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Structure of S1PR2–heterotrimeric  
G13 signaling complex
Hongwen Chen1, Kevin Chen2, Weijiao Huang1, Louis M. Staudt3,  
Jason G. Cyster2,4*, Xiaochun Li1,5*

Sphingosine-1-phosphate (S1P) regulates immune cell trafficking, angiogenesis, and vascular function via its five 
receptors. Inherited mutations in S1P receptor 2 (S1PR2) occur in individuals with hearing loss, and acquired 
mutations in S1PR2 and G13 occur in a malignant lymphoma. Here, we present the cryo–electron microscopy 
structure of S1P-bound S1PR2 coupled to the heterotrimeric G13. Interaction between S1PR2 intracellular loop 2 
(ICL2) and transmembrane helix 4 confines ICL2 to engage the 5 helix of G13. Transforming growth factor– 
shedding assays and cell migration assays support the key roles of the residues in S1PR2-G13 complex assembly. 
The structure illuminates the mechanism of receptor disruption by disease-associated mutations. Unexpectedly, 
we showed that FTY720-P, an agonist of the other four S1PRs, can trigger G13 activation via S1PR2. S1PR2F274I 
variant can increase the activity of G13 considerably with FTY720-P and S1P, thus revealing a basis for S1PR 
drug selectivity.

INTRODUCTION
The diversity of lipids ensures the structural rigidity and flexibility 
of cellular membranes. Lipids and their metabolites also serve as 
extracellular ligands for more than 50 G protein (heterotrimeric guanine 
nucleotide–binding protein)–coupled receptors (GPCRs), enabling 
the transduction of signals from the cell surface into the intracellular 
space (1–3). Sphingosine-1-phosphate (S1P), a signaling sphingolipid, 
functions as a regulator of the human immune and vascular systems 
through binding G protein–coupled S1P receptors (S1PR1 to S1PR5) 
(fig. S1) (4–7). S1P can act to increase or decrease vascular permea-
bility, cell growth, and cell migration depending on which receptor 
is engaged, and it plays a crucial role in promoting lymphocyte egress 
from lymphoid organs by engaging S1PR1. Several S1PRs modulators—
including Fingolimod (FTY720), Siponimod, and Ozanimod—
have been approved for treating the autoimmune disease multiple 
sclerosis (8–10).

Intriguingly, the five S1PRs share high sequence homology but 
have been shown to bind different G proteins (11, 12). G proteins 
are classified into four families according to their  subunit: Gi, Gs, 
Gq/11, and G12/13. S1PR1 and S1PR5 couple preferentially to Gi/o, 
while S1PR2 and S1PR3 can couple to Gi/o, Gq/11, and G12/13 (11–13). 
In the case of S1PR2, in vivo studies in lymphocytes have shown a 
strict dependence on G13 (14, 15), and endothelial S1PR2 also ap-
pears to signal dominantly via G12 or G13 (16). Inherited missense 
mutations in S1PR2 have been identified in patients with hearing 
impairment, and mice lacking S1PR2 are deaf due to functional de-
fects in auditory and vestibular systems (17, 18). Acquired muta-
tions in GNA13 (encoding G13) and S1PR2 were found in germinal 
center B cell–like diffuse large B cell lymphoma (GCB-DLBCL) by 

deep sequencing studies (15, 19–21). Deficiency in S1PR2 or G13 
caused a loss of germinal center B cell confinement and was suffi-
cient to cause lymphomagenesis (14, 15), demonstrating the important 
role of G13 in inhibiting the growth and dissemination of germinal 
center B cells (15).

Previous structural studies on S1PRs have provided important 
insights into receptor-ligand interactions and G protein coupling. 
The crystal structure of S1PR1 bound to the sphingosine-mimic 
antagonist ML056 presented the inactive state of S1PRs (22), and 
comparison to the crystal structure of S1P-bound S1PR3 revealed 
transmembrane-domain residues that may regulate G protein selec-
tivity (23). Recently, the structures of S1PR1, S1PR3, and S1PR5 
coupled to Gi in the presence of different agonists provided a mo-
lecular basis for S1PR-mediated Gi activation (24, 25). However, the 
molecular details of how S1PRs recruit heterotrimeric G13 protein 
remain unknown. Notably, G13 plays an important role in regulating 
cell migration and actin cytoskeletal remodeling (26), and there is 
no available structure of any GPCR coupled to G12/13 to date. Because 
G12 and G13 share high sequence homology and, sometimes, func-
tion redundantly in signal transmission (26), structural studies on 
the S1PR2-G13 complex will provide molecular insights into the 
G12/13 activation mechanism that may apply to other GPCRs, as well 
as the molecular basis for G12/13 protein coupling.

RESULTS
Structure of S1PR2-G13 complex
We purified human S1PR2  in the presence of S1P and incubated 
with G1312 heterotrimer. However, the complex was unstable in 
solution during purification. We then substituted the N helix of 
wild-type G13 with the N helix of Gi (referred here as “G13iN”) 
according to previous studies (27, 28). To stabilize the complex, we 
added scFv16, which binds to G13iN-N and G (29). The purified 
complex was concentrated for cryo–electron microscopy (cryo-EM) 
studies (fig. S2A). We obtained 13 million particles from ~33,000 
cryo-EM images. The particles exhibit severe dissociation upon grid 
preparation, resulting in only 5% of the particles in complex for final 
three-dimensional (3D) reconstruction (fig. S2B and table S1). The 
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overall structure was determined at 3.2 Å resolution by 640,483 par-
ticles. The structure revealed well-defined features for the canonical 
seven transmembrane helices (7-TMs) of S1PR2, the G13iN Ras-like 
domain, the G and G subunits, and scFv16 (Fig. 1A and figs. S2, C 
and D, and S3). The density of the S1P ligand was observed in the 
cavity created by the transmembrane region (Fig. 1B).

