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Structures of signaling complexes of lipid receptors STPR1 and
S1PR5 reveal mechanisms of activation and drug recognition
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Sphingosine-1-phosphate (S1P) is an important bioactive lipid molecule in cell membrane metabolism and binds to G protein-
coupled S1P receptors (S1PRs) to regulate embryonic development, physiological homeostasis, and pathogenic processes in
various organs. S1PRs are lipid-sensing receptors and are therapeutic targets for drug development, including potential treatment
of COVID-19. Herein, we present five cryo-electron microscopy structures of S1PRs bound to diverse drug agonists and the
heterotrimeric Gi protein. Our structural and functional assays demonstrate the different binding modes of chemically distinct
agonists of S1PRs, reveal the mechanical switch that activates these receptors, and provide a framework for understanding ligand

selectivity and G protein coupling.

Cell Research (2021) 31:1263-1274; https://doi.org/10.1038/s41422-021-00566-x

INTRODUCTION
Lipid signaling has long been recognized as a critical regulator of
cellular processes. Sphingosine-1-phosphate (S1P), a metabolic
product of cell membrane sphingolipids, is a ubiquitous lysopho-
spholipid signaling molecule that modulates diverse biological
functions, including lymphocyte trafficking, vascular development,
endothelial integrity, and heart rate.'™ The different physiological
functions exerted by S1P are mediated through five S1P receptor
(S1PR) subtypes, STPR1-ST1PR5.*> S1PRs are distributed over a
wide range of tissues with distinct downstream G protein
preferences. STPR1, S1PR2, and S1PR3 are expressed primarily in
the immune, cardiovascular, and central nervous systems; STPR4 is
expressed mainly in the lymphoid system, hematopoietic tissue,
and lung; and S1PR5 is expressed predominantly in the brain and
spleen.%” S1PR1 exclusively couples with Gi/o proteins; STPR2 and
S1PR3 couple with Gi/o, Gq and G12/13; and S1PR4 and S1PR5
couple with Gi/o and G12/13.° The differential but overlapping
expression patterns and intracellular signaling pathways of each
receptor probably form the molecular basis for the diverse
functions of S1P that regulate different physiological functions.®
The S1P-S1PR signaling system is an effective therapeutic target
for multiple diseases, including autoimmune disorders,® inflam-
mation,! cancer,’® and even COVID-19."" Accordingly, drug
discovery efforts have focused on the interactions of receptors
with chemically distinct ligands with subfamily cross-reactivity and
individual specificity.'? Fingolimod (FTY720) was first developed to
undergo in vivo phosphorylation and then bind to the S1PR
subfamily for treating relapsing multiple sclerosis (MS)."* Given the
adverse consequences of “off-target” effects, subtype-specific
ligands for receptors have been developed as an alternative

approach for improving drug selectivity.'* For example, the drug
siponimod was globally approved in March 2019 for treating
adults with relapsing MS by targeting STPR1 and S1PR5."” In 2020,
the US FDA approved ozanimod for MS treatment because this
drug displays 25-fold higher selectivity toward S1PR1 compared
with that of STPR5.'®"” In particular, during the current COVID-19
pandemic situation, agonist drugs targeting S1PRs have been
repurposed for COVID-19 treatment via an immune-modulating
therapy strategy.'® Compared with fingolimod, the drug ozanimod
demonstrates an advantage in reducing the related symptoms of
COVID-19 in patients and is currently in clinical trials."’

Despite the urgent need, the development of specific agonists
that selectively target S1PRs is greatly hindered by the high
sequence homology among S1PRs and the lack of structural
information on active S1PRs bound to agonists.'® Only the crystal
structure of inactive STPR1 bound with an antagonist had been
determined. Here, we report the cryo-electron microscopy (EM)
structures of agonists-bound STPR1 and STPR5 with Gi coupling,
providing a structural framework for the ligand recognition,
activation and Gi protein coupling mechanisms of both receptors.

RESULTS

Preparation of STPR1/S1PR5-Gi complexes and overall
structures

Preparation of a stable human S1PR-heterotrimeric Gi complex
bound by agonists was achieved by fusing a TAL protein at the
N-terminus of S1PR1 and removing the disordered region at
the C-terminus of both STPR1 and S1PR5. Similar to wild-type
S1PRs, the modified versions exhibited Gi signaling activity
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(Supplementary information, Fig. S1a, b). The modified S1PRs-
heterotrimeric Gi complexes were co-expressed in insect cells
and the complexes were assembled on the membrane by
incubation with agonists and apyrase. The antibody fragment
scFv16 was added to the nucleic acid-free STPR-Gi complex to
further stabilize the STPR-Gi complexes.”® These strategies
yielded stable complexes, and size-exclusion chromatography
profiles and the results of SDS-polyacrylamide gel electrophor-
esis showed that pure and monodisperse samples suitable for
single-particle cryo-EM analysis were obtained (Supplementary
information, Fig. S1c-f).

