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Dear Editor,
Lipids are essential for all life on earth and play critical roles in

energy storage and the formation of cellular membranes.
Sphingosine-1-phosphate (S1P) is a naturally occurring bioactive
lysophospholipid that regulates fundamental physiological processes
by activating five G protein-coupled receptors (S1PR1–S1PR5). S1PRs
are widely distributed on many cell types, including cells in the
cardiovascular, immune, and central nervous systems.1 The multi-
functional S1P-S1PR signaling is a driver of multiple diseases and
S1PR1-targeted drugs have been approved as therapeutic strategies
for the treatment of multiple sclerosis (MS) and autoimmune
disorders. The first approved drug fingolimod (FTY720), after in-vivo
phosphorylation to pFTY720, has cross reactivity with the S1PR family
(S1PR1–3 and S1PR5), and subtype-selective modulators have been
pursued as potential therapeutics. Siponimod is selective for S1PR1
and S1PR5 and has been approved for the treatment of secondary
progressive MS. Molecules that lack S1PR3-targeting activity may be a
useful strategy for the development of S1PR1 agonist drugs.2

Therefore, understanding the mechanism of S1P-S1PR signaling and
identifying differences in the ligand selectivity of the S1PR family may
assist in the development of drugs with improved safety profiles for
the control of MS, cardiovascular and autoimmune disorders.
Here, we determined three cryo-electron microscopy (EM)

structures of S1PR3–Gi complexes bound to the endogenous ligand
S1P, pFTY720, and the selective agonist CMY-55413 at 3.1, 3.1, and
3.2 Å resolution, respectively (Fig. 1a, b; Supplementary information,
Figs. S1–S3). The overall structures of these complexes had almost
identical assembly modes to each other, which were similar to the
structure of agonist-bound S1PR1–Gi complex in our companion
manuscript.4 In S1PR3, the N-terminus adopts a capping helix that
packs tightly against the extracellular loops, thus limiting the access
of the ligands (Supplementary information, Fig. S4b). As observed in
the structures of the lipid-activated GPCRs, an obvious gap between
TM1 and TM7 provides the possibility for the ligands to enter the
binding pocket.5 The charge distribution on the surface of S1PR3
indicated that the ligand access port is positively charged and this
feature will help to position the phosphate head of ligands
(Supplementary information, Fig. S4c).
In the structure of the complex with the endogenous lipid S1P

bound to S1PR3–Gi, the S1P molecule takes an extended
conformation and makes multiple contacts with residues in the
occluded orthosteric pocket of S1PR3 (Fig. 1c, d). S1P is an
amphipathic molecule, and contains a polar head group and a
hydrophobic acyl tail. The zwitterionic headgroup of S1P forms
direct polar interactions with the surrounding residues Y22, K27
and R31 from N-terminus, S99 and T103 from ECL1, R1143.28 and
E1153.29 from TM3, respectively. In addition, the acyl chain of S1P
is accommodated into a deeply hydrophobic pocket, formed
by TM3, TM5, TM6 and TM7 (Fig. 1d; Supplementary information,

Fig. S5a). In the recently reported crystal structure of Fab-bound
S1P–S1PR3 complex,6 the side-chain of residue R31 is exposed
to extracellular region and forms direct interaction with Fab. In
addition, the residues L3.36 and W6.48 in hydrophobic pocket are
observed to display notable displacement in our structure
(Supplementary information, Fig. S5b), due to Gi protein coupling.
pFTY720, as a structural analog of S1P, was observed to bind in the
orthosteric binding pocket in a nearly identical manner in the
pFTY720–S1PR3 complex. In particular, the phosphorylated head
helped to stabilize the pFTY720 recognition by S1PR3, while the
phenyl ring contributed to the signal activation potency via
potential hydrophobic contacts with TM3 and TM7. The rest of
acyl chain of pFTY720 was extended into the deep channel, similar
to the case with S1P (Fig.1e; Supplementary information, Fig. S5c).
Furthermore, to validate these structural findings, we generated
mutations of the residues involved in the recognition of the polar
headgroup of S1P, and found that these substitutions had
little effect on the receptor expression level but significantly
decreased both S1P- and pFTY720-induced activation potency
(Supplementary information, Fig. S5d–f). Further comparisons with
the structure of siponimod-bound S1PR1, revealed that the critical
residues involved in ligand headgroup recognition were highly
conserved in both receptors. A notable difference is that residue
R31 in S1PR3 had the potential to form an additional salt bridge
with the phosphate group of S1P, whereas this arginine was
absent in the equivalent position of S1PR1 (Supplementary
information, Fig. S5g). Consistent with this observation, the
activation effect of S1P toward S1PR3 was slightly stronger than
that toward S1PR1 (Supplementary information, Fig. S5h).
Unlike the natural agonist S1P, the ligand CYM-5541, which

does not have a polar headgroup, has been identified as an
S1PR3 subtype-selective agonist. A previous study has demon-
strated that CYM-5541 could activate S1PR3 as a full agonist.7 To
examine the binding mode of CYM-5541 to S1PR3, we first
determined the cryo-EM structure of the S1PR3–Gi complex
bound to CYM-5541. The high-quality map allowed unambiguous
modeling of CYM-5541 in the structure (Fig. 1b). CYM-5541 was
observed to bind to the hydrophobic site of the receptor (Fig. 1f;
Supplementary information, Fig. S6a) and the area it occupied
overlapped with the acyl-chain of S1P, when compared with the
S1P-bound S1PR3 structure. In addition, one of the cyclohexane-
moieties of CYM-5541 was extended toward TM6, thus resulting
in a considerable displacement of the side-chain of F2606.52

(Supplementary information, Fig. S6b).
The S1PR subtypes exhibit highly conserved sequence homol-

ogy, particularly at the orthosteric binding pocket of S1PR1 and
S1PR3. To further explore the ligand selectivity between S1PR1
and S1PR3, we performed structural superimposition of specific
ligand-bound receptors. A notable difference was that L2766.55 in
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S1PR1 was replaced by F2636.55 in S1PR3, which resulted in a
contraction of the orthosteric binding pocket in SP1R3 (Fig. 1g).
We generated the F2636.55L mutant of SP1R3 as well as L2766.55F
mutant of S1PR1 and performed cellular signaling assays.