The TMs generate an amphiphilic pocket with a positively charged 
head in the outer leaflet and hydrophobic region in the middle 
of the receptor to accommodate the S1P ligand (Fig. 1B). Several 
polar residues are responsible for binding the sphingosine head 
and phosphate group, and several hydrophobic residues contact 
the alkyl tail of S1P (Fig. 1C). The N-terminal helix (NTH) func-
tions as a lid to retain the ligand in the cavity (Fig. 1C). We used the 
established transforming growth factor– (TGF-) shedding assay 
that reports on heterotrimeric G protein signaling to validate S1P-​
mediated S1PR2 coupling (11, 30). The human S1PR2 (wild-type or 
point mutant variants), Gq/13 (a chimeric Gq with G13-5 helix), and 
alkaline phosphatase–fused TGF- (AP–TGF-) were cotransfected 

into human embryonic kidney (HEK) 293 Gq/11/12/13 cells to mea-
sure G protein signal. We obtained a potency [median effective con-
centration (EC50)] and an amplitude of ligand-induced response 
(Emax) from the sigmoidal concentration-response curve of each 
variant. The results show that S1P can activate S1PR2 and trigger 
Gq/13 protein signaling (fig. S4A). Mutations on the key residues 
that accommodate the sphingosine head (Y18NTH, N892.60, R1083.28, and 
E1093.29, superscripts refer to Ballesteros-Weinstein number) inter-
fere with the EC50 and/or Emax of S1P activity considerably (Fig. 1, 
C to E, and fig. S4A), while mutations on the residues that contact the 
alkyl tail (F1133.33 and L1163.36) attenuate the Emax of S1PR2 (Fig. 1E 
and fig. S4A).

Structural comparisons reveal activation mechanism
Comparison of our G13 structure with a guanosine diphosphate 
(GDP)–bound G13 structure provides molecular insights into the 
structural rearrangements associated with S1PR2-induced G13 acti-
vation (28). The G13-5 undergoes a notable conformational change 
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Fig. 1. Overall structure of S1PR2-G13 complex and the S1P binding site. (A) Ribbon representation of the structure viewed from the side of the membrane (top) and 
the extracellular space (bottom). NTH, N-terminal helix. (B) Electrostatic surface representation of S1PR2 and the cryo-EM map of d18:1 S1P ligand (yellow sticks) at 5 
level. The putative S1P entrances are indicated by black arrow (the outer leaflet) and red arrow (the lipid bilayer). (C) Interaction details of S1P with residues in the binding 
site indicated. (D and E) Comparison of pEC50 values and Emax of each variant. The representative dose-response curves from same-day experiment and membrane 
expression of S1PRs are shown in fig. S4A. The not applicable (N.A.) value means curve not reaching Emax. Data are means ± SD (n = 3 to 7 independent experiments). 
*P < 0.05 and ****P < 0.0001, mutant versus wild-type (WT) values according to one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test. ns, not 
significant. AP–TGF-, alkaline phosphatase–fused TGF-. EV, empty vector. 
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with a translation of more than 6 Å and a ~45° rotation upon nucleo-
tide release (Fig. 2A). The conformational change of 5 accompa-
nies the concerted movements of the 6-5 loop and the 1 helix 
(Fig. 2A). This reorganization is consistent with the findings in other 
GPCR-engaged Gi, Gs, and Gq proteins (27, 31, 32). The shift of the 
5 induces a movement of the 6-5 loop of more than 5 Å. This 
movement enhances the hydrogen bond between Q67 and the 
backbone carbonyl of N351 and relieves the interactions between 

the 6-5 loop and the guanine base of GDP to further trigger GDP 
dissociation from G13 (Fig. 2A). The nucleotide-free G13 protein may, 
in turn, allosterically enhance S1P-binding affinity as suggested by 
studies on the 2-adrenergic receptor (33).

Structural comparison of our active S1PR2 structure with the in-
active S1PR1 state (22) suggests that S1P induces the conformational 
changes of several hydrophobic residues, including F1133.33, F1213.41, 
F1985.47, and W2466.48 in the center of S1PR2 (Fig. 2B and fig. S5A). 
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Fig. 2. Structural comparisons reveal conformational changes associated with activation and differences in ligand access. (A) Structural comparison with GDP-
bound G13 with S1PR2-coupled G13. The movement of 6-5 loop is indicated by a red arrow. (B) Superimposition of TMs of inactive S1PR1- and S1P-bound S1PR2 
viewed from the side of the membrane (left) and extracellular space (right). The antagonist ML056 of S1PR1 is shown as magenta sticks, and the S1P is shown as yellow 
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The shift of W2466.48 further forces F2426.44 toward the edge of the 
receptor to trigger the notable movement of TM6 that is character-
istic of receptor activation (Fig. 2B) (34). This conformational 
change creates enough room in the cytosolic side of S1PR2 to ac-
commodate the G13-5 (Fig. 2C). The structural analysis reveals 
that the alkyl tail of S1P stimulates the movement of the PIF motif 
(fig. S5B), and Y2095.58 and Y2887.53 of the NPXXY motif have a 
hydrophilic interaction in the active S1PR2 (fig. S5, C and D), 
resembling the activation of other class A GPCRs (34, 35).