We then acquired cryo-EM data and reconstructed the
structures of five STPR-Gi complexes, including four structures
of STPR1 bound to siponimod, cenerimod, ozanimod, and a highly
selective agonist SEW2871, and one structure of STPR5 bound to
siponimod (Supplementary information, Figs. S1g, S2, S3). These
structures were determined by single-particle cryo-EM at resolu-
tions ranging from 298 to 3.42A (Fig. 1a-d; Supplementary
information, Table S1). The high-quality cryo-EM maps enabled
construction of the transmembrane domains of the two receptors,
the Gi heterotrimer and scFv16, with the majority of side chains in
the complexes explicitly identified (Supplementary information,
Fig. S1h). Moreover, well-defined densities for agonists were
unambiguously observed in the orthosteric sites of the receptors
(Supplementary information, Fig. S4a). In addition, the N-linked
glycosylation modification was identified at residue N30 of STPR1
(Supplementary information, Fig. S4b). Our functional assay
showed that mutation N30A in STPR1 reduced G protein signaling,
whereas mutations N30D and N30Q did not affect the potency of
receptor activation notably (Supplementary information, Fig. S4c).
In agreement with the previous report,®’ our results showed that
the cell-surface expression level of the N30A mutant was lower
compared with that of wild-type S1PR1, whereas the N30D and
N30Q mutants retained similar expression levels to that of wild-
type S1PR1. The corresponding residue with potential glycosyla-
tion in STPR5 is N20. Mutation of this residue in S1PR5 reduced its
cell-surface expression (Supplementary information, Fig. S4d) and
almost abolished the inhibitory effect of siponimod on forskolin-
induced cAMP accumulation (Supplementary information, Fig.
S4c). Thus, glycosylation of S1PR1 and S1PR5 regulates the
receptor activation potency possibly because this modification
plays a role in maintaining surface expression of the receptors,
which suggests that glycosylation may facilitate receptor transport
to the cell surface.

Consistent with another lipid receptor, LPA1,>*> the S1PR
subfamily has a highly conserved N-terminal region that folds a
helical cap over the extracellular vestibules and packs tightly
against extracellular loop 1 (ECL1) and ECL2. This structural feature
seems to restrict extracellular access to the ligand-binding pocket,
which results in an occluded orthosteric site in STPR1 (Fig. 1e, f). In
general, the overall structure of the STPR-Gi complex showed a
similar assembly mode to that of other activated GPCR-Gi
complex structures® (Supplementary information, Fig. S4e, f).
The active states in the two receptors had low Ca atom root
mean square deviation values of 0.49 A for the whole complex and
1.09 A and 0.47 A for the receptor and Gi protein, respectively.

Recognition of the drug siponimod in S1PR1 and S1PR5

Siponimod is an orally available immunomodulatory drug used to
treat relapsing MS,"” as a result of its action on STPR1 and S1PR5
with similar binding affinity.?* The S1PR structures determined
herein in this paper provide insight into the basis of siponimod
recognition in both receptors. As shown in Supplementary
information Fig. S4g, siponimod exhibits an identical linear
conformation in both the STPR1 and S1PR5 structures and binds
to a deep central cavity of both S1PRs, which is formed by
residues from the extracellular regions (N-terminus, ECL1 and
ECL2) and TM bundles (TM3, TM5, TM6, and TM7) (Fig. 2a). The
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orthosteric site in STPR1 is composed of two classic essential
modules: a polar-network region at the top and a hydrophobic
region deep in the cavity (Fig. 2b, c). This particular ligand-binding
pocket pattern was also found in structures of LPA receptors,®
reflecting similar endogenous ligands with polar headgroups and
phenyl acyl-tail hydrophobic frameworks.

In general, the zwitterionic head group of siponimod, which
mimics the phosphate group of endogenous S1P, is exposed to
the extracellular environment and forms polar interactions with
Y29N*" and K34N'*" from the N-terminal capping helix of S1PR1.
Additionally, the head group of siponimod forms van der Waals
interactions or a potentially weak salt bridge with the side chain of
R120%%8 (Fig. 2b). In contrast to the inactive structure of ST1PR1
bound to antagonist ML056'® (Supplementary information, Fig.
S4h), residue E1213%° does not interact with siponimod. Our
functional assays indicated that alanine substitution of Y29™*',
K34N'™  or R120*%® decreased the efficacy of siponimod
significantly, probably due to a loss of the interactions described
above, whereas the E1213?°A mutation reduced the Gi signaling
by 3-fold compared with that of the wild-type S1PR1 (Fig. 2d;
Supplementary information, Table S2). Additionally, water-
mediated interactions play an important role in activation of
GPCRs as indicated by a molecular dynamics simulation study?
and the high-resolution structures of GPCRs.”® Therefore, water-
mediated interactions may be involved in the contacts between
siponimod and the receptor.

The hydrophobic portion of siponimod extends into the
aromatic pocket of S1PR1, with the cyclohexyl moiety projecting
into the cleft between TM3 and TM5, thus defining an absolute
long channel shape of the orthosteric site in both S1PR1 and
S1PR5 (Fig. 2c). The notable differences in the ligand-binding
cavities of the two receptors are: (i) the residue M124°3? in
S1PR1 is replaced by the corresponding residue V11532 in
S1PR5, both of which interact directly with the 2-ethylphenyl
moiety of siponimod via their side-chains; and (ii) a rotamer
displacement of F33 occurs in both receptors, creating subtle
differences in the cavity (Fig. 2e). Overall, these observations
provide a structural basis for siponimod recognition by both
receptors.

