 chimeric receptors
EC50 (mean, n � 3) and Emax values were determined in HTC4 cells transiently expressing WT S1P1, WT S1P2, and S1P1/S1P2 chimeric receptors. 100% represents the
maximal response for Ca2� mobilization of the WT S1P1 receptor for S1P or FTY720P. na, not activated.

S1P FTYP
Receptor construct EC50 Emax EC50 Emax

nM % nM %
S1P1-WT 7 100 5 100 S1P1

S1P2-WT 4 151 na na S1P2

S1P2(NT-TM1)S1P1 49 147 na na NT TM1
S1P2(NT-IC1) S1P1 7 137 na na NT IC1
S1P2(NT-TM2) S1P1 4 123 27 85 NT TM2
S1P2(NT-EC1) S1P1 2 133 44 62 NT EC1
S1P2(NT-TM3) S1P1 8 164 36 119 NT TM3
S1P2(NT-IC2) S1P1 13 167 46 127 NT IC2
S1P2(NT-TM5) S1P1 7 221 43 181 NT TM5
S1P2(NT-IC3) S1P1 13 166 52 101 NT IC3

TABLE 3
Properties of S1P1 and S1P2 domain replacement chimeric receptors
EC50 values (mean, n � 3) and Emax values were determined in HTC4 cells tran-
siently expressing WT S1P1, WT S1P2, and S1P1/S1P2 chimeric receptors. 100%
represents the maximal response for calcium mobilization of the wild-type S1P2
receptor (for S1P) or S1P1 (for FTY720P). na, not activated.

S1P FTY720P
FLAGEC50 Emax EC50 Emax

nM % nM % %
S1P2 receptor constructs
S1P2-WT 4 151 na na 22
S1P2(NT)S1P1 10 142 na na 13
S1P2(TM1)S1P1 9 148 na na 23
S1P2(IC1)S1P1 1 155 112 78 11
S1P2(IC1-TM2)S1P1 1 150 35 100 14
S1P2(TM2)S1P1 5 173 112 97 19
S1P2(EC1)S1P1 4 160 na na 23
S1P2(TM3)S1P1 9 155 na na 24
S1P2(IC2)S1P1 3 162 na na 27
S1P2(IC3)S1P1 2 166 na na 19
S1P2(CT)S1P1 na na na na 10

S1P1 receptor constructs
S1P1-WT 7 100 5 100 13
S1P1(NT)S1P2 9 142 33 127 22
S1P1(TM1)S1P2 10 70 35 71 10
S1P1(IC1)S1P2 15 60 na na 7
S1P1(TM2)S1P2 5 105 20 113 12
S1P1(EC1)S1P2 7 90 27 99 15
S1P1(TM3)S1P2 3 157 21 91 9
S1P1(IC2)S1P2 3 75 4 101 9
S1P1(IC3)S1P2 9 102 11 88 11
S1P1(CT)S1P2 na na na na 4
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mera with S1P and FTY720P, we examined the ability of S1P
and FTY720P to compete with [32P]S1P for binding to WT
S1P1, WT S1P2, or S1P2(IC1-TM2)S1P1 receptors (Fig. 2).
Expression of WT S1P1, WT S1P2, or S1P2(IC1-TM2)S1P1 in
HEK293T cells enabled the specific binding of [32P]S1P.
[32P]S1P radioligand binding was competed from all three
receptors with 3 �M excess cold S1P. However, competition
took place with 3 �M cold FTY720P only in cells transfected
withWT S1P1 or S1P2(IC1-TM2)S1P1 but not WT S1P2. These
results provide added support to the data obtained from func-
tional assays for the specific interaction of FTY720P with the
S1P2(IC1-TM2)S1P1 receptor chimera.
Identification of Motifs in IC1-TM2 Affecting Activation by

FTY720P—The S1P2(IC1-TM2)S1P1 chimera has two domain
replacements from S1P1 consisting of 36 amino acid residues.
However, because of the high homology in the endothelial dif-
ferentiation gene family S1P receptors, only 12 of the 36 resi-
dues actually differ between S1P1 and S1P2. The 12 residues
that differed could be clustered into four motifs, a–d (Table 4).
To determine which S1P1 motif was necessary for activation by
FTY720P, each motif was separately mutated back to the S1P2
sequence, and the resultant receptors were tested for activation
by S1P and FTY720P. Individual removal of any of themotifs b,
c, or d but not a diminished receptor activation by FTY720P
with motif b having the greatest negative impact (Table 4).