The smoothened (SMO) receptor structures showed a cholester-
ol entrance in the middle of its transmembrane domain (36, 37), 
suggesting that lipid substrates may access the receptor from deep 
within the lipid bilayer. In contrast, the structures of S1PR1 and 
S1PR3 showed that a cavity opens to the outer leaflet, suggesting an 
entrance of S1P between TM1 and TM7 close to the membrane sur-
face (Fig. 2, B and D) (22, 23, 38). The S1P-bound S1PR3 also re-
vealed an opening to the middle of the lipid bilayer, implying that 
S1P may access the receptor through a deep bilayer entrance (Fig. 2D) 
(23); however, the analogous cavity is closed in S1PR2 (Fig.  1B). 
F1213.41 of S1PR2, which provides hydrophobic contacts with the 
alkyl tail of S1P, may impede the access of S1P via the 7-TMs deep 
within the bilayer (Fig. 2E). The TGF- shedding assay shows that 
the F121A mutation leads to a slight decrease of the EC50 of S1P but 
considerably enhances the Emax, which implies that reducing the 
steric hindrance of the putative lipid entrance via the 7-TMs deep in 
the bilayer may accelerate the access of S1P into the receptor 
(Fig. 1, D and F, and fig. S4A). S1P may enter via the membrane, 
perhaps after delivery by one of the two best defined carriers (e.g., 
apolipoprotein M+ high-density lipoprotein and albumin (39)].

The receptor and G13 interface
In the active conformation, E1293.49 of the DRY motif forms an 
intramolecular bond with Y140ICL2 and a salt bridge with R1474.41 
(Fig. 3, A and B). These interactions likely stabilize G13-N370 
through a hydrophilic bond between N370 and the main chain amino 
group of Y140ICL2, keeping V137ICL2 and L139ICL2 buried in the hy-
drophobic groove generated by the 1, 3, 2-3 loop, and 5 of 
G13 (Fig. 3, B and C). Our previous work showed that mutant R147C 
loses germinal center growth suppressive activity (15), thus providing 
physiological evidence to support our observation. This finding is 
also supported by a previous study that demonstrated that the intra-
cellular loop 2 (ICL2) plays a key role in the G protein selectivity (40). 
The Q373 of G13-5 binds S662.37 through hydrophilic interactions to 
confine the ICL1 (Fig. 3C). Moreover, L371, L374, M375, and Q377 
contact M682.39, L722.43, R1303.50, I1343.54, V2165.65, T2286.30, and L2326.34, 
thus building the interaction network between G13 and S1PR2 (Fig. 3D).

The intramolecular interaction between the E1293.49 of the DRY 
motif and Y140ICL2 in S1PR2 facilitates the coupling of the receptor 
to G13-5; however, the conserved tyrosine in the S1PR3-Gi com-
plex did not bind to E1353.49 of the DRY motif (Fig. 3E) (25). Instead, 
it interacts with the T219 of Gi to aid the interactions between the 
receptor and Gi. While superimposing the S1PR3-Gi complex onto 
the S1PR2-G13 complex, the Y146ICL2 of S1PR3 would be predicted 
to clash with the 1 of G13 (Fig. 3E). However, our study along with 
prevous studies (11–13) showed that S1PR3 is also able to engage 
G13 (fig. S6A). Because Y140ICL2 is only conserved between S1PR2 
and S1PR3 (fig. S1), it is tempting to speculate that the conserved 
tyrosine in S1PR3 may adopt a similar conformation as that in the 
S1PR2-G13 complex when S1PR3 couples to G13.

Although the overall arrangement of S1PR2-G13 is similar to 
other GPCR–G protein complexes (including M1-Gq, R-Gi, and 
1-Gs complexes) (27, 31, 41), several distinct features are apparent 
(figs. S7 and S8). Superimposing the structure of S1PR2 with M1 in 
its Gq-bound complex shows a different orientation of the G protein 
relative to the receptor (fig. S7A). The C terminus of M1 inserts into 
the cavity between G and G, but the C-terminal tail of S1PR2 is 
not resolved in the cryo-EM map (fig. S7B). The ICL2 of M1, R-Gi, 
and 1 forms a helix, while ICL2 of S1PR2 resembles a loop and 
faces inward toward the 5 (figs. S7C and S8, A and B). The exten-
sive contacts between the ICL2 of S1PR2 and G13-5 induce a ~10° 
rotation of 5 toward TM5 and TM6, which is more than in the 
other complexes (figs. S7C and S8, A and B). In S1PR2-G13 and 
M1-Gq complexes, the Gln residue in 1 has a hydrophilic interaction 
with the 6-5 loop to assist the disassociation of the nucleotide and 
retain the conformation of 5 for recruiting the receptor (fig. S7D). 
The structures of the active aminergic receptors reveal that the con-
served Tyr in ICL2 also forms a hydrogen bond with Asp3.49 of the 
DRY motif (Fig. 3F) (32, 41). The ICL2 of the 1 receptor does not 
contact with Gs-5; in contrast, the flexibility of S1PR2-ICL2 allows 
Y140ICL2 to form the hydrogen bond with N370 of G13-5 (Fig. 3B). 
Furthermore, unlike R1474.41 of S1PR2, which forms a hydrophilic 
network with E1293.49 and Y140ICL2 (Fig. 3B), R1554.41 of the 1 re-
ceptor binds the backbone carbonyl of T74ICL1, thus keeping ICL2 
away from Gs-5 (Fig. 3F).

To validate this interface, we performed a substantial mutagenesis 
study using TGF- shedding assays. The Emax/EC50 value of each 
variant was normalized by the value of the wild-type protein to gen-
erate a relative intrinsic activity (RAi). Then, LogRAi is ranged from 
−2 to 0 and used as an indicator of G protein coupling (11). Either 
S1PR2 (S662.37, L722.43, R1303.50, I1343.54, and Y140ICL2) or G13 (N370, 
L371, and M375) variant presents less intrinsic activity than the 
wild-type complex (Fig. 4, A and B, and fig. S4, B and C). Although 
the LogRAi of G13

Q377A did not decrease, the mutation affects the 
Emax and EC50, weakening the activation of G protein signaling via 
S1PR2 (Fig. 4B and fig. S4C).