Comparison of diverse structural agonist binding modes of
S1PR1

Selectivity design is an important component in the drug
development process for the S1PR subfamily.”*?” Fingolimod,
also known as FTY720, was the first prodrug of STPR1 and
S1PR3-5 and inspired the development of a series of drugs with
diverse structures, including variable or alternative polar head
groups represented by the near clinical and clinical-stage agonists,
such as the polar-zwitterionic group in siponimod, the polar-
neutral headgroup of cenerimod, and the polar-basic headgroup
of ozanimod. As shown in the structural comparison (Figs. 2b, 3a,
b), the polar headgroups from the three agonists form direct
contacts with K34N'*" from the N-terminal capping helix
(Supplementary information, Fig. S5a). Furthermore, the ligand
with the minimum required element (nonpolar headgroup) was
observed to display robust activity. The ligand SEW2871 is a
representative example of an analog from this compound class,
displaying > 10,000-fold selectivity for S1PR1 over S1PR5.%
Unfortunately, SEW2871 was found to cause severe cardiac side
effects in pre-clinical trials.>® Incorporation of the polarizable
trifluoromethyl group particularly improved the selectivity and
potency by forming direct interactions with N101%° and E1213%
in STPR1*° (Fig. 3c). We performed mutagenesis studies and
receptor signaling assays to validate the contributions of charged
residues to binding chemically distinct agonists. Our results
indicated that K34"''A and Y29"'™'A mutants markedly wea-
kened the binding to ligands bearing polar headgroups (Fig. 2d),
and that the E121%2°A mutation remarkably decreased SEW2871's
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Fig. 1 Overall cryo-EM structures of the S1PRs-Gi heterotrimer complexes. a Two-dimensional representation of chemical structures of
siponimod, cenerimod, ozanimod and SEW2871. b Signaling paths of STPR1 and S1PR5. Both receptors predominantly signal through Gi-type
G protein. ¢ The cryo-EM map (left) of STPR1-Gi-scFv16 in complex with siponimod and the cartoon representation (right) of the complex
structure are shown. Teal, S1PR1; yellow, siponimod; tan, Gai; forest green, Gf; yellow, Gy; gray, scFv16. The cryo-EM density map colored
according to different subunits is shown at 0.3 contour level. d The cryo-EM map (left) of S1TPR5-Gi-scFv16 in complex with siponimod and
the cartoon representation (right) of the complex structure are shown. Indian red, S1PR5; yellow, siponimod; tan, Gai; forest green, Gf; yellow,
Gy; gray, scFv16. The cryo-EM density map colored according to different subunits is shown at 0.011 contour level. e Extracellular view of
S1PR1. The N-terminus of S1PR1 fold helical cap over TM domain. Teal, STPR1; orange red, extracellular loops (ECL); medium purple,
N-terminus. f Structural superposition of S1PR1 (active) with LPAR1 (inactive; PDB code: 4Z35) reveals a similar N-terminal helical
conformation. Teal, STPR1; medium purple, N-terminus of STPR1; plum, LPAR1; magenta, N-terminus of LPA1.

potency in activating the receptor (Supplementary information,
Fig. S5b).

In accordance with structural analyses and functional assays, the
polar module in the ligand-binding pocket was possibly engaged
with ligand binding and receptor activation; however, a previous
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study showed that the volume occupied by the hydrophobic
portion of the ligand played a key role in receptor activation.>' By
aligning four agonists in the S1PR1 structures (Supplementary
information, Fig. S5c¢), we found that the hydrophobic portion of
each ligand was located in a nearly identical narrow hydrophobic
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Fig.2 Binding mode of the drug siponimod in S1PRs. a Siponimod exhibits linear conformation in the orthosteric site of STPR1 with clear
density (0.206 contour level). Siponimod is shown as yellow stick and the interaction residues within 4 A are also shown as sticks. b The
polar-network in siponimod reco%nition of S1PR1. The polar headgroup of the ligand forms potential polar interactions with the side-
chains of Y29"*" K34N*" N1012%°, R120%2% and E121*° in S1PR1. The polar interactions are highlighted as black dashed lines and the
distances between R120%28 and siponimod are labeled. ¢ The hydrophobic interaction module of siponimod with S1PR1. The siponimod
inserts into a_deeply hydrophobic cavity that is mainly comprised of TM3, TM5 and TM6 in STPR1. d Effects of key residues Y29N™',
K34Nt", R120%2 and E1213° mutations of STPR1 on siponimod-induced Gi signaling activation potency. Bars represent the difference in
calculated potency (pECso) of agonist siponimod for STPR1 mutants relative to WT. Data are colored according to the extent of effect. ND,
not detected; *P < 0.1, ***P < 0.001 (one-way analysis of variance (ANOVA) followed by the Dunnett’s test, compared with the response of
WT). Data represent means = SEM from three independent experiments performed in triplicate. e Comparison of siponimod recognition
between S1PR1 and S1PRS5.
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Fig. 3 Comparison of recognition modes of chemically distinct agonists by S1PR1. a—c Structural basis underlying the recognition of
cenerimod (dark orange) with polar-neutral headgroup (a), ozanimod (lime green) with polar-basic headgroup (b), and selective SEW2871
(orchid) without classic polar headgroup (c) by S1PR1. d—f Cut away view of different ligand-binding cavities for cenerimod-bound (d),
ozanimod-bound (e), and SEW2871-bound S1PR1 (f). g—j The sub-pocket in the orthosteric site of S1PR, which is composed of the residues
€206, T207°*, F210°, L272%3" and F2735°2 from TM5 and TM6, respectively, accommodates different moieties from four chemically
distinct agonists, including trifluoromethyl moiety, methoxy moiety or cyano-moiety.

pocket of S1PR1 (Figs. 2c, 3d-f). Notably, a sub-pocket of the
orthosteric site was identified to accommodate the subgroups of
agonists, such as the trifluoromethyl moiety of siponimod and
SEW2871, the methoxy moiety of cenerimod and the cyano
moiety of ozanimod. These moieties form g/drophoblc interac-
tions with the surrounding residues C206°%°, T207°*4, F210°%,
L2725, and F273%2 from TM5 and TM6 (Fig. 3g-j). When we
generated alanine replacements in this sub-pocket, the results of
the signaling assay indicated that the activation potency of all
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receptor variants decreased when sensing different agonists
(Supplementary information, Fig. S5d).