Insertion of motif a in IC loop 1 alone into S1P2 in the
S1P2(a)S1P1 chimera did not impart responsiveness to
FTY720P, although the receptor remained fully responsive to
S1P. Conversely, the S1P2(b,c,d)S1P1 receptor with motif a
swapped back to the S1P2 sequence retained full activation by
FTY720P, indicating that differences in motif a alone are not
required for FTY720P activation.
Motif b, when inserted alone into S1P2, bestowed FTY720P

responsiveness (EC50 � 130� 47 nM, Emax � 74% ofWTS1P1).
In contrast, insertion of either motif c or d in S1P2(c)S1P1 or
S1P2(d)S1P1 did not introduce FTY720P responsiveness. How-
ever, the combination of the two motifs in S1P2(c,d)S1P1 did
impart aweak response to FTY720P.Whenboth of thesemotifs
were combined with b, the resulting chimera, S1P2(b,c,d)S1P1,

was activated asmuch as S1P2(a,b,c,d)S1P1 by FTY720P in terms
of both efficacy and potency. Thus, the eight residues unique to
S1P1 in motifs b, c, and d contribute to the FTY720P respon-
siveness of the S1P2(IC1-TM2)S1P1 chimeric receptor.
Reverse swaps of motifs a, b, c, and d together from S1P2

inserted into S1P1 but not individually abolished the response
to FTY720P (Table 4). Insertion of sequences into S1P1 limited
tomotifs a, b, and c; a, c, andd; a; or b of S1P2 did not abolish the
activation of the chimeras by FTY720P. These results reinforce
the hypothesis that the distant allosteric constraint exerted on
the ligand-binding pocket required for activation by FTY720P
resides in a combination of multiple residues that differ
between S1P1 and S1P2.
Structural Influence of IC1-TM2Motifs on S1P and FTY720P

Complexes—We utilized molecular dynamics simulations to
investigate how the IC1-TM2 motifs, which are not located in
close proximity to the ligand-binding site, influence binding
preferences. Multiple simulations were performed for WT
S1P1, WT S1P2, the S1P2(a)S1P1 chimera, the S1P2(a,b,c,d)S1P1

chimera, and the S1P1(a,b,c,d)S1P2 chimera. Fig. 3 shows the
RMSFs of the ligand atoms during themolecular dynamics sim-
ulations. All complexes are characterized by relatively low
mobility of the tightly ion-paired phosphate groups as reflected
by RMSF values less than 2.5 Å for the phosphorus and oxygen
of the phosphate ester bond. All S1P complexes show substan-
tially higher mobility of the hydrophobic tail (RMSF values in
excess of 4 Å), and some S1P complexes show higher mobility
(RMSF values in excess of 3.5 Å) near the center of the chain. In
contrast, higher mobility as reflected by RSMF values in excess
of 3.5 Å was observed for FTY720P complexes only for WT
S1P1 and S1P2(a,b,c,d)S1P1. Molecular dynamics simulations
with the reverse S1P1(a,b,c,d)S1P2 chimera as well as the
S1P2(a)S1P1 chimera showed low RMSF values consistent with
the experimentally validated lack of activation of these recep-
tors by FTY720P (Table 4 and Fig. 3). These results suggest that
the combination of unique aspects of the S1P2 IC1-TM2
sequence and the planar para-substituted aromatic ring of
FTY720P produce an unfavorable entropic penalty due to the
loss of conformational degrees of freedom upon FTY720P
binding that confers the negative selectivity of S1P2 for
FTY720P.
Activation of S1P2(IC1-TM2)S1P1 Chimera by Other S1P1-

specific Ligands—We investigated whether the insertion of the
IC1-TM2 domains into S1P2 will allow activation by other
FTY720-like S1P1-specific agonists. Previously, we character-
ized FTY720PN against the S1P1–5 receptors expressed in
HTC4 stable cell lines and found that the FTY720PN was a
strong activator of S1P1 but did not activate S1P2 (21). We
tested activation of S1P1, S1P2, and the S1P2(IC1-TM2)S1P1

receptors for activation by FTY720PN in transiently trans-
fected HTC4 cells (Fig. 4). The S1P1 receptor was activated by
FTY720PN although with a decreased potency compared with
FTY720P (EC50 � 6 � 3 versus 1 nM for FTY720P) but similar
efficacy (Emax � 98% of maximal S1P response). The chimeric
receptor S1P2(IC1-TM2)S1P1 was activated by FTY720PN but
to a lesser extent than by FTY720P in terms of potency and
efficacy (EC50 � 188 � 69 nM for FTY720PN versus 21 � 5 nM