Consistent with previous functional studies,7,8 our results indi-
cated that both the mutant receptors had reduced activation
potency when bound to their respective receptor-selective
agonists (Supplementary information, Fig. S7a, b). In addition,
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the F2636.55L mutant of S1PR3 displays increased potency to
siponimod compared to wild-type S1PR3, and the L2766.55F mutant
of S1PR1 shows increased potency to CYM-5541 compared to wild-
type S1PR1, respectively (Supplementary information, Fig. S7c, d).
Together, our results suggest that the key residue F/L6.55 should
contribute to ligand selectivity in S1PR3 and S1PR1. The structures
determined here provide a framework for understanding lipid
signaling and could assist in the design and optimization of selective
therapeutic modulators of S1PRs.
As indicated in our companion study,4 the polar headgroups of

agonists targeting S1PR1 are believed to play an important role in
receptor activation. Considering that the ligand CYM-5541 was
reported to be the minimum moiety required by agonist that can
activate S1PR3 so far, we investigated how CYM-5541 triggers signal
transduction upon receptor activation. Our structural alignment and
analysis indicated that the consensus motifs in S1PR3 adopt the
nearly identical conformations as that in the activated S1PR1
(Supplementary information, Fig. S8). Interestingly, CYM-5541
appeared to tether TM3 and TM6 via its direct interactions with
F1193.33 and F2636.55, respectively (Fig. 1g). This ligand-induced
extracellular connecting of TM bundles thereby contributed to
triggering the receptor activation upon agonist binding,9 in
addition to subsequent conformational rearrangements of F5.47

and L3.36–W6.48 microswitches upon S1PR activation (Fig. 1h). Our
functional assays showed that mutations of residues Y22, K27 and
R31 at the N-terminal cap have little effect on the potency of CYM-
5541 (Supplementary information, Fig. S6c), whereas the residues in
the hydrophobic pocket play an important role in CYM-5541-
induced S1PR3 activation (Supplementary information, Fig. S6d).
S1P-S1PR signaling modulates multi-organ pathophysiological

processes by activating various intracellular effectors; in particular,
S1PR1 couples exclusively with Gi, whereas S1PR3 signals through
Gi, Gq, and G12/13 proteins. In general, the interface of S1PR3–Gi
coupling resembles the overall architecture of similar GPCR–G
proteins complexes.10 The main interface is mediated by the
C-terminal α5 helix of the Gα with intracellular loops and the end
of the TM6 of the receptor (Supplementary information, Fig. S9a).
A comparison with the structures of S1PR1–Gi and S1PR5–Gi
complexes indicated that the ICL2 region is folded into a distinct
extended conformation in S1PR3. Particularly, the residues
P145ICL2/34.52 and Y146ICL2/34.53 penetrate into an obvious groove
that is formed by the αN–β1 hinge region and α2–β4 loop of the
Gαi1 subunit, thus leading to a slight conformational change of
the position of the αN in the S1PR3–Gi complex. A notable 6.5 Å-
displacement of the extreme C-terminus of the α5-helix of Gαi1
occurred to move the C-terminus toward the TM5 of S1PR3,
relative to the α5 in the structure of the S1PR1–Gi complex
(Fig. 1i). In addition, the shorter ICL3 of S1PR3 stabilized the
interface between the receptor and the Gi protein through van
der Waals or hydrophobic contacts (Supplementary information,
Fig. S9b). It appears that the ICL2 and ICL3 regions in GPCRs

exhibit considerable structure and sequence diversity, and thus,
the dynamic conformations of these regions in individual
receptors contribute to the G protein coupling specificity.
In conclusion, the present study investigated the binding mode

of the endogenous lipid S1P and revealed a detailed mechanism
for the recognition of endogenous and synthetic agonists by
S1PR3. Structural comparisons indicated that there were notable
differences in the orthosteric sites between S1PR1 and S1PR3,
which provides a basis for the ligand selectivity of these receptor
subtypes. A previous study has indicated that CMY-5541 was a full
agonist, as well as an allosteric modulator of S1PR3,7 herein, our
structure deciphers that CMY-5541 bound to the same hydro-
phobic pocket as is occupied by the acyl chain of S1P in the
S1PR3–Gi signaling complex. Interestingly, the structure of S1PR3
reveals more than one potential ligand-binding pockets in the
orthosteric site (Supplementary information, Fig. S10). This
provides a possibility to accommodate S1P in different conforma-
tions, as the alkyl chain of S1P is flexible, indicating the plasticity of
the receptor. To understand the detailed allosteric mechanism of
CYM-5541, additional structural information of S1PR3 bound
simultaneously to CYM-5541 and S1P is required. In addition,
the unusual conformation of the ICL2 region in the S1PR3–Gi
complex provided evidence to understand the promiscuity and
selective coupling mechanism of GPCRs with G proteins.
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