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EMD-38215 

8XBE  

Data collection  

Microscope Titan Krios (Thermo Fisher Scientific) 

300 

50 

Gatan K3 summit camera (Gatan) 

×105,000 

-0.8－-1.6 

0.83 

Voltage (keV) 

Electron exposure (e–/Å2) 

Detector 

Magnification 

Defocus range (μm) 

Pixel size (Å/pix) 

Number of movies 2,358 2,674 

Symmetry C1 

Picked particles 2,012,061 

79,925 

1,398,276 

236,096 Final particles 

Map resolution (Å) 3.23 3.43 2.83 3.06 

FSC threshold 0.143 

     

Model refinement     

Atoms 8,809 2,561 8,912 2,576 

R.m.s. deviations for ideal 

Bond lengths (Å) 

Bond angles (°) 

 

0.0032 

0.63  

 

0.003 

0.67  

Validation 

Clashscore 

Rotamers (%) 

 

9.18 

0 

 

9.03 

 

7.34 

0 

Ramachandran plot 

Favored (%) 

Allowed (%) 

Outlier (%) 

 

95.21 

4.79 

0 

 

96.07 

3.84 

0.09 

 

98.31 

1.69 

0 

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

Supplementary Table 2. Mutagenesis analysis of GPR34.
Parameters obtained from the TGFα shedding assay. The values of pEC50, EC50, Emax, and log10 relative intrinsic activity (RAi) toward two agonists 

are shown with the log10 mean fluorescence intensity (MFI), indicating the cell surface expression level of each receptor. Source data are provided 

as a Source Data file.  

Mutation BW position pEC50 EC50 Emax LogRAi n  = pEC50 EC50 Emax LogRAi n  = LogMFI n  =
WT 8.02 ± 0.04 9.6 nM 10 ± 1% 0 8 7.86 ± 0.01 14 nM 13 ± 1.2% 0 8 2.69 ± 0.05 10

R110A 2.6 7.88 ± 0.12 13 nM 7.7 ± 1.7% -0.25 ± 0.11 5 7.68 ± 0.13 21 nM 7 ± 1.5% -0.49 ± 0.13 5 2.49 ± 0.03 5
K128A 3.26 8.00 ± 0.09 10 nM 7.4 ± 1.8% -0.16 ± 0.1 5 6.35 ± 0.19 450 nM 13 ± 2% -1.54 ± 0.15 5 2.59 ± 0.06 5
Y135A 3.33 < 5.5  > 3 μM < 2% < -3 5 < 5.5  > 3 μM < 2% < -3 5 2.61 ± 0.07 5
Y135F 3.33 7.74 ± 0.04 18 nM 8.5 ± 1.9% -0.36 ± 0.06 5 7.36 ± 0.05 43 nM 7.3 ± 1.6% -0.79 ± 0.05 5 2.55 ± 0.05 5
M136A 3.34 8.08 ± 0.08 8.2 nM 6.1 ± 1.2% -0.15 ± 0.08 5 7.71 ± 0.03 20 nM 10 ± 1.5% -0.27 ± 0.03 5 2.61 ± 0.06 5
M189A 4.6 7.65 ± 0.08 22 nM 9.1 ± 1.5% -0.40 ± 0.08 5 8.23 ± 0.04 5.9 nM 14 ± 1.7% 0.40 ± 0.05 5 2.63 ± 0.07 5
F205A ECL2 < 5.5  > 3 μM < 2% < -3 5 < 5.5  > 3 μM < 2% < -3 5 2.47 ± 0.06 5
H206A ECL2 7.47 ± 0.12 34 nM 17 ± 3.5% -0.34 ± 0.13 5 6.83 ± 0.09 150 nM 25 ± 3.8% -0.78 ± 0.08 5 2.60 ± 0.07 5
Y207A ECL2 6.07 ± 0.04 850 nM 15 ± 3.3% -1.77 ± 0.04 5 6.21 ± 0.03 610 nM 14 ± 3% -1.65 ± 0.05 5 2.66 ± 0.09 5
R208A ECL2 6.68 ± 0.26 210 nM 12 ± 3.2% -1.29 ± 0.21 5 6.71 ± 0.10 190 nM 14 ± 2.2% -1.15 ± 0.08 5 2.57 ± 0.05 5
K210A ECL2 8.30 ± 0.11 5 nM 15 ± 2% 0.45 ± 0.11 5 7.29 ± 0.06 51 nM 18 ± 3.3% -0.45 ± 0.07 5 2.64 ± 0.04 5
F219A 5.39 7.52 ± 0.08 30 nM 16 ± 2.6% -0.28 ± 0.07 5 8.36 ± 0.04 4.3 nM 22 ± 2.8% 0.71 ± 0.05 5 2.69 ± 0.07 5
N220A 5.4 7.71 ± 0.10 19 nM 14 ± 2.1% -0.15 ± 0.09 5 6.87 ± 0.09 140 nM 18 ± 3.9% -0.89 ± 0.08 5 2.55 ± 0.04 5
L223A 5.43 7.41 ± 0.27 39 nM 14 ± 2.7% -0.47 ± 0.23 5 6.84 ± 0.06 140 nM 16 ± 2.8% -0.96 ± 0.07 5 2.52 ± 0.05 5
R286A 6.55 < 5.5  > 3 μM < 2% < -3 5 < 5.5  > 3 μM < 2% < -3 5 2.55 ± 0.04 5
Y289A 6.58 < 5.5  > 3 μM < 2% < -3 5 < 5.5  > 3 μM < 2% < -3 5 2.50 ± 0.03 5
N309A 7.35 6.87 ± 0.09 130 nM 12 ± 2.9% -1.09 ± 0.09 5 7.06 ± 0.05 87 nM 11 ± 2.4% -0.91 ± 0.07 5 2.48 ± 0.04 5
E310A 7.36 6.50 ± 0.11 320 nM 9.1 ± 2.6% -1.58 ± 0.10 5 6.70 ± 0.07 200 nM 7.6 ± 1.8% -1.44 ± 0.10 5 2.45 ± 0.04 5
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Supplementary Fig. 1 Cryo-EM workflows of the GPR34-Gi complexes.
Flow chart of the cryo-EM data processing for the GPR34-Gi complexes bound to S3E-LysoPS and M1, 