FIGURE 2. Ability of S1P and FTY720P to compete with [
32

P]S1P for bind-
ing to S1P1, S1P2, and S1P1/S1P2 chimeric receptors. HEK293T cells were
transfected with WT S1P1, WT S1P2, or S1P2(IC1-TM2)S1P1 receptors. [32P]S1P
radioligand binding was determined using 3 nM [32P]S1P. Cells were incu-
bated with 3 �M unlabeled S1P or FTY720P as the competitor. The means �
S.D. were plotted. *, p � 0.05; **, p � 0.01 relative to no competitor. n.s., not
significant.
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for FTY720P and Emax � 49% for FTY720PN versus 74% for
FTY720P).
Receptor Trafficking of S1P2(IC1-TM2)S1P1—Upon activa-

tion by S1P, S1P1 and S1P2 are rapidly internalized and within
2 h recycle back to the plasma membrane. In contrast, activa-
tion of S1P1 by FTY720P leads to C-terminal polyubiquitina-
tion of the receptor, selectively targeting it for proteasomal deg-
radation (18, 19). We examined the effects of S1P or FTY720P
on the internalization of S1P1, S1P2, or S1P2(IC1-TM2)S1P1
receptor constructs C-terminally fused to GFP. These receptor

constructs were stably expressed in HEK293 cells, and receptor
localization and trafficking in response to ligands were exam-
ined by confocal fluorescence microscopy (Fig. 5). Exposure to
S1P caused internalization of all three receptor constructs as evi-
denced by disappearance of plasma membrane-localized signal
and appearance of punctate intracellular fluorescence. Consistent
with theactivationprofiles inour functional assays, treatmentwith
FTY720P caused internalization of the S1P1 and S1P2(IC1-
TM2)S1P1 receptors, whereas S1P2 remained localized at the
plasmamembrane and did not internalize (Fig. 5,A–C, top rows).

TABLE 4
Effects of swapping IC1 and TM2 motifs between S1P1 and S1P2 on receptor activation
Calciummobilization in response to S1P and FTY720P was measured inWT S1P1, WT S1P2, and chimeric receptors in which different combinations of motifs a–d in IC1
andTM2were replacedwith the corresponding sequence from the other receptor subtype. EC50 values (mean� S.D., n� 3) andEmax values were determined inHTC4 cells
transiently expressing the receptor constructs. 100% represents the maximal response measured in the WT S1P1 or S1P2 receptors for S1P or the maximal S1P1 response
for FTY720P. na, not activated.
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After a 2-h washout, the majority of S1P-stimulated S1P1-
GFP receptors recycled back to the plasmamembrane, whereas
after treatment with FTY720P, the receptor remained intracel-
lularly localized. The SIP1-GFP receptor responded similarly to
FTY720PN as to S1Pwith themajority of the receptor recycling
back to the plasmamembrane (Fig. 5A, bottom row). The S1P2-
GFP receptor recycled back to the cell membrane 2 h after

washout of S1P and retained its plasma membrane localization
following exposure to FTY720P or FTY720PN (Fig. 5B, bottom
row). The S1P2(IC1-TM2)S1P1-GFP receptor recycled back to
the plasma membrane after activation with either S1P,
FTY720P, or FTY720PN, although some intracellular staining
was still evident (Fig. 5C, bottom row). These results indicate
that the S1P2(IC1-TM2)S1P1-GFP receptor chimera recycles

FIGURE 3. RMSF by ligand atom position. RMSF values in Å are reported as averages from three to four simulations of each construct in complex with either
S1P (black bars; A, top structure) or FTY720P (gray bars; A, bottom structure) using the position labels shown on the structures. Note that the gray bars
corresponding to the RMSFs of FTY720P are considerably smaller in S1P2 (C) and S1P2(a)S1P1 (E) than S1P1 (B), indicating that this ligand has restricted mobility
in the ligand-binding pocket. In contrast, the RMSF values of FTY720P carbons in chimera S1P2(a,b,c,d)S1P1 (C) are substantially larger than in S1P2 or S1P2(a)S1P1

(C and E). The reverse chimera S1P1(a,b,c,d)S1P2 (F) shows S1P2-like (C) RMSF values for FTY720P carbons.
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back to the plasma membrane after exposure to FTY720P; this
is a key difference from the behavior of WT S1P1, which is
retained intracellularly.