To further validate the physiological role of the S1PR2-G13 complex, 
we tested four S1PR2 mutations (S1PR2N89A, S1PR2R108A, S1PR2I134A, 
and S1PR2Y140A) for their influence on S1P-mediated migration in-
hibition of WEHI-231 B lymphoma cells (Fig. 4C and fig. S9). Three 
of the mutants caused an almost complete loss of S1P-mediated mi-
gration inhibition, while the S1PR2I134A mutant had only a mild effect, 
findings in close accord with the TGF- shedding assay (Fig. 4A). 
We also tested two G13 mutations (G13-N370A and G13-M375A) in 
the migration inhibition assay by introducing them into the M12 B 
lymphoma line that expresses S1PR2 but lacks endogenous G13 
function. Both mutations led to a severe defect in the ability of S1P 
to mediate migration inhibition (Fig. 4D). These data further support 
the conclusions from the TGF- shedding assays regarding the physio-
logical relevance of the structural observations. Thus, our findings 
reveal the molecular basis of how S1PR2 couples to G13 protein.

Unique drug selectivity of S1PR2
Fingolimod/FTY720 is used for multiple sclerosis treatment. FTY720 
can be converted to FTY720 (S)-phosphate (FTY720-P) by sphingosine 
kinase 2 in vivo (42), which then stimulates the internalization of 
S1PR1 on lymphocytes, inhibiting their migration to S1P and egress 
from lymphoid tissues (43, 44). Previous studies showed that FTY720-P 
also binds and activates S1PR3, S1PR4, and S1PR5 (44, 45). In particular, 
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FTY720-P acts as a biased agonist to trigger Gi and G12/13 signaling 
(Fig. 5A) but not Gq signaling via S1PR3, causing off-target effects 
(23, 46). Early studies indicated that FTY720-P did not engage 
S1PR2 (44, 45), and this is still a widely held view (5, 6), although 
cell signaling studies have suggested that S1PR2 can be activated by 
FTY720-P for coupling G12/13 (47) and -arrestin (48). Thus, there 
is still some uncertainty in the possible effect of FTY720-P on S1PR2.

Our TGF- shedding assays show that FTY720-P, like S1P, can 
trigger strong Gq/13 activation via S1PR2 (Fig. 5A and fig. S6A). The 
shedding assays also reveal that S1P and FTY720-P can weakly 
activate Gq/i via S1PR2, although only near the micromolar range 
(Fig. 5A and fig. S6, A and B). In contrast, FTY720-P and S1P can 
trigger the activation of both Gq/i and Gq/13 via S1PR3 equally (fig. 
S6, A to D). Notably, the FTY720-P–mediated S1PR2 activation can 
be abolished by the highly S1PR2 selective inhibitor JTE-013 (49). 
However, JTE-013 cannot interfere with the FTY720-P–mediated 
S1PR3 activation, demonstrating that FTY720-P can specifically trigger 
S1PR2 activation (Fig. 5B). These findings extend the evidence for 
selective coupling of S1PR2 to G13 versus Gi while also showing 
that S1PR3 signals via G13 and Gi with similar efficiency (fig. S6D). 
Dual signaling via Gi and G12/13 has been linked to enhancements 
in directed cell migration (50) and might contribute to the efficacy 
of S1PR3 as a promigratory receptor (51, 52). By contrast, the near 
selective G13 coupling of S1PR2 may be critical for its ability to 
antagonize S1PR1-mediated Gi responses and thereby promote 
lymphocyte retention in tissues (53).

To uncover the molecular details of FTY720-P selectivity in S1PRs, 
we compared the structures of S1PRs. F2747.39 of S1PR2 contacts 
L2536.55 to force F2506.52 to face the edge of S1PR2 and thereby 
adopt a unique conformation compared to that of inactive S1PR1 
and active S1PR3 (Fig. 5C). Notably, F274 is not conserved in the 
other S1PRs (fig. S1), but it is widely conserved in S1PR2 across 
different species, implying that this residue may play a unique role 
in the ligand recognition of S1PR2 (Fig. 5D). The shedding assay 
shows that the S1PR2F274I variant presents an increased efficacy for 
S1P-mediated Gq/13 activation (Fig. 5, E and F) and stronger potency 
and efficacy for FTY720-P–mediated Gq/13 activation (Fig. 5, G and H), 
because it may reduce the steric hindrance of F2506.52 with L2536.55 
to facilitate ligand engagement and the structural rearrangement of 
TM6. F274I mutation leads to a reduced response of S1PR2 to its 
inhibitor JTE-013 (Fig. 5B).

As further tests of the ability of FTY720-P to engage S1PR2, we 
conducted S1PR2 internalization and migration inhibition experiments. 
Immunofluorescence microscopy of S1PR2-expressing HEK293 cells 
and flow cytometric anlaysis of S1PR2-expressing WEHI-231 cells 
showed that FTY720-P caused internalization of S1PR2 with simi-
lar efficacy to S1P when used at 1 M (Fig. 6, A and B). Moreover, 
FTY720-P was active in inhibiting migration of S1PR2-expressing 
WEHI-231 cells to CXC motif chemokine ligand 12 (CXCL12) (Fig. 6C). 
Together, these findings confirm that FTY720-P can act as an agonist 
of S1PR2, and they show the essential role and unique feature of 
S1PR2-F2747.39 in FTY720-P selectivity.
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Disease-associated S1PR2 variants
The physiological importance of the S1PR2-G13 complex in lym-
phoma has been demonstrated (15, 54, 55). We have mapped a se-
ries of GCB-DLBCL–associated mutations (15, 19–21, 56–59) into 
the complex structure (fig. S10). Mutations in S1PR2 in either the 
S1P binding site (including Y18, N89, R108, E109, and L116) or the 
G13 interface (including L72, I134,Y140, and R147) cause a sub-
stantial reduction in G protein signaling (Figs. 1, D and E, and 4, A 
and C) (15). Moreover, mutations of G13 on the receptor interface 
(including N370, L371, M375, and Q377) also attenuate G protein 
signaling (Fig.  4,  B  and  D). These findings support that GCB-
DLBCL–associated mutations, which may not be predicted to dis-
rupt protein expression, are likely to reduce or abolish ligand 
binding or the S1P-mediated activation of G13, thereby contributing 
to tumorigenesis.