including particle projection selection, classification, and 3D density map reconstruction. Details are 

provided in the Methods section. 
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Supplementary Fig. 2 Maps and model quality.
Local resolution maps, FSC curves, and cryo-EM density maps of the GPR34-Gi complexes bound to S3E-LysoPS and M1. 
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Supplementary Fig. 3 Structural comparison of GPR34 with other GPCRs.
(a) Superimposition of the structures of GPR34, LPA6, LPA1, GPR119, and S1P1. 

(b-g) Interactions between the extracellular halves of TM4 and TM5 in respective receptors. 

(h-m) Comparison of the agonist binding modes in respective receptors.



ca b

Supplementary Fig. 4 Mutational analyses using the TGFα shedding assay.
(a) Gating strategy used to evaluate cell-surface expression of GPR34 proteins. Geometric MFI values calculated based on GPR34 histogram 

(right panel) are presented on Supplementary Table 2. (b) The responses of wild-type GPR34 and 18 mutants of GPR34 toward S3E-LysoPS 

and M1 are shown. The TGFα shedding assay was performed using HEK293 cells transfected with AP-TGFα, Gαq/i1, and each GPR34-expressing 

vector. For negative control cells, empty plasmid was transfected instead of a receptor-expressing plasmid. In each panel, receptor-specific 

AP-TGFα release levels (differences in AP-TGFα release between receptor-expressing cells and negative control cells) are shown. Symbols and 

error bar mean average and SEM, respectively, from 5-8 independent experiments. See Supplementary Table 2 for parameters obtained from 

the concentration-responses curves. Source data are provided as a Source Data file.
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                                                            human    
       300       310       320       330       340          