DISCUSSION

Our objective in the present study was to identify the struc-
tural basis of the negative specificity of FTY720P as an agonist
of S1P2. The five S1P receptors share a high degree of amino
acid identity (5), which supports the use of homologymodeling
strategies for the identification of structural differences that
account for ligand selectivity. However, prior homology mod-
eling of the S1P2 receptor (31) based on validated homology
models of the S1P1 and S1P4 receptors (22, 23, 25, 26) failed to
identify a structural basis for the negative selectivity of S1P2 for
FTY720P. The S1P1 model has identified basic Arg3.28 and
Arg7.34 and acidic Glu3.29 residues that form salt bridges with
the phosphate and amino groups of S1P and are essential for
ligand binding. The S1P4 model reiterated the importance of
Arg3.28 and Glu3.29 and additionally revealed that Trp4.64
and Lys5.38 but not Arg7.33 (homologous to Arg7.34 in S1P1)
are essential for ligand binding and activation. The S1P2 model
suggested similar importance for the corresponding sites, but
this prediction had not been experimentally validated.
Experimental validation of the S1P2 residues confirmed the

predictions of the model as mutations to Arg2.28, Glu3.29, and
Lys7.34 all produced a negative impact on S1P activation of
S1P2 (Table 1). Mutation of these residues to alanine com-
pletely abolished the marginal activation by FTY720P seen in
WTS1P2. This observation suggests some degree of interaction

between FTY720P and the head group-interacting residues and
suggests that this ligand alsomay engage these polar residues in
the ligand-binding pocket albeit more weakly than S1P.
We have also identified 11 residues lining the putative

ligand-binding pocket of S1P2 that are predicted to interact
with the non-polar segments of S1P. Mutation of any of these
residues diminished the responsiveness to S1P; the negative
impact on receptor activation varied according to the nature of
the amino acid substitution. However, all of these mutations
completely abolished the weak activation of WT S1P2 by
FTY720P. These observations support the hypothesis that S1P
and FTY720P appear to engage similar residues in the putative
ligand-binding pocket of S1P2.

We also swapped individual and multiple residues in S1P2
with residues that are found in identical positions in the S1P1
sequence (Table 1). These replacements, although still respon-
sive to S1P, failed to improve activation by FTY720P, suggesting
that residues outside the putative ligand-binding pocket play an
important role in activation by this synthetic ligand.
FTY720P also functions in a unique manner on the S1P3

receptor, which couples to G�i and G�q when activated by S1P.
FTY720P selectively activates S1P3-mediated G�i signaling but

FIGURE 4. FTY720PN activates S1P1 and S1P2(IC1-TM2)S1P1 chimeric
receptor but not S1P2. HTC4 cells were transfected with WT S1P1, WT S1P2,
or S1P2(IC1-TM2)S1P1 receptors, and intracellular Ca2� transients were mea-
sured in response to FTY720PN. S1P2 and S1P2(IC1-TM2)S1P1 responses to
FTY720P are shown as a reference. Samples were run in triplicate and normal-
ized to the maximal S1P response for each receptor, and the means � S.D.
were plotted.

FIGURE 5. Receptor internalization of S1P1-, S1P2-, and S1P2(IC1-
TM2)S1P1-GFP. Stably transfected HEK293 cells expressing WT S1P1 (A), WT
S1P2 (B), or S1P2(IC1-TM2)S1P1 (C) GFP-fusion proteins were exposed to a 100
nM concentration of either vehicle (BSA), S1P, FTY720P, or FTY720PN for 30
min. Cells were rinsed and incubated for 2 h in the presence of cycloheximide
to allow receptor recycling in the absence of new protein synthesis. The cells
were fixed, and receptor localization was examined by laser-scanning confo-
cal fluorescence microscopy.
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inhibits S1P3-mediated G�q signaling (34). An emerging con-
cept in G protein-coupled receptor signaling is that of biased
ligand signaling, where receptors are able to adopt different
activation states in response to different ligands, leading to dif-
ferent downstream signaling outcomes (36). The unique
actions of FTY720P as a biased ligand for at least two S1P recep-
tors led us to examine whether the FTY720P specificity deter-
minantsmight in part reside outside the ligand-binding pocket.
This strategy yielded an unexpected result in that the chimera
S1P2(NT-TM2)S1P1 containing just theNT toTM2 sequence of
S1P1 became activated by FTY720P. Because the S1P2(NT-
IC1)S1P1 chimera showed no activation by FTY720P, we con-
cluded that motifs present in TM2 might be responsible for
activation by FTY720P. These observations also support our
findings with themutagenesis of the ligand-binding pocket that
suggested that FTY720P can make interactions necessary for
activation with residues found in TMs 3, 5, 6, and 7 of S1P2.
Next, we dissected further the motifs responsible for