Three S1PR2 variants have been associated with hearing loss in 
humans: R108P, R108Q, and Y140C (17, 18). The R108A variant 
interferes with ligand binding directly, reducing the S1P ligand po-
tency (Fig. 1D). Given that R108 interacts with the phosphate group 
of S1P, mutation to Pro and Gln would weaken the S1P engage-
ment. A change of Y140 to Cys would have a similar adverse impact 
on bonding to E129 of the DRY motif as a change to Ala, thereby 
abolishing interaction with G13-5 (Fig.  4,  A  and  C). A mouse 
S1PR2T289R variant (also T289 in human) was identified as the stonedeaf 

mutation (60). Residue T289 is located in the C terminus of TM7 
(fig. S10, A and C) and close to the NPXXY motif. This variant likely 
interferes with the cytosolic side of the receptor that recruits the 
G13-5 or affects conformational rearrangement of the NPXXY 
motif for receptor activation. The genetic findings along with our 
structural analysis suggest the S1PR2-G13 signaling complex may 
contribute to the biogenesis of the auditory system.

DISCUSSION
Here, we report the cryo-EM structure of S1P-bound S1PR2 coupled 
to heterotrimeric G13 protein. The structure adds to the existing 
evidence that lipid ligands of GPCRs access their binding pockets 
through an opening within the lipid bilayer. These findings suggest 
that S1P must partition into the plasma membrane of the S1PR-
expressing cell before engaging the receptor. A key distinction from 
other GPCR structures is the presence of an intramolecular hydro-
gen bond between the DRY motif and a tyrosine in ICL2 that allows 
insertion of G13-5. Notably, this tyrosine is conserved in S1PR3, 
the only other S1PR also able to couple G13. This structure explains 
how multiple S1PR2 and G13 variants arising in GCB-DLBCL lead 
to receptor dysfunction and thus deregulated migration and growth 
of germinal center B cells. It also illuminates the disruptive proper-
ties of hearing loss-associated S1PR2 variants.
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The therapeutic agent FTY720 has been used to treat auto-
immune disease in more than 300,000 people (10). Low activity 
of the drug on S1PR2 is thought to be crucial in avoiding unwanted 
effects on the immune, vascular, and auditory systems. At the recom-
mended daily dose for treatment of multiple sclerosis of 0.5 mg, the 
steady-state blood FTY720-P concentration is estimated to reach 
~1 ng/ml (~2.6 nM) (61). The drug target, S1PR1, is functionally 
antagonized by low-nanomolar concentrations of FTY720-P (44), 
while 100- to 1000-fold greater amounts are needed to have strong 
functional effects on S1PR2 [this study and (48)]. Thus, at the 
approved dosing, the drug is unlikely to interfere with S1PR2 func-
tion. In rodent studies, however, it is common to use a dose of 1 mg/kg. 
A linear extrapolation from 0.5-mg daily dosing in a 70-kg human 
would suggest that an FTY720-P concentration of 360 nM may be 
reached in rodents treated with FTY720 (1 mg/kg) daily. The possi-
ble influence of FY720-P agonism of S1PR2 needs to be considered 

when interpreting in vivo effects of FTY720 treatment of rodents in 
this dose range. The suggestion in early studies that FTY720-P does 
not engage S1PR2 may have been a consequence of the low signal-
to-noise ratio in binding assays, making it challenging to detect weak 
interactions. By revealing conserved features of the S1PR2 binding 
pocket that interfere with FTY720-P signaling, this work enables 
improved structure-guided drug design efforts for next-generation 
S1PR1 targeting therapeutics. S1PR2 signaling via G12/13 and Rho 
in endothelial cells reduces junctional integrity and promotes vas-
cular permeability (16). In models of multiple sclerosis, acute lung 
injury, and endotoxemia, S1PR2 signaling contributes to endothelial 
leakiness and disease (16, 62–64). In myeloid cells, S1PR2 activation 
suppresses macrophage migration and promotes their retention in 
pathological lesions (65, 66). In toxin-induced liver and lung damage, 
S1PR2 signaling impedes tissue regeneration and increases fibrosis 
(67, 68). Development of new classes of S1PR2 antagonists as potential 
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Fig. 5. FTY720-P triggers G13 activation via S1PR2. (A) Dose-response curves of S1PR2 and S1PR3 for the TGF shedding assay using FTY720-P. The chemical structure 
of FTY720-P is shown. Data are means ± SD (n = 3). The membrane expression of S1PRs is shown in figs. S4A and S6C. EV, empty vector. (B) JTE-013 reduces the FTY720-P–
induced activation of S1PR2 but not S1PR3. The chemical structure of JTE-013 is shown. Data are means ± SD (n = 3). (C) Structural comparisons among S1PRs imply the 
unique roles of residue F274 of S1PR2. The residues are shown in sticks. (D) The sequence alignment of S1PR2-TM7 from different species. The conserved residues are 
highlighted. The residue F274 is indicated by a star. (E and G) Mutagenesis analysis of S1PR2F274I for S1P (E) and FTY720-P (G). The representative dose-response curves 
from same-day experiment are shown. Data are means ± SD (n = 3). (F and H) RAi of each varient for S1P (F) and FTY720-P (H). Each LogRAi plot denotes a single measure-
ment from a dose-response experiment. Data are means ± SD (n = 3 to 5 independent experiments). *P < 0.05, ***P < 0.001, and ****P < 0.0001; mutant versus wild-type 
values according to one-way ANOVA with Dunnett’s multiple comparison test.
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therapeutics to treat these conditions will be aided by this S1PR2-
G13 structure.