human     Q      C         NE  L  S  NSCL                            S LN   S YWK IVHKT  IM V   F    DPVMYFLMS NIRK    LL R          .VS     E           L S              S    IMCQ  F RFQ..G
cow       Q      C         NE  L  S  NSCL                            S LN   S YWK IVHKT  IM V   F    DPVMYFLMS NIRK    LL R          .VS     E           F S              S    IMCQ  S RFQ..G
pig       Q      C         NE  L  S  NSCL                              LN   S YWK IVHKT  IM V   F                                A   .VS     E           F S     ............................
rat       Q      C         NE  L  S  NSCL                            S LN   S YWK IIHKT  IM V   F    DPVMYFLMS NIRK    LL R          .AS     E           L S              S    IMCQ  F RFQ..S
mouse     Q      C         NE  L  S  NSCL                            S LN   S YWK IIHKT  IM V   F    DPVMYFLMS NIRK    LL R          .VS     E           F S              S    IMCQ  F RFQ..S
chicken   Q      C         NE  L  S  NSCL                            S LQ   S YWK IIH    VM I   F    DPVMYFLMS SVRK    LI R          .NP     G   TC      F S              S    TVLQ  C RIH..G
xenopus   Q      C         NE  L  S  NSCL                            S LQ   S YW  IIHKT  IM V        DPVMYFLLS SIRK    LL R          .KL    ID           F AL             S    TVFQ  C IS...R
lizard    Q      C         NE  L  S  NSCL                            S LQ   S YWK IIHK   VM L   F    DPVMYFLMS SIRK    MI K          .DT     Q    C      F A              R    TVLR  C RLS..M
fugu      Q      C         NE  L  S  NSCL                              I          MV RT  IM L   F    DPVMYFILS SVRK    AV H      Y  KNNQP EILQ  A        L A              G    STLR  G RLGNHL
zebrafish  Q      C         NE  L  S  NSCL                            S LQ   S   R LM RT  AV L        DPVMYFLLS SVRR    AL            .DI  ET R  D        L AL             G    ATLQ  AQCLRLHA
carp      Q      C         NE  L  S  NSCL                            S L    S   R LM  T  VM L        DPVMYFMLS SVRK    AL           R.DV  ET R  DL       F AL             G    ATIR  SQFLSWQH

TM7 H8 ICL3

▲▲

                                                            human    
1       10        20        30        40        50        60

human                                                        L   L                  W                     S   N T C MDE     V    MRSHTITMTTTSVSS PYSSHRMRFITNHSDQPPQNF ATP V T P   KL ST  TTS
cow                                                          L   L                  W                     S   N T C MDE     V    MRSQMVTMMTTSVSS SCSSKGVHF..NYSVQSPHNV GAS F A S   KL SS  ITF
pig                                                          L   L                  W                     S   N T C MDE     V    MRSHTVTMTTASVSS PCSSQGVHLLTNHSVQSPHNF GAP F A S   TL SS  XTF
rat                                                          L   L                  W                     S   N T C MDE     V    ........MTTTVDS LCSSPGMHFITNDSDQVSQNF GVS V S P   KL ST  TTF
mouse                                                        L   L                  W                     S   N T C MDE     V    .......MTTTSVDS LCSSHGMHFITNYSDQASQNF GVP V S P   KL ST  TTF
chicken                                                      L   L                                        S       C LED     A    .......MAATSADL.LTTLPYEKAFQGNQNNLALNA ETQRNEN F   NA SF  ISF
xenopus                                                      L   L                  W                         N S C VDE     A    ......MDTTIAPNN LTQTS..PPINNFSIFTKYLGLEVT N E K   QS GT  AVL
lizard                                                       L   L                                            N T C   E     A    .......................................MQ G D VTA KS SL  LFS
fugu                                                         L   L                                        S     S   MED          MSSSS..S...SATSLPP...............PSTP HTN.H HQC   PN RLP AAM
zebrafish                                                     L   L                  W                         S   C LEE          MSSTE..SLQSFSSV DN...................RSMW NRS P   EA RLP AVL
carp                                                         L   L                  W                     N   S   C LEE          ...........MSTI PT...............DRFT HTF NRS P   EN RLP AVL