FTY720P activation of the receptor by swapping individual
domains between the S1P1 and S1P2 receptors. Replacement of
either IC1 or TM2 of S1P2 with the corresponding S1P1
sequence imparted activation by FTY720P, and replacement of
both domains enhanced the activation (Table 3). Furthermore,
a reverse strategy in which the same IC and TM domains in
S1P1 were replaced with S1P2 sequence showed that swapping
just the IC1 loop was sufficient to abolish the activation by
FTY720P.
Sequence alignment of IC1 and TM2 of S1P1 and S1P2 shows

that the region necessary to confer activation by FTY720P
encompasses 32 amino acids and differs at only 12 residues in
motifs a, b, c, and d (Table 4). Four of the 12 residues represent
differences that involve property-conserving amino acid resi-
dues. The motifs b, c, and d were sufficient to bestow FTY720P
activation on S1P2; these residues are all within TM2 and the
adjacent N-terminal two amino acids (Arg78 and Pro79) in IC1
just before the start of the TM2 �-helix. Swapping these motifs
between the two receptors revealed that the sequence motif
78RP(MY)Y (where (MY) are identical between the two recep-
tors) could alone impart activation by FTY720P. Thus, residues
78RP and Tyr82 are sufficient to exert the structural constraint
to the rest of the S1P2 structure that allows the recognition of
FTY720P. Nonetheless, the five differing residues in motifs c
and d of TM2 when present with the 78RPMYY motif further
enhance the potency and efficacy of FTY720P of the respective
chimeras (Table 4). Conversely, motifs a, b, c, and d from S1P2
together, but not individually, inserted into S1P1 abolished the
response to FTY720P.
Modeling studies using two FTY720P-responsive and three

FTY720P-nonresponsive constructs demonstrate that the
mobility of the aliphatic chain is the key difference correlating
with receptor activation. This finding, coupled with the com-
mon recognition points identified using single pointmutations,
indicates that the negative selectivity of S1P2 for FTY720P is
due to an unfavorable entropy of binding rather than an unfa-
vorable enthalpy of binding. Previous modeling studies (31)
correctly noted that very similar types of receptor-ligand inter-
actions were possible for both S1P and FTY720P in S1P2
because these interactions only contribute to the enthalpy of

binding. The activation properties of our point mutants,
together with the finding that the S1P2(IC1-TM2)S1P1 chimera
without any change in the putative ligand-binding pocket was
responsive to FTY720P, support this explanation.
Given the importance of the four differing sequence motifs

between S1P1 and S1P2, we considered whether motifs b, c, and
d are conserved among the other S1P receptors. Sequence
alignment of the IC1-TM2 regions of S1P1–5 shows that in S1P3
and S1P4 at least two of the threemotifs are conserved such that
the individual amino acid differences represent property-con-
serving amino acid replacements (supplemental Table 4).
The S1P1 receptor plays a critical role in lymphocyte traffick-

ing because its presence on activated T cells allows the cells to
egress from the lymphoid tissue in response to an S1P gradient
(20). The clinical efficacy of FTY720 in multiple sclerosis
depends on its ability to induce long term down-regulation
S1P1 receptor signaling. FTY720P-induced internalization of
the S1P2(IC1-TM2)S1P1 chimera showed receptor recycling
back to the plasma membrane. This result suggests that the
unique FTY720P-elicited trafficking of S1P1 receptor is linked
to determinant(s) other than those included in IC1 andTM2. In
summary, we discovered that structural motifs unique to S1P2
in IC1 and TM2 exert a distant allosteric constraint on the
degree of motion of the bound FTY720P in the ligand-binding
pocket that in turn prevents receptor activation by this ligand.
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