The solved structures provide a basis for the recognition of
chemically distinct agonists of S1PR1, which may afford
opportunities for the development of new drugs with improved
specificity and efficacy for disease treatment.>? Nonpolar
agonists were defined as a new category lacking polar head-
groups; however, they still exhibited high selectivity and modest
potency against S1PR1, which suggests that the hydrophobic
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ligand pocket in the S1PR subfamily plays a critical role in lipid
signaling activation.

Activation mechanism of S1PRs

The determined structures of Gi-coupled STPR1 bound to different
agonists together with the previously reported antagonist-bound
ST1PR1 structure enabled an examination of the mechanism of
agonist-mediated activation. Further careful structural comparison
of antagonist MLO56-bound S1PR1'® showed subtle rearrange-
ment of the extracellular ends of helix bundles and the N-terminal
helical cap. In contrast, notable conformational rearrangements
were observed at the cytoplasmic end of the receptor with TM6
moving outwards by ~9A, and TM7 moving inward by ~4 A
(Fig. 4a). Such structural changes allowed the C-terminal helix of
Gai to couple to the receptor core cavity and initiate signaling.

Analysis of the structures of chemically distinct agonists bound
to S1PR1 and the results of previous studies suggest that the
hydrophobic cavity is critical for receptor activation. Notably, some
critical large residues in the ligand-binding pocket exhibit marked
rotamer changes when an agonist binds to the receptor. The
aromatic group of the antagonist MLO56 inserts into a side pocket
of the ligand-binding cavity that is formed by M124*3? and
L2977 from TM3 and TM?7, respectively, and the side chain of
L29773° undergoes a major conformational change during
receptor activation, which results in a steric clash with ligand
MLO56 (Fig. 4b). More importantly, the side chain displacements of
L1283, F210>%’, and F273%°? in TM3, TM5, and TM6, respectively,
afford a large hydrophobic volume that can accommodate
agonists longer than ML056 (Fig. 4b).

To understand the key role of these residues ( , and
F%32) in activation transition of S1PR1, we further compared the
ST1PR1 structures with the endogenous S1P-bound S1PR3-Gi
complex structure determined in our companion paper.>* More-
over, a comparison between the side chain of the corresponding
residue F5*2 in active S1PR3 revealed that this residue resembles
the same rotamer conformation as that in inactive STPR1
(Supplementary information, Fig. S6a). The side chains of L3¢
and F>* in active S1PR1 exhibited notable displacements
compared with those in the inactive state of the receptor (Fig. 4b).
Therefore, residues L3¢ and F>*” in S1PRs appear to participate in
the initial activation of the receptor. In agreement with our
observations, mutation of these residues impaired the signaling
activation of the receptor (Supplementary information, Fig. Séb).

As is seen in inactive STPR1 (Fig. 4c), residue L1283, which is
stabilized by direct contact with W269°“®, rotates 130° away from
TM5 and forms a direct interaction with the hydrophobic portion
of agonists upon activation (Fig. 4b). This change is accompanied
by a synergistic downward movement of W269°*® (Fig. 4c).
Thus, the hydrophobic interaction between these two residues is
disrupted upon activation, which loosens the interactions
between TM3 and TM6 and induces a consequent outward
movement of TM6 in response to G protein binding. The
mutations L128%36A and W269°“8A both decreased the activation
efficacy in our cAMP accumulation assay (Supplementary informa-
tion, Fig. S6b). The activation process of S1PR1 with participation
from L>3°-W5“® appears similar to the activation of the CB1
receptor by the “twin toggle switch” residues F200°3¢ and
W356°% (Supplementary information, Fig. $6¢).”>** Interestingly,
the reconfiguration of residues 3.36-6.48 was also found to act as
a mechanical activation switch in MC4R.>° Thus, our structural
observations suggest that residues L128%35-W269%8 in S1PR1 are
also a “twin toggle switch”, and this switch is associated with lipid
receptor activation.

In contrast to the typical P>>°- motif in most class A
GPCR families, the homologous corresponding residues in S1PR1
are L>°%, V340 and F8*. Interestingly, STPR1, STPR5, and several
lipid receptors have leucine or isoleucine at position 5.50
instead of proline, which makes TM5 a more rigid helix

336 547
L>®, F

|3-40_p6.44
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connecting the orthostatic site and G protein—coupled domain
compared with that of activated pOR and 32AR (Supplementary
information, Fig. S6d). As observed in the structures of active
S1PR1 and inactive S1PR1, F265%** adopts distinct rotameric
conformations, which cause notable rearrangement of the D/
E-R*°°-Y and N-P”*°-xx-Y’-*3> motifs that function as micro-
switches (Fig. 4d). The ionic lock between residues R**° and
N®3° in TM3 and TM6, respectively, and the intrahelical salt
bridges between R3>*° and E>*° are disrupted (Fig. 4d), releasing
constraints on the relative movement of TM6 and creating more
cavities for G protein binding. Distinct inward movement of the
cytoplasmic portion of TM7 is accompanied by rearrangement
of TM6, in which residue Y3117 points into the interior of the
TM domain during S1PR1 activation (Fig. 4d). This striking
behavior of conserved maotifs is observed in all family A GPCRs
for which active- and inactive-state structural data are avail-
able.®® Superposition of STPR1 and S1PR5 reveals that these
receptors adopt similar conformations of critical motifs (Supple-
mentary information, Fig. S6e-g), which suggests that S1PR5
uses the same activation process as STPR1.