▲

                                                            human    
        70        80        90       100       110       120

human    W YS  F  GL  N  A   FL      NS    L N A ADL L  CLPFR  YH       VI IV  VG II LYV   IH KR  IQIY L V I   L I      IM  IN N                     G  R                    F           Q K 
cow      W YS  F  GL  N  A   FL      NS    L N A ADL L  CLPFR  YH       VI IM  VG II LYV   IH KR  IQIY L V I   L I      IM  IN N                     G  R                    F           Q K 
pig      W YS  F  GL  N  A   FL      NS    L N A ADL L  CLPFR  YH       VI IM  VG II LYV   IH KR  IQIY L V V   L I      IM  IN N                     G  R                    F           Q K 
rat      W YS  F  GL  N  A   FL      NS    L N A ADL L  CLPFR  YH       VI IV  VG II LYV   IH KR  IQIY L V V   L I      IM  IN N                     G  R                    F           Q R 
mouse    W YS  F  GL  N  A   FL      NS    L N A ADL L  CLPFR  YH       VI LV  VG II LYV   IH KR  IQIY L V V   L I      IM  IN N                     G  R                    F           Q K 
chicken  W YS  F  GL  N  A   FL      NS    L N A ADL L  CLPFR  YH       VI VI  VG II LFA   IH KR  IQVY L V I   L I      IL  IS N                     C  Q                    F           N T 
xenopus  W YS  F  GL  N  A   FL      NS    L N A ADL L  CLPFR  YH       II VI  LG IL IYV   IH KR  VQVY L   I   L I      IM  LS                       C  S           T        I           .HD 
lizard   W YS  F  GL  N  A   FL      NS    L N A ADL L  CLPFR  YH       II VI  V  VM LYV      KK  IQIY L V I   L I      IL  V  N           T         STPC                    F          KQ T 
fugu     W YS  F  GL  N  A   FL      NS    L N A ADL L  CLPFR  YH       L  V   VG LA LWV    R     L LF I   V   V L      I   LN      F  F             FQ SSN   R     C        G      S    GDQ 
zebrafish W 
carp     W

YS  F  GL  N  A   FL      NS    L N A ADL L  CLPFR  YH       LI L   LG LL LWV   LH RR  V VF I V L   V L      VL  A  N       F             F  R     R              A          LG V 
YS  F  GL  N  A   FL      NS    L N A ADL L  CLPFR  YH       LI L   AG LL LWV   LH RR  V VF I V L   V L      VL  AQ N        F             F  S     R              A           G V 

TM1 TM2 ICL1

                                                            human    
      240       250       260       270       280       290 

human         SY  I   L   S      P    Y   A  SF V   F  CF PYH FR  Y  LLIIL  IK  K  LRI K R K  N  K A T R   I LII TI  V   A   I IS          G N      R S F  SG   T   N                   F    
cow           SY  I   L   S      P    Y   A  SF V   F  CF PYH FR  Y  LLIIL  IK  K  LRI K R K  N  K A T R   I LII TV  V   A   V IS          G N      K S F  SG   T   N                   F    
pig           SY  I   L   S      P    Y   A  SF V   F  CF PYH FR  Y  LLIIL  IK  K  LRI K R K  N  K A T R   I LII TV  V   A   V IS          G N      R S F  SG   T   N                   F    
rat           SY  I   L   S      P    Y   A  SF V   F  CF PYH FR  Y  LLIIL  IK  K  LRI K R K  N  K A T R   I LII TI  V   A   I IS          G N      R S F  SG   T   N                   F    
mouse         SY  I   L   S      P    Y   A  SF V   F  CF PYH FR  Y  LLIIL  IK  K  LRI K R K  N  K A T R   I LII TI  V   A   I IS          G N      R S F  SG   T   N                   F    
chicken       SY  I   L   S      P    Y   A  SF V   F  CF PYH FR  Y  LLLIL  VK  K  LKI R R    N  K   T R   I LII TV  V   M   V IT          A N      K ANF  AV  TQ   N                   F    
xenopus       SY  I   L   S      P    Y   A  SF V   F  CF PYH FR  Y  L LIL  VK  K   RI R R H  N  R   T       L I TL  V       A IT S        A N F    E A L  AG  SC  QK  F  F          T  I    
lizard        SY  I   L   S      P    Y   A  SF V   F  CF PYH FR  Y   LLIL  IK     LKM K R R     K I   R   I LII TL  V   L   I ITF         ATH      K K F GTG   VI  N                   F    
fugu          SY  I   L   S      P    Y   A  SF V   F  CF PYH FR  Y  IMLVV  VK     LRV   K    N  R   S K     L L  V      A   V I           ASK     WD PDL  AH  QR   K  F  F  I   G      P   F
zebrafish      SY  I   L   S      P    Y   A  SF V   F  CF PYH FR  Y  VVLLV      R  LRA   K H  N  R A T R   V  LL TV  V   A     V        GQ A R     QD P L  AA   R   K    P              GF  A
carp          SY  I   L   S      P    Y   A  SF V   F  CF PYH FR  Y  VVLLV   R  R  LRA   K    N  R A T K   V LLL TI  V   A     V        G  A R     QD PDL  AT   R   K                   GF  A