MATERIALS AND METHODS
Protein expression, purification, and assembly of  
hS1PR2-G13-scFv16 complex
The full-length cDNA of wild-type human S1PR2 (UniProt: O95136) 
was cloned into pEG-BacMam vector with a C-terminal FLAG tag. 
The protein was expressed using baculovirus-mediated transduc-
tion of mammalian HEK293S GnTI− cells [American Type Culture 
Collection (ATCC)]. Baculovirus was generated in Sf9 cells (ATCC), 
and P2 virus was used to infect HEK293S GnTI− cells at 37°C. At 
8 hours after infection, sodium butyrate at a final concentration of 
10 mM was added to the culture. After further incubation for 60 hours 
at 30°C, cells were harvested and resuspended in buffer A [20 mM 
Hepes (pH 7.5) and 150 mM NaCl] supplemented with 1 mM phenyl-
methylsulfonyl fluoride, leupeptin (10 g/ml), and 5 M S1P and then 
homogenized by sonication. The lysate was cleared by centrifuga-
tion at 3000g for 5 min at 4°C. The resulting supernatant was supple-
mented with 1% L-MNG (lauryl maltose neopentyl glycol) /0.1% CHS 
(cholesteryl hemisuccinate) and incubated for 1 hour at 4°C. Insoluble 
components were removed by centrifugation at 40,000g, 4°C for 
30 min, and the clarified lysate was then loaded onto a disposable 
gravity column (Bio-Rad) containing anti-FLAG M2 affinity aga-
rose resin (Sigma-Aldrich). After washing two times with 10 column 
volumes (CVs) of buffer B [20 mM Hepes (pH 7.5), 150 mM NaCl, 0.01% 

L-MNG/0.001% CHS, and 5 M S1P], the protein was eluted with 4 CVs 
of buffer B supplemented with 3× FLAG peptide (0.1 mg/ml; ApexBio). 
The eluted protein was further purified by size exclusion chromatog-
raphy using a Superose 6 Increase 10/300 GL column (Cytiva) pre-
equilibrated with buffer C [20 mM Hepes (pH 7.5), 150 mM NaCl, 
0.001% L-MNG/0.0001% CHS, and 0.0025% GDN (glyco-diosgenin)] 
with 5 M S1P. The peak fractions were collected for complex assembly.

For expression of chimeric G13iN, a DNA fragment encoding 
amino acid residues 1 to 31 of human Gi1 was fused to the N terminus 
of human G13 (residues 47 to 377) and cloned into the expression 
vector pFastBac1 without any tag. The cDNAs of wild-type human 
12 subunits were cloned into pFastBac Dual vector with a 6×His 
tag inserted at the N terminus of the 1 subunit. The expression and 
purification of heterotrimeric G13iN protein were performed on the 
basis of a published method that was used for purifying hetero-
trimeric Gi (69). scFv16 was expressed and purified as previously 
described (31).

To assemble the S1PR2-G13-scFv16 complex, purified S1PR2 was 
mixed with the G13 heterotrimer at a 1:1.2 molar ratio. This mixture 
was incubated on ice for 1 hour, followed by the addition of apyrase 
to catalyze the hydrolysis of unbound GDP on ice for 1 hour. Then, 
scFv16 was added at a 1.5:1 molar ratio (scFv16: S1PR2) followed by 
30-min incubation on ice. The mixture was diluted 10-fold by 
buffer C containing 5 M S1P. To remove excess G13 and scFv16 
proteins, the mixture was purified by anti-FLAG M2 antibody affinity 
chromatography in the presence of 5 M S1P. The complex was 
eluted in buffer C supplemented with 5 M S1P and 3×FLAG peptide 
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(0.1 mg/ml). After concentration, the complex was further purified 
by size exclusion chromatography (Superose 6 Increase 10/300 GL) 
in buffer C with 5 M S1P. Peak fractions were concentrated to ~10 
to 12 mg/ml for cryo-EM studies.

Cryo-EM sample preparation and data acquisition
The freshly purified hS1PR2-G13-scFv16 complex was added to 
Quantifoil R1.2/1.3 400-mesh Au holey carbon grids (Quantifoil), 
blotted using a Vitrobot Mark IV (FEI), and frozen in liquid ethane. 
The grids were imaged in a 300-keV Titan Krios (FEI) with a Gatan 
K3 Summit direct electron detector. Data were collected in super-
resolution mode at a pixel size of 0.421 Å with a dose rate of 23 
electrons per physical pixel per second. Images were recorded for 
1.8-s exposures in 60 subframes to give a total dose of 60 electrons/Å2.