Comparison of STPR1/S1PR5-Gi complexes

The overall structures of the S1PR1-Gi and the S1PR5-Gi
complexes revealed a similar coupling mode of receptors to the
heterotrimeric G protein.®’ The main interface is mediated
through the C-terminal a5 helix of the Gai subunit with the
cytoplasmic cavity of the receptor formed by TM3, TM5, TM6, and
TM?7 (Fig. 5a, b). Additional contacts are observed between the a5
helix of Gai and ICL regions. Among the direct contacts, three
polar interactions play an important role in Gi protein anchoring:
(i) the end of Gai inserts into the core of the cytoplasmic cavity via
ionic contact of the main chain of C351%"2% in Gai with R**° in
S1PR1; (i) D350%"°22 from one side of Gai forms direct contacts
with R78%3” in S1PR1; and (iii) D341%">'3 from another side of Gai
forms a key ionic interaction with K2505%° in S1PR1 (Fig. 5a). A
similar interaction mode was observed for STPR5, but the notable
difference is that R139'“? instead of R78*%” of S1PR1 forms a
direct interaction with D350%"%%2 in Gai (Fig. 5b). In particular, a
similar pattern of polar interactions was also observed in the
CB1-Gi complex,”®> CB2-Gi complex®® and pOR-Gi complex?®
(Supplementary information, Fig. S7a-e), suggesting that these
three polar interactions probably serve as a key determinant for Gi
coupling. Consistent with these observations, our mutagenesis
and functional assays showed that either R78%3’A or R1423°°A
mutations, or the K250°%°A mutation in S1PR1, as well as the
equivalent mutations in STPR5, caused a significant decrease in
receptor activation compared with the wild-type response to
agonists (Fig. 5c; Supplementary information, Table S3). In
addition to these polar contacts, the hydrophobic side of Gai
forms extensive contacts with the residues of TM3, TM5, TM6 and
ICL2, and ICL3 (Supplementary information, Fig. S7f, g).

In addition to the TM domains, the cytoplasmic loops,
particularly ICL2 and ICL3, are postulated to contribute to G
protein interactions following activation.®® In our structural
comparison, the ICL2 region in S1PR1 packs against the a5 helix
more tightly than that observed for S1PR5, and detailed analysis
will be discussed in the next section. Moreover, in the structure of
the STPR1-Gi complex, particular residues (R233-K239) from the
ICL3 region form direct contacts with one side of the a5 helix in Gi
through hydrophobic interactions and salt bridges (Fig. 5d).
Consistent with these observations, the R238'A substitution
disrupted the R238'“-*-D341%5'3 interaction, leading to a 5-fold
reduction in the potency of signaling activation (Supplementary
information, Fig. S7h). Further sequence analysis revealed that
the ICL3 region and the intracellular end of TM6 in each receptor
are rich in basic residues (Fig. 5e), which is consistent with the
“positive-inside rule” for integral membrane proteins.*® Alanine
replacement of those positively charged residues in ICL3 impaired
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Fig. 4 S1PR1 activation mechanism. a Superposition of STPR1 structures in inactive (gray; PDB code: 3V2Y) and Gi-stabilized active states
(teal). Notable conformational changes occur at intracellular ends of TM6 and TM7 upon receptor activation. b Detailed comparison of the
orthosteric binging pocket of antagonist ML056 (dodger blue)-bound inactive STPR1 with that of agonist siponimod-bound active S1PR1. In
particular, side-chains of the residues L128%3¢, F210>%, W269°8, F273%>2? and L2977 are observed to exhibit a notable displacement upon
activation. ¢ The toggle molecular switch L128%3¢ and W269°%“® in S1PR1. The left panel displays relative orientation of L128%35-W2695* in
inactive STPR1, whereas the right panel represents movement of L128>3°-W269%* when sensing agonist. d The key D/E-R**°-Y and
N-P7*°-xx-Y”->3 motifs important for activation of STPR1 are observed to display conformational rearrangement in activated receptor.
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Fig. 5 Comparison of the receptor-G protein interface between S1PR1-Gi and S1PR5-Gi complex. a The polar interactions of STPR1 (teal)
with Goi a5 helix (tan). The residues R1423>°, R78%3” and K250%%° of S1PR1 and the residues 351523, D350%>22 and D341%H>'3 of Gai are
shown as sticks. Polar interactions are highlighted as black dashed lines. b The interactions of S1PR5 (indian red) with Gai a5 helix. ¢ Effects of
the R78%37A, R1423°°A and K250%%°A mutations of S1PR1 and the equivalent residue mutations in STPR5 on agonist siponimod-induced
signaling activation. Data are presented as the means + SEM of three independent experiments performed in triplicate. d Detailed interactions
between ICL3 of S1PR1 (teal) and a5 helix of Gai (tan). The residues from S1PR1 are shown in black font, and the residues belonging to
a5 are shown in orange font. e Sequence alignment of ICL3 in S1PR subfamily. Positively charged residues are highlighted in blue.
f Surface representation of charge property of S1PR1 (left, intracellular view) and Gai subunits (right, top view) colored according to their
electrostatic charge.

Gi activation markedly (Supplementary information, Fig. S7h), Role of ICL2 of S1PR1 and S1PR5 in Gi coupling

which suggests that electrostatic interactions between receptors
and G proteins contribute to receptor activation (Fig. 5f). In
agreement, a similar interaction was reported to play a key role in
determining Gi protein coupling by members of Gi-coupled
GPCRs.>%%!