TM5 TM6 ECL2

▲▲

                                                .......     human    
       130       140       150       160              170   

human      G   C  VG LFYMNMY SI L G ISL RY                        S   L  IL KV  T       I  I L     D  IKINRS    KAIT        K  I T  V                      F            IQQR    T....... Q  Y
cow        G   C  VG LFYMNMY SI L G ISL RY                        S   L  IL KV  T       I  I L     D  IKINRS    KAIT        K  I T  V                      F            IQQR    T....... Q  Y
pig        G   C  VG LFYMNMY SI L G ISL RY                        S   L  IL KV  T       I    L     D  IKINRS    KAIT        K  I T  V                  X   F            IQQR    T....... Q  Y
rat        G   C  VG LFYMNMY SI L G ISL RY                        S   L  IL KV  T       I  I L     D  IKINRS    RAIT        K  V T  V                      F            IQQR    T....... Q  Y
mouse      G   C  VG LFYMNMY SI L G ISL RY                        S   L  IL KV  T       I  I L     D  IKINRS    RAIT        K  I T  V                      F            IQQR    T....... Q  Y
chicken    G   C  VG LFYMNMY SI L G ISL RY                        S      IL KI  T       I  I L     D  VKINKS    KMLT           V MF W                      L            VKRP    T.......TR  H
xenopus    G   C  VG LFYMNMY SI L G ISL RY                        S   L  V  KI  N       I  V L     D   KV KS     V          K  I K  I F                    L      F  K  QRRNT SDR....... C  Q
lizard     G   C  VG LFYMNMY SI L G ISL RY                        S   L     RI  N       I  V L     D  IKINRS    KVVT        K  I L  LTF                    L            VQHI    T....... Q  Y
fugu       G   C  VG LFYMNMY SI L G ISL RY                        S   L  LA KM  N       I  M L        LRI         IT             H  P                      F   H     KGKGRARQG  VKLLGHRCPW WV
zebrafish   G   C  VG LFYMNMY SI L G ISL RY                        S   L   M RV  N       V    L     D  LKI  S                   L T  PR                 T   L         MG H.....RGRRWLR.GRSW  V
carp       G   C  VG LFYMNMY SI L G ISL RY                        S   L   M KA  N       V    M     D  LKIT      K           R  L S  PR                 T   L          GLRGSQ GCGLRWLR.GS W  V

TM3 ECL1

▲ ▲■

V CIV  LAL G L MIILT  K    NST  F YR KH NAKG  IF FIL VM  LI      M   G F T     LK .GGH   M  H  D  .    E              
V CIV  IALAG L MIILT  K    NST  F YR K  NAKG  IF YVL VM  LI      V     F T     LK .GGH   M  H  D V.    E              
V CAV  IALAG L MIILT  K    NST  F YR KH NAKG  IF FIL VM  LI      I     F T     LK .GGH   M  H  D  .    E              
V CVV  VALAG L MIILT  K    NST  F YR KH NAKG  IF FAL VM  LI      T     F T     LK .GGH   M  H  D  .    E              
V CIV  VALAG L MIILT  K    NST  F YR RH NAKG  IF FVL VM  LI      T     F T     LK .GGH   M  H  D  .    E              

  CVL  AAVV  L LIV Q  K    NSN  F Y  RK       VF YIL LV  IVT     I    SV F   T SS .KQS   M  Q SD  .DEVWQ              
I CIV  VAL G   VVV S  R    NST  F YR KK NA    I  YII IM   V       A   T FSL   P LF SDIS   L  H  N  .  MTE  L         T 