Imaging processing and 3D reconstruction
A total of four datasets with 6696, 9876, 11,259, and 5349 micro-
graphs, respectively, were collected. For each dataset, dark subtracted 
images were normalized by gain reference and binned twofold that 
resulted in the original pixel size of 0.842 Å. Drift correction was 
performed using the program MotionCor2 (70). The contrast trans-
fer function (CTF) was estimated using CTFFIND4 (71). For the 
first dataset, about 2000 particles were manually picked and classi-
fied by 2D classification in RELION-3. The 2D class averages were 
used as the templates for autopicking in RELION-3 (72). After auto
picking in RELION, the particles were extracted with a pixel size of 
2.526 Å. The extracted particles were imported into cryoSPARC 
(73) for 2D classification followed by ab initio reconstruction with a 
class number of 5. The resulting ab initio maps and the cryo-EM 
map of SMO-Gi complex (EMD-22120) (37) were used as models in 
the following parallel heterogeneous refinements. The particles from 
heterogeneous refinements were combined, and duplicated particles 
were removed. Then, the resulting particles were transformed into 
RELION format, and one round of 3D classification was performed. 
The particles from the best class were recentered and reextracted 
with a pixel size of 0.842 Å and imported into cryoSPARC for fur-
ther parallel heterogeneous refinements with various class number 
(K = 3, 4, 5, and 6). The resulting particles were combined, deduplicated, 
transformed into RELION format, and subjected to another round of 
3D classification followed by 3D refinement and Bayesian polishing, 
which gave rise to a reconstruction at the resolution of 4.41 Å. For 
the other three datasets, a similar procedure was applied with the 
exception that 2D references were made by projection of 3D map 
generated from the first dataset. The resulting 123,752, 242,485, 
335,498, and 150,558 particles from all four datasets were then com-
bined and imported into cryoSPARC for further 2D classification and 
heterogeneous refinement with a class number of 2. A final number 
of 640,483 particles were selected from the better class and subjected 
to nonuniform refinement and local CTF refinement, which gave rise 
to a final reconstruction at the resolution of 3.19 Å using the 0.143 
cutoff criteria. Local resolutions were estimated using cryoSPARC.

Model construction and refinement
The cryo-EM structure of the CB1-Gi [Protein Data Bank (PDB): 
6N4B] (74) and the crystal structure of chimeric Gi/13 (PDB: 1ZCB) 
(28) together with a homology model of S1PR2 were used as initial 
models and manually docked into cryo-EM density map with Chimera 
(75). The resulting model was subjected to iterative rounds of manual 
adjustment and rebuilding in Coot (76) and refinement using Phenix 

real-space refine (77). The model of the ligand S1P was manually 
built in Coot. MolProbity (78) was used to validate the geometries 
of the model. Structural figures were generated using PyMOL 
(www.pymol.org) and Chimera.

TGF- shedding assay
The cDNAs encoding human S1PR2 and S1PR3 were cloned into 
the pCAGGS expression vector followed by a FLAG epitope tag at 
their C terminus. Point mutations of S1PR2 were introduced by two-
step overlapping polymerase chain reaction. HEK293 Gq/11/12/13 
cell line (79) was a gift from A. Inoue at the Tohoku University, Japan. 
The cells were maintained in Dulbecco’s modified Eagle’s medium-
low glucose (DMEM-LG; Sigma-Aldrich) supplemented with heat-
inactivated fetal calf serum and penicillin-streptomycin (100 U/ml 
and 100 g/ml, Corning) at 37°C in a 5% CO2 incubator.

The TGF- shedding assay was performed as described previ-
ously (11, 23). HEK293 Gq/11/12/13 cells were seeded in a 12-well 
plate at a density of 1  ×  105 cells per well in 1  ml of DMEM-LG 
supplemented with 10% charcoal-stripped fetal bovine serum (Gibco) 
and penicillin-streptomycin and cultured at 37°C with 5% CO2 for 
24 hours. Transient transfection was performed with a mixture of 
AP–TGF-–encoding plasmid (250 ng per well, hereafter), S1PR2- 
or S1PR3-encoding plasmid (100 ng), and G-encoding plasmid 
using 1.2 l of FuGene 6 transfection reagent (Promega). After 
24 hours, the transfected cells were detached with 0.05% Trypsin-
EDTA solution (Gibco) followed by adding complete DMEM to 
inactivate trypsin. The cells were palleted by centrifugation at 200g 
for 5 min and resuspended in 4 ml of Hanks’ balanced salt solution 
(HBSS) with calcium and magnesium (Gibco) containing 5 mM 
Hepes (pH 7.4). After incubation at room temperature for 10 min, 
cells were palleted by centrifugation and resuspended in 2.5 ml of 
Hepes-containing HBSS. The cell suspension was seeded into a 96-
well culture plate with lid at a volume of 90 l per well and incubated 
at 37°C in a 5% CO2 incubator for 30 min. The ligand S1P (Tocris) 
or FTY720 (S)-phosphate (FTY720-P, Echelon) was serially diluted 
in HBSS supplemented with 5 mM Hepes (pH 7.4) and 0.01% fatty 
acid–free bovine serum albumin (BSA; GoldBio) to prepare 10× 
stock solutions. The cells of each well were treated with 10 l of 
ligand stock solution, where each concentration was tested in tripli-
cate, and further incubated for 1 hour. Then, the plates were centri-
fuged at 400g for 5 min, and 80 l of conditioned medium (CM) was 
transferred to a new 96-well culture plate. For each well of both cell 
plate and CM plate, 80 l of AP reaction solution [120 mM tris-HCl 
(pH 9.5), 40 mM NaCl, 10 mM MgCl2, and 10 mM p-nitrophenyl 
phosphate (Thermo Fisher Scientific)] was added, and the absorbance 
at 405 nm (A) was measured using a microplate reader (Synergy Neo2, 
BioTek). After incubation at room temperature for 2 hours, the ab-
sorbance at 405 nm (A′) was measured again to get the AP activity 
(∆A = A′ − A). S1P- or FTY720-P–induced AP–TGF- release was 
calculated as described previously (30). AP–TGF- release signal over 
ligand concentration was fitted to a four-parameter logistic sigmoidal 
curve using Prism 9 software (GraphPad), from which EC50 and Emax 
values were obtained. For JTE-013 inhibition experiment, JTE-013 
was serially diluted in HBSS with 5 mM Hepes (pH 7.4) and 0.01% 
fatty acid–free BSA in the presence or absence of 1 M FTY720-P.