SPRINGER NATURE

In many GPCRs, the ICL2 region folds into a short a-helix when
the receptor is in the active state and has been hypothesized to
be a key determinant for G protein coupling selectivity.*? In
contrast, the ICL2 region of STPR1 or ST1PR5 lacks a secondary
structure and adopts a disordered conformation by tightly
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triplicate.

interacting with the a5 helix of the Gi protein (Fig. 6a;
Supplementary information, Fig. S8a-d). As a result, the a5
helix of Gi coupled to STPR1 rotates away from ICL2 and TM3,
leading to a notable displacement compared with the CB1-Gi
complex (Supplementary information, Fig. S8e). B2AR was
reported to initiate signaling through the Gs protein, whereas
S1PR1 and S1PR3 primarily couple to the Gi protein. The critical
role of the ICL2 region of S1PRs in G protein selectivity was
examined by replacing the ICL2 region of STPR1 with that of
B2AR. This replacement of the ICL2 region caused an increase in
basal Gs signaling induced by S1PR1 (Supplementary informa-
tion, Fig. S8f). Because S1PR3 has higher basal Gi activity than
S1PR1, mutual exchange of the ICL2 region between S1PR1 and
S1PR3 lead to increase of STPR1 basal activation but decrease of
S1PR3 basal activation compared with that of the wild-type
receptor, respectively (Supplementary information, Fig. S8g).
The findings suggest that the ICL2 region of S1PRs is involved in
the determination of G protein selectivity.

Cell Research (2021) 31:1263-1274

The difference observed from structures substantially changes
the ICL2-Gi interface organization in the STPR1 complex (Fig. 6a).
In CB1 and CB2 receptors, L222'"**3*>1 and the equivalent
P139'“23431 pind in a hydrophobic pocket formed by L194%5301,
134361515 7340%H512 and F336°™"°® in Gai and likely play an
important role in G protein activation or selectivity?>>® (Supple-
mentary information, Fig. S8h, i). Distinct from those Gi-coupled
receptors, the corresponding amino acids at position ICL2/34.51 in
S1PR1 and S1PR5 are lysine and glycine, respectively, which are
not observed to form a hydrophobic interaction with Gai. Instead,
another two residues at positions 1CL2/34.50 and 1CL2/34.52
(M‘]49|CL2/34'50 and L151ICL2/34452 in S1 PR], R140ICLZ/34.50 and
P142'®-%3452 in S1PRS5) bind in a hydrophobic pocket in Gai
which is also observed in B2AR-Gs or CB1-Gi complexes and is
occupied by the residue at position 1CL2/34.51 in either 32AR or
CB1 (Fig. 6a).

The ICL2 region of S1PR1 appears to be closer to the a5 helix in
Gi than that observed for the S1PR5-Gi complex. Mutations of
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L151'%3452 in S1PR1 and P142'“¥34>2 in S1PRS5 retained similar
activation potency compared with the corresponding wild-type
receptors (Supplementary information, Fig. S8j, k). In our
structures, M149'“#3430 in S1PR1 forms extensive hydrophobic
interactions with the o5 helix of Gi (including 1344516,
13435515 and T340%™12), whereas R140'““*>*° in S1PR5 has
potential contact with D193%52392 i Goii via formation of a salt
bridge (Fig. 6b). To determine the exact role of these residues in Gi
activation, we initially generated mutations M149'“¥3*%°R in
S1PR1 and R140'“***°M in S1PR5. The results from our
functional assays revealed that these mutants displayed similar
activation ability as the wild-type receptors. In contrast, further
mutations of M149'“-*343%A in S1PR1 and R140'“-*3>°A in S1PR5
nearly abolished potency of activation (Fig. 6c). Collectively,
M149'CL2/3450 of S1PR1 and R140'“¥3*%C of S1PR5 are key
determinants for Gi protein coupling.

DISCUSSION

In this study, we reported the cryo-EM structures of the lipid-
sensing G protein-coupled receptors STPR1 and STPR5 in complex
with heterotrimeric Gi. The structures of both STPR1 and S1PR5
revealed a conserved ligand-binding pocket consisting of a polar
module and a hydrophobic cavity. The structures also revealed a
gap between TM1 and TM7 in the extracellular leaflet, which may
contribute to a membrane-embedded access channel for ligand
entry.*® Further analysis showed that R2927* in S1PR1 is replaced
by Q2877* in S1PRS5 (Supplementary information, Fig. $8l, m), and
the different extracellular vestibules in the GPCR subfamily have
been reported to contribute to the ligand access path and
selectivity.* The possible mechanism of ligand selectivity in both
STPR1 and S1PR5 was explored by mutating residues in both
receptors and carrying out signaling assays. R292Q”3* in S1PR1
and Q287R”>* in S1PR5 did not change receptor activation upon
siponimod binding, whereas R292Q”3* in S1PR1 decreased
SEW2871-induced receptor potency and Q287R’3* in S1PR5
increased the receptor potency (Supplementary information, Fig.
S8n-q).

Moreover, accompanied by the rearrangement of F21 n
STPR1, residues L>*° and W®*® undergo conformational displace-
ments similar to those in the CB1 receptor, and this “twin toggle
switch” mechanism of STPR1 appears to function in the activation
of STPRs. In addition, the conserved polar networks and ICL2
region participate in Gi coupling to S1PRs, whereas the structural
differences result in a notable difference in the relative orientation
of the a5 helix in Gi coupling to the two receptors. As reported
previously, the ICL2 region is likely to play a major role in
determining Gs/Gi protein selectivity by GPCRs. Although the
S1PRs have a highly conserved sequence, S1PR1 couples
exclusively to Gi, whereas S1PR5 is reported to couple to Gi
and G12/13. Differences in sequence and conformation are
observed in the ICL2 region of S1PRs, which indicates that ICL2
may play versatile roles in either receptor activation or G protein
selectivity.*?