I C L  LAIMG I MVV S  K    N T  F YR K  NAK      YIL II  IV   T  T     F V   Q AW .EEK P K  N  G Q.   ME GL           
A   L  L LVG V MIVM         SN  F FK R  N KG  IF  LV V   LV   GT  S S   L P    AE...DEEH  K  Q  M SG G  K    V    F    
   LL  L VL  V MMAL             Y YK RK  ARG   F  VM AV  LV T G   G S  MA P    AE...GNEEPGK  Q  Q  .H   K Y  L         

                                                            human    
    180       190        200       210        220       230 

human     C   W                         C             A  N   V  FW  F  
cow       C   W                         C             A  N   V  FW  F  
pig       C   W                         C             A  N   V  FW  F  
rat       C   W                         C             A  N   V  FW  F  
mouse     C   W                         C             A  N   V  FW  F  
chicken   C   W                         C             A  N   V  FW  F 
xenopus   C   W                         C             A  N   V  FW  F  
lizard    C   W                         C             A  N   V  FW  F  
fugu      C   W                         C             A  N   V  FW  F 
zebrafish  C   W                         C             A  N   V  FW  F 
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Supplementary Fig. 5 Alignment of GPR34 across vertebrates.
(a) Alignment of GPR34 across vertebrates. Amino acid sequence alignment of GPR34 from 

human (Uniprot ID: P0DMS8), cow (Uniprot ID: Q0VC81), pig (Uniprot ID: F1SBN8), 

rat (Uniprot ID: P28647), mouse (Uniprot ID: Q3U4C5), chicken (Uniprot ID: R4GIJ8), 

Xenopus (Uniprot ID: ENSXETT00000046736.1), lizard (Uniprot ID: G1KF19), 

and fugu (Uniprot ID: H2VBI6). Secondary structure elements for α-helices are indicated 

by cylinders. Conservation of the residues is indicated as follows: red panels for completely 

conserved; red letters for partially conserved; and black letters for not conserved. 

(b) Conservation of the residues of GPR34. The sequence conservation among the vertebrate 

homologues of GPR34 was calculated using the ConSurf server (http://consurf.tau.ac.il) and 

is colored from cyan (low) to maroon (high).
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Supplementary Fig. 6 LysoPS and M1 access GPR34 from its lateral side.
(a) GPR34 activation induced by recombinant PS-PLA1 and the effect of LysoPS extraction from the cellular membrane on it. HEK293A cells 

expressing AP-TGFα, Gαq/i1, and GPR34 were stimulated by recombinant PS-PLA1 with or without BSA. For the negative control, HEK293 cells 

transfected with empty plasmid instead of GPR34-encoding plasmid were used. After 1 hour incubation, the amount of AP-TGFα 

in the supernatant was determined. The receptor-specific AP-TGFα release (differences in AP-TGFα release between GPR34-expressing cells 

and negative control cells) are shown. S166A is a mutant PS-PLA1, which do not have the catalytic activity. (b and c) The amount of 

18:1-LysoPS in the cells treated with recombinant PS-PLA1 and the concentration of 18:1-LysoPS in the supernatant. HEK293A cells were 

treated with recombinant PS-PLA1 for 1 hour. Then, LysoPS in the cells and the supernatant was extracted into MeOH, and the amount was 

evaluated by LC-MS/MS. (d) The illustration of GPR34 activation induced by PS-PLA1. PS-PLA1 hydrolyzes phosphatidylserine in the cellular 

membrane to produce LysoPS. The LysoPS laterally spreads in the cellular membrane and accesses GPR34. (e and f) The effect of M1 

incorporation into and extraction from the cellular membrane on GPR34 activation are shown. The schematic illustration of experimental 

procedure is shown (e). HEK293 cells expressing GPR34 and GloSensor-22F were incubated with M1 and washed by BSA-free or 

BSA-containing HBSS. After that, forskolin was added and the luminescence was measured. The cAMP levels in the HEK293 cells-expressing 

are shown (f). (g) The schematic illustration of M1 accessing GPR34. GPR34 can be activated by M1, which is in the cellular membrane. 