Migration inhibition transwell bioassays
S1PR2 and GNA13 wild-type and point mutant retroviral constructs 
were made by inserting the human open reading frame into the 

http://www.pymol.org
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MSCV2.2 retroviral vector followed by an internal ribosome entry 
site and Thy1.1 or green fluorescent protein (GFP) as an expression 
marker. For S1PR2 constructs, an OX56 (rat CD43-derived) epitope 
was included at the N terminus to track surface expression levels of 
each receptor using the OX56 antibody (80). The retrovirus-encoding 
S1PR2 or GNA13 wild-type or point mutants were produced using 
the Platinum-E packaging cell line. Approximately 1 × 106 WEHI-
231 or M12 cells were placed in a six-well plate along with the retro-
viral supernatant, and the cells were centrifuged at 1340g (2400 rpm) 
for 2 hours at room temperature. The viral supernatant was aspirated, 
and the cells were resuspended in growth medium and returned to 
culture. This spinfection was repeated with fresh retrovirus for a 
second time 24 hours later. Forty-eight hours after the second spin-
fection, the cells were analyzed on flow cytometry for the percentage 
of GFP- or Thy1.1-expressing cells. Cells were cultured to confluency 
in T75 flasks before use in transwell bioassays.

For transwell bioassays, transduced WEHI-231 or M12 cells were 
washed twice in prewarmed migration medium (RPMI 1640 contain-
ing 0.5% fatty acid–free BSA, 10 mM Hepes, and 50 IU of penicillin/
streptomycin). The cells were resuspended in migration medium at 
2.5 × 106 cells/ml and incubated for 20 min in a 37°C water bath. 
Recombinant human CXCL12 (PeproTech) was diluted to 100 ng/ml 
in migration medium. S1P (d18:1) (Avanti Polar Lipids) was diluted 
to 1 nM in CXCL12-containing migration medium. Alternatively, 
FTY720-P was diluted to 0.1 M in an equivalent way. Six hundred 
microliters of each of these mixtures was added to a 24-well tissue 
culture plate. Transwell filters (6-mm insert, 5-m pore size; Corning) 
were placed on top of each well, and 100 l of transduced WEHI-
231 or M12 cells (2.5 × 105 cells) was added to the transwell insert. 
The cells were allowed to migrate for 3 hours, after which the cells 
in the bottom well were counted by flow cytometry. To assess mi-
gration inhibition, the proportion of S1PR2-GFP+ or G13-Thy1.1+ 
cells that migrated to CXCL12 with S1P was divided by the proportion 
of S1PR2-GFP+ or G13-Thy1.1+ cells that migrated to CXCL12 alone.

Internalization assay in WEHI-231 cells
WEHI-231 cells expressing OX56-S1PR2-GFP were prepared as for the 
cell migration assays, and then, 40 l of medium containing 2 × 105 
cells was placed in each well of a round bottom 96-well plate. Ap-
propriately diluted S1P or FTY720-P (160 l) prepared in migration 
medium was added, and the plate was incubated at 37°C for 60 min. 
The fraction of GFP+ cells that were stained for OX56 was then de-
termined by flow cytometry. Gates used for OX56 staining were set 
on the basis of GFP− cells.

Antibodies used for analyzing Gq/13 expression level
Anti-Gq mouse monoclonal antibody (Santa Cruz Biotechnology, 
catalog no. sc-136181) was used for detecting the expression level of 
Gq/13 protein and its mutants. Anti–-tubulin mouse monoclonal 
antibody (Cell Signaling Technology, catalog no. 86298S) was used 
for normalizing the amount of loaded sample. Anti-mouse immuno-
globulin G (IgG) secondary antibody conjugated with horseradish 
peroxidase was from Cell Signaling Technology (catalog no. 7076S). 
Similar results were obtained in three biologically independent 
experiments.

Immunofluorescence staining
HEK293 Gq/11/12/13 cells were seeded on poly-d-lysine–coated coverslips 
in 24-well plates and transfected with plasmids of wild-type or mutant 

S1PR2 (or S1PR3) as used in the above TGF- shedding assay. At 
24 hours after transfection, the cells were fixed with 4% paraformalde-
hyde in phosphate-buffered saline (PBS) for 15 min, permeabilized 
with 100% methanol (prechilled at −20°C) for 5 min, blocked with 
2% BSA in PBS for 1 hour, and labeled with anti-FLAG mouse anti-
body (2 g/ml; Sigma-Aldrich, catalog no. F1804-50UG) for 3 hours 
at room temperature. Donkey anti-mouse IgG secondary antibody 
conjugated with Alexa Fluor 568 (Thermo Fisher Scientific, catalog 
no. A10037) was used at a concentration of 2 g/ml in blocking buffer 
for 1 hour at room temperature for detection of FLAG-tagged S1PR2 
or S1PR3. The coverslips were mounted onto glass slides with anti-
fade reagent with 4′,6-diamidino-2-phenylindole (Thermo Fisher 
Scientific, catalog no. P36931). Fluorescence images were acquired 
using a Zeiss LSM 800 microscope system with ZEN imaging soft-
ware (Zeiss). For internalization analysis, transfected HEK293 cells 
were serum-starved for 1 hour before S1P or FTY720-P treatment. 
After treatment for 1 hour, the cells were subjected to fixation, im-
munostaining, and imaging as described above. Similar results were 
obtained in three biologically independent experiments.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn0067

View/request a protocol for this paper from Bio-protocol.
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