05.47 i

MATERIALS AND METHODS

Constructs

The human STPRT and STPR5 cDNAs were cloned into the pFastBac1 vector
with the haemagglutinin (HA) signal sequence followed by a Flag epitope
tag at the N-terminus. To facilitate receptor expression and purification, a
synthetic DNA sequence for translating T4 lysozyme (T4L) was inserted to
the N-terminus of STPRI. In addition, the amino acids 338-382 at
C-terminus of S1PR1 as well as the amino acids 345-398 at S1PR5 were
removed. The wild-type human Gai1 version (UniProt: P63096) was cloned
into the pFastBacl vector without any modifications. The human GfS1
containing N-terminal hexahistidine-tag and the human Gy2 were cloned
into a pFastBac-dual vector for co-expression. The synthetic cDNA of
single-chain variable fragment scFv16 that is utilized to further enhance the
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nucleotide-free Gi complex stability was cloned into pFastBac1 vector
containing a GP67 secretion signal before the N-terminus of the protein
and hexahistidine-tag at the C-terminus.

Expression and purification of scFv16

The procedures of expression and purification were performed as
previously described.?® Briefly, the His-tagged scFv16 protein was
expressed in secreted form in Trichoplusia ni Hi5 insect cells using Bac-
to-Bac Baculovirus system (Invitrogen) and purified by Ni-NTA resin. The
eluted protein was further loaded into a size exclusion column (Superdex
200 16/60) equilibrated in a buffer consisting of 20 mM HEPES, pH 7.5 and
100 mM NaCl. The fractions containing pure protein were collected and
concentrated to 10 mg/mL, then the protein was flash frozen in liquid
nitrogen and was stored at —80 °C for further use.

Expression and purification of S1PRs-Gi complex

The Spodoptera frugiperda Sf9 insect cells were used to co-express
receptors—Gi complexes in this study. The Sf9 cells were infected at a cell
density of 2.5 x 10° cells/mL with three separate viruses at a ratio of 1:2:1
for STPR1 or S1PR5, Gail and GB1y2, respectively. The infected cells were
cultured at 27 °C with 8000 x g for 48 h and collected by centrifugation.
The cell pellets were stored at —80 °C for further use.

Cell pellets were resuspended in lysis buffer containing 20 mM HEPES,
pH 7.5, 100mM NaCl, 3mM MgCl,, 160 ug/mL benzamidine, 100 pg/mL
leupeptin, supplemented with 10 uM agonists (siponimod or cenerimod or
ozanimod or SEW2871) and scFv16 (30 pg/mL) and apyrase (25 mU/mL, NEB).
The suspension was incubated for 1h at room temperature and then
centrifuged at 10,000 x g for 20 min at 4 °C. The membranes were solubilized
by 0.5% (w/v) lauryl maltose neopentyl glycol (LMNG; Anatrace) supplemen-
ted with 0.05% (w/v) cholesteryl for 2 h at 4 °C. The supernatant was isolated
by centrifugation at 65,000 x g for 30 min, and incubated with M1 anti-Flag
affinity resin in the presence of 5mM CaCl, for 2 h at 4°C. The resin was
transferred to a gravity column and washed with 30 column volumes of Flag-
resin wash buffer (20 mM HEPES, pH 7.5, 100 mM NacCl, 3 mM MgCl,, 5 mM
CaCl,, 5uM agonists, 0.01% (w/v) LMNG and 0.001% (w/v) cholesteryl
hemisuccinate (CHS)). The bound complex was eluted with 10 column
volumes of elute buffer containing 10mM EDTA and 0.2 mg/mL FLAG
peptide. The concentrated sample was loaded onto a Superdex 200 10/300
increase size exclusion column (GE Healthcare) that was pre-equilibrated in
20 mM HEPES, pH 7.5, 100 mM NaCl, 3 mM MgCl,, 0.00075% (w/v) LMNG,
0.00025% glyco-diosgenin (GDN; Anatrace) and 0.0001% (w/v) CHS, and 5 uM
agonist. Peak fractions of complex were pooled and concentrated using an
Amicon Ultra Centrifugal Filter (MWCO, 100 kDa).

Cryo-grid preparation and EM data collection

Three microliters of protein solution was applied onto glow-discharged (60
s) 200-mesh Au R2/1 or 300-mesh Au R1.2/1.3 Quantifoil grids. The grids
were blotted for 2-3 s and rapidly frozen in liquid ethane using a Vitrobot
Mark IV (Thermo Fisher). Samples were loaded in a Titan Krios cryo-electron
microscope (Thermo Fisher) operated at 300kV in one of the following
settings: condenser lens aperture 70 um, spot size 4, magnification at
105,000x (corresponding to a calibrated sampling of 0.855 A per physical
pixel), and a K3 direct electron device equipped with a BioQuantum energy
filter operated at 20 eV (Gatan); condenser lens aperture 50 um, spot size 5,
magnification at 165,000 (corresponding to a calibrated sampling of 0.85 A
per physical pixel), and a K2 direct electron device equipped with a
BioQuantum energy filter operated at 20 eV (Gatan). Movie stacks were
collected automatically using EPU2 software (Thermo Fisher) with the K3 (or
K2) detector operating in counting mode at a recording rate of 16 (or 5) raw
frames per second and a total exposure time of 2 (or 7) s, yielding 32 (or 35)
frames per stack and a total dose of 63 (or 56) e /A2,

Image processing and 3D reconstructions

The movie stacks were motion corrected using Motioncor2.*> After CTF
estimation by CTFFIND4,® selected micrographs were subjected to
EMAN2.31" for neural network particle picking, with a threshold setting
of 0.1 used to maximize inclusion of good particles. The resulting picked
particles were extracted in Relion 3.1, with the box size as 256 pixels.”®
After two rounds of 2D classifications, the best classes selected by visual
examination were subjected to cryoSPARC3.1%° ab initio to generate initial
models. The resulting particles were then subjected to a combination of
multiple rounds of cryoSPARC heterogeneous refinement and Relion 3D
classification. The resulting best 3D classes by visual examination were
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subjected to cryoSPARC non-uniform refinement. A measured B factor was
used for sharpening to yield the final sharpened map, which was displayed
in UCSF Chimera.*° Details for each cryo-EM reconstruction could be found
in Supplementary information, Table S1.

