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Supplementary Table 1. Cryo-EM data collection, refinement and validation statistics of S1P1 structures. 

 S1P– S1P 1–Gαi1β1γ2 Siponimod–S1P1–
Gαi1β1γ2  

Data collection and processing   
Magnification 81000 81000 
Voltage (kV) 300 300 
Electron exposure (e-/Å2) 24.65 23.44 
Defocus range (µm) -0.8 to -1.5 -0.8 to -1.5 
Pixel size (Å) 1.083 1.083 
Symmetry imposed C1 C1 
Initial particle images (no.) 4,460,634 11,076,739 
Final particle images (no.) 449,331 1,789,970 
Map resolution (Å) 3.0 2.6 
      FSC threshold 0.143 0.143 
Map sharpening B factor (Å2) 122.6 116.7 
   
Refinement   
Initial model used (PDB code) 3V2Y 

1GP2 
3V2Y 
1GP2 

Model resolution (Å) 3.08 2.81 
      FSC threshold 0.5 0.5 
Model composition   
      Non-hydrogen atoms 7035 6902 
      Protein residues 909 894 
      Ligands 2  2 
B factors (Å2)   
      Protein 44.66 42.35 
      Ligand 55.70 58.17 
R.m.s. deviations   
      Bond lengths (Å2) 0.004 0.005 
      Bond angles (°) 0.46 0.47 
Validation   
      MolProbity score 1.57 1.57 
      Clashscore 2.43 3.3 
      Poor rotamers (%) 0 0 
Ramachandran plot   
      Favored (%) 95.31 95.11 
      Allowed (%) 4.69 4.89 
      Disallowed (%) 0 0 



Supplementary Table 2. Cryo-EM data collection, refinement and validation statistics of LPA1 structures. 

  LPA–LPA1–Gαi1β1γ2 LPA–LPA1–Gαi1β1γ2 
(State a) 

LPA–LPA1–Gαi1β1γ2 

(State a’) 
Data collection and processing    
Magnification 22,500 22,500 22,500 
Voltage (kV) 300 300 300 
Electron exposure (e-/Å2) 28.2 28.2 28.2 
Defocus range (µm) -0.8 to -2.2 -0.8 to -2.2 -0.8 to -2.2 
Pixel size (Å) 1.064 1.064 1.064 
Symmetry imposed C1 C1 C1 
Initial particle images (no.) 2,235,123 1,579,604 1,579,604 
Final particle images (no.) 1,588,791 31,567 32,504 
Map resolution (Å) 2.83 3.08 3.11 
      FSC threshold 0.143 0.143 0.143 
Map sharpening B factor (Å2) -145.7 -74.9 -77.8 
    
Refinement    
Initial model used (PDB code) 4Z34 

1GP2 
4Z34 
1GP2 

4Z34 
1GP2 

Model resolution (Å) 2.95 3.23 3.18 
      FSC threshold 0.5 0.5 0.5 
Model composition    
      Non-hydrogen atoms 7095 7151 7139 
      Protein residues 904  907  906  
      Ligands 1  1  1  
B factors (Å2)    
      Protein 60.82 67.82 67.36 
      Ligand 61.02 60.91 65.18 
R.m.s. deviations    
      Bond lengths (Å2) 0.002 0.002 0.002 
      Bond angles (°) 0.422 0.400 0.385 
Validation    
      MolProbity score 1.50 1.08 0.94 
      Clashscore 2.70 2.74 2.04 
      Poor rotamers (%) 0 0 0 
Ramachandran plot    
      Favored (%) 96.63 98.10 98.88 
      Allowed (%) 3.37 1.90 1.12 
      Disallowed (%) 0 0 0 
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Supplementary Figure 6. Residues in the side binding pockets B1, B2 and B3 in S1P1. 
The cartoon structure of S1P1 is overalyed with the slice through view of the ligand binding 
pockets of S1P1 with the side binding pockets B1, B2 and B3 indicated. The sidechains of the 
residues in B1, B2 and B3 are shown. 
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Supplementary Figure 7. Functional studies of residues in S1P1 and LPA1. (a) Comparison of the active S1P1 and 
the active LPA1 structures with critical residues shown. (b) cAMP assays of wild-type and mutant S1P1 in CHO cells.
(c) cAMP assays of wild-type and mutant LPA1 in B103 cells. (d) Ligand-binding assays of wild-type and mutant 
LPA1 in B103 cells. Wild-type (WT, in black color), and various mutants of LPA1 were stably expressed in B103 cells. 
A free solution assay, where the receptor (LPA1/mutants) containing nanovesicles and unlabeled 18:1 LPA ligand 
were freely moving into solution, was used in a native environment of the binding partners (18:1 LPA-LPA1) 
(see the Methods). Individual curves from the mutants were comapred with the same curve from the wild-type 
receptor. Data are shown as mean ± SD. n = 3 independent experiments. Source data are provided as a Source 
Data file.



F
F

F

O

N

N

O-

O

c

O

OH

+H3N

P O

OH
-
O

S1P d18:1

Siponimod

HN

O+H3N

P O
OH-O

O
P

OH
+H3N

O
   OH-O

f

ML056Fingolimod- P Ozanimod Ponesimod

a

e

O

OH

O

O

PO
OH

O-

Supplementary Figure 8. Chemical conformations of ligands for LPA and S1P receptors. (a) Chemical structure 
of LPA 18:1. (b) Structures of LPA 18:1 in the complex of LPA–autotaxin or of LPA–LPA1–Gi. (c) Chemical structure of 
S1P d18:1. (d). Structures of S1P d18:1 in the complex of S1P–S1P1–Gi, S1P–antibody, or S1P–ApoM. (e) Chemical 
structures of S1P receptor-targeting MS-treatment drugs. (f) Chemical structure of the S1P1 antagonist ML056. 
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Supplementary Figure 12. Structural basis of the activation of Gi by LPA-bound LPA1. (a) Disruptions of 
intra-molecular interactions of Gαi during Gi activation by LPA-bound LPA1. An ionic interaction between 
the sidechain of D341 in the α5-helix and the sidechain of K192 in the β2-β3 loop in the inactive 
Gαi(GDP)Gβγ trimer (in gray) is broken. D341 forms new interactions with K345 and E318 in the complex 
of LPA–LPA1–Gi (in light orange). (b) An interacting network involving the sidechain of Q52 in the α1-helix, 
the backbone carbonyl of A326 in the β6-α5 loop, and the sidechain of T329 in the α5-helix is disrupted.
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Supplementary Figure 13. Structural comparisons. a, Comparison of the complex of S1P–S1P1-Gi 
and S1P–S1P3 (without G-protein). S1P1 and S1P3 have similar S1P-binding pockets with similar S1P 
conformation. b, Comparison of the complex of Siponimod–S1P1-Gi from the current study and the
one recently published (PDB 7EVY). While the conformations of S1P1 and Siponimod are similar, the
positions of Gi-proteins are slightly di�erent.  
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