This is indicated by the data (e), which showed GPR34 was not activated when the cells were washed by BSA-containing HBSS and M1 was 

extracted from the cellular membrane. (h) The expression levels of the additional mutants (G185F, G185W, and A182W). (i) GPR34 activation of 

the additional mutants induced by S3E-LysoPS or PS-PLA1.HEK293A cells expressing AP-TGFα, Gαq/i1, and GPR34 were stimulated by 

S3E-LysoPS or PS-PLA1. Source data are provided as a Source Data file.
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Supplementary Fig. 7 Molecular dynamics simulations. 

(a) GPR34 activation induced by recombinant PS-PLA1 and the effect of LysoPS extraction from the cellular membrane on it. HEK293A cells 

expressing AP-TGFα, Gαq/i1, and GPR34 were stimulated by recombinant PS-PLA1 with or without BSA. For the negative control, HEK293 cells 

transfected with empty plasmid instead of GPR34-encoding plasmid were used. After 1 hour incubation, the amount of AP-TGFα 

in the supernatant was determined. The receptor-specific AP-TGFα release (differences in AP-TGFα release between GPR34-expressing cells 

and negative control cells) are shown. S166A is a mutant PS-PLA1, which do not have the catalytic activity. (b and c) The amount of 

18:1-LysoPS in the cells treated with recombinant PS-PLA1 and the concentration of 18:1-LysoPS in the supernatant. HEK293A cells were 

treated with recombinant PS-PLA1 for 1 hour. Then, LysoPS in the cells and the supernatant was extracted into MeOH, and the amount was 

evaluated by LC-MS/MS. (d) The illustration of GPR34 activation induced by PS-PLA1. PS-PLA1 hydrolyzes phosphatidylserine in the cellular 

membrane to produce LysoPS. The LysoPS laterally spreads in the cellular membrane and accesses GPR34. (e and f) The effect of M1 

incorporation into and extraction from the cellular membrane on GPR34 activation are shown. The schematic illustration of experimental 

procedure is shown (e). HEK293 cells expressing GPR34 and GloSensor-22F were incubated with M1 and washed by BSA-free or 

BSA-containing HBSS. After that, forskolin was added and the luminescence was measured. The cAMP levels in the HEK293 cells-expressing 

are shown (f). (g) The schematic illustration of M1 accessing GPR34. GPR34 can be activated by M1, which is in the cellular membrane. 

This is indicated by the data (e), which showed GPR34 was not activated when the cells were washed by BSA-containing HBSS and M1 was 

extracted from the cellular membrane. (h) The expression levels of the additional mutants (G185F, G185W, and A182W). (i) GPR34 activation of 

the additional mutants induced by S3E-LysoPS or PS-PLA1.HEK293A cells expressing AP-TGFα, Gαq/i1, and GPR34 were stimulated by 

S3E-LysoPS or PS-PLA1. Source data are provided as a Source Data file.

(a) Ensembles from each trajectory. The complex structures were extracted every 20 ns and superimposed on the first structure.

(b) A timeline representation of the interactions and contacts. The top panel shows the total number of contacts over the whole 

trajectory. The bottom panel shows residue-specified interact of the ligand in each trajectory frame (darker color represents larger 

contact count). (c) Definition of CV1 and CV2 in metadynamics simulation. (d and e) Energy landscape of (d) M1 and (e) S3E-LysoPS 

in metadynamics simulation, and representative conformations, including energetically unstable conformation 1, and energetically stable 

conformation 2 (U-shape). (f and g) Ligand RMSD (top panel) and RMSF values (bottom panel) during the 1 μs MD simulation. Atom 

index is illustrated on the chemical structure. (h and i) Ligand-K128 interaction energy calculated from 1 µs MD of (h) M1 and 

(i) S3E-LysoPS bound GPR34 (FF: OPLS3e). The interaction between M1 and K128 showed stronger binding (lower interaction energy) 

in a higher frequency as compared with S3E-LysoPS. (j and k) Ring distance and angle between Y207and Y289 in MD simulation of 

(j) M1 and (k) S3E-LysoPS bound GPR34. (l) Docking pose of an sn-1 deoxyLysPS derivative, deoxy-sn-1-C3-Ph-o-OBn-m-OTol.