Model building and structure refinement

The initial template of Gi protein and scFv16 was built from the cryo-EM
structure of the CB2-Gi complex (PDB: 6PT0), and the initial STPR1 receptor
model was generated by the swiss-model that is a fully automated protein
structure homology-modeling server.>’ All models were fit into the EM
density map by using UCSF Chimera1.14,>° followed by iterative rounds of
manual adjustment and real-space refinement using Coot 0.8.9.2°2 and
Phenix 1.19,> respectively. The models were validated using MolProbity.>*
The final structures showed a good model geometry, and the detailed
refinement statistics are provided in Supplementary information, Table S1.
Structural figures were mapped with UCSF ChimeraX1.1°> and PyMOL
(https://pymol.org/2/). For ozanimod-bound S1PR1 structure determina-
tion, we used the high-resolution structure of siponimod-bound S1PR1 as a
reference to get the model of ozanimod-bound S1PR1. Because siponimod
adopts the same conformation in both STPR1 and S1PR5 structures, and
the orthosteric pockets in those receptors are highly conserved, the
N-terminus in ozanimod-bound S1PR1 is reliable. For siponimod-bound
S1PR5 structure, despite of the weak density in the extracellular region in
S1PRS5, the N-terminus displays the similar conformation with that in S1PR1
(Supplementary information, Fig. STh). In addition, fusion protein T4L is not
observed in the map of S1PR1, due to the flexibility of T4L at the
N-terminus of receptor.

S1PRs-Gi-mediated cAMP inhibition assay

The cDNA sequences of wild-type STPR1 and S1PR5 were cloned into the
expression vector pcDNA3.1+ with a HA signal sequence followed by a
Flag tag at the N-terminus. Site-directed mutations in both receptors were
generated using Q5 site-Directed Mutagenesis kit (NEB). All constructs
used in this study were expressed in CHO-K1 cells using jetPRIME
transfection reagent (Polyplus transfection, France) according to the
manufacturer’s instruction. Cells were harvested 48 h post transfection. Cell
surface expression levels of receptors were determined by ELISA.

To measure cAMP inhibition effects on forskolin-induced cAMP
accumulation of S1PRs, the GloSensor cAMP assay (Promega) was
performed as described in the previous study.>® Briefly, Flag-tagged
wild-type human S7PRT and S1PR5 were co-expressed with GloSensor
plasmid in CHO-K1 cells in 6-well culture plates. After at least 24h,
transfected cells were harvested and suspended in assay buffer Hank’s
Balanced Salt Solution (HBSS) containing 10 mM HEPES, pH 7.4, with
additional 3% v/v dilution of the b-Luciferin-Potassium Salt (YEASEN,
40902ES03). The ligands used in this study were dissolved in DMSO
(Sigma) to a stock concentration of 10 mM and followed by serial dilution
using HBSS solution immediately before ligand stimulation. After incuba-
tion at 37°C for 2 h, cells were stimulated by agonist (diluted in assay
buffer containing foreskin) for 30 min at room temperature. Finally, the
luminescence signals were counted on Synergy H1 microplate reader
(BioTek). Each measurement was repeated in at least three independent
experiments, each in triplicate. Data were processed using the nonlinear
regression (curve fit) dose-response function in GraphPad Prism 8
(GraphPad Software).

Measurement of receptor cell-surface expression by ELISA

To measure the cell surface expression level of receptors, enzyme-linked
immunosorbent assay (ELISA) was performed in our study as described in
the previous study.>” Briefly, CHO-K1 cells were transiently transfected with
wild-type and mutants of STPRT and S7PR5 (pcDNA3.1+ as a vehicle) using
jetPRIME transfection reagent. After 24 h incubation, the transfected cells
were plated in poly-lysine-coated 96-well cell culture plates and incubated
overnight. The next day, the cells were washed twice using Phosphate
Buffered Saline (PBS), and then were fixed in 4% (w/v) paraformaldehyde
and blocked with 5% (w/v) BSA at room temperature for 30 min. Anti-Flag
HRP conjugate was added to each well and incubated for 1h at room
temperature. After washing with PBS, HRP substrate 3,3’,5,5'-tetramethyl-
benzidine (TMB) was added. Reactions were quenched by adding 2M
H,SO, solution and the optical density at 450 nm was measured using the
Synergy H1 microplate reader (BioTek). Each measurement was repeated in
at least four independent experiments performed in triplicate. Values were
normalized to the wild-type receptor and graphed as a percentage of wild-
type using GraphPad Prism 8 (GraphPad Software).

Cell Research (2021) 31:1263-1274

Y. Yuan et al.

DATA AVAILABILITY

All data produced or analyzed in this study are included in the main text or the
Supplementary Materials. The cryo-EM density maps and atomic coordinates have
been deposited in the Electron Microscopy Data Bank (EMDB) and Protein Data Bank
(PDB) under accession numbers EMD-31341 and 7EVY for the siponimod-S1PR1
complex; EMD-31342 and 7EVZ for cenerimod-S1PR1 complex; EMD-31343 and
7EW0 for the ozanimod-S1PR1 complex; EMD-31349 and 7EW7 for the
SEW2871-S1PR1 complex; and EMD-31344 and 7EW1 for the siponimod-S1PR5
complex.
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