j k

l sn-1 derivative 
(deoxy-sn-1-C3-Ph-o-OBn-m-OTol)

M1-GPR34 (MD) sn-1 derivative-GPR34 (docking)

S3E-LysoPSM1



Supplementary Fig. 8 Purity of sn-1 and sn-2 LysoPS preparation used in this study.
(a and b) Agonist activities of each lysophosphatidylserine (LysoPS) molecule toward GPR34, measured by the transforming growth factor 

(TGF)-α shedding assay (a) and the cyclic adenosine monophosphate (cAMP) assay (b). Both sn-1 LysoPS (18:1) and sn-2 LysoPS (18:1) were 

prepared by digesting di-oleoyl (18:1) PS with Rhizomucor miehei lipase, which has phospholipase A1 activity. For the TGF-α shedding assay (b), 

HEK293A cells expressing alkaline phosphatase-tagged (AP)-TGFα, Gαq/i1, and GPR34, as well as negative-control cells transfected with empty 

plasmid in place of the GPR34-encoding plasmid, were treated with each LysoPS. After 1 h incubation, the amount of AP-TGFα in the supernatant 

was determined. Receptor-specific AP-TGFα release, measured as the difference in AP-TGFα release between GPR34-expressing and negative 

control cells, is shown for each agonist. In the cAMP assay (b), HEK293 cells expressing GPR34 and GloSensor-22F, a cAMP biosensor, were 

loaded with D-Luciferin and treated with each LysoPS plus forskolin. Luminescence signals were then measured and normalized, and the ratios of 

cAMP signal when stimulated with LysoPS vs. forskolin only are shown. Symbols and error bars indicate the average and standard error of the 

mean (SEM), respectively, from three independent experiments. (c and d) Parameters obtained from the TGF-α shedding assay (c) and the cAMP 

assay (d). (e and f) Purity of sn-1 and sn-2 LysoPS preparation used in this study (e) Purity of 1-oleoyl-rich (A) and 2-oleoyl-rich LysoPS (B) was 

checked by LC-MS/MS analysis in which they were separated on LC. The chromatograms show a purity of about 95% for 1-oleoyl-rich LysoPS and 

about 90% for 2-oleoyl-rich LysoPS. (f) Quantification data for (e and f) are shown in (g). Source data are provided as a Source Data file.

Compound pEC50 EC50 Emax n  =
sn-1 LysoPS (18:1) 6.45 ± 0.25 350 nM 7.5 ± 1.2% 3
sn-2 LysoPS (18:1) 6.52 ± 0.09 300 nM 13 ± 1.5% 3

S3E-LysoPS 8.03 ± 0.02 9.4 nM 11 ± 0.3% 3
M1 7.77 ± 0.01 17 nM 14 ± 0.1% 3

TGFα shedding assay.

cAMP assay.
Compound pEC50 EC50 Emax n  =

sn-1 LysoPS (18:1) < 5.5  > 3 μM NA 3
sn-2 LysoPS (18:1) 6.85 ± 0.06 140 nM 10 ± 1.3% 3

S3E-LysoPS 8.07 ± 0.04 8.5 nM 10 ± 0.7% 3
M1 7.80 ± 0.03 16 nM 13 ± 0.4% 3
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Supplementary Fig. 9 The responses of GPR34 toward sn-1 LysoPS and sn-2 LysoPS.
(a) The response of wild-type GPR34 toward sn-1 LysoPS, sn-2 LysoPS, and M1 is shown. The TGFα shedding assay was 

performed using HEK293 cells transfected with AP-TGFα, Gαq/i1, and each GPR34-expressing vector. For negative control cells, empty 

plasmid was transfected instead of a receptor-expressing plasmid. In each panel, receptor-specific AP-TGFα release levels (differences 

in AP-TGFα release between receptor-expressing cells and negative control cells) are shown. Symbols and error bar mean average and 

SEM, respectively, from 5-8 independent experiments. (b) The responses of wild-type GPR34 and 18 mutants of GPR34 toward sn-1 LysoPS

and sn-2 LysoPS are shown. The sn-1 response to the wild-type receptor was too low to calculate an EC50, so we could only qualitatively 

distinguish a decrease in the sn-1 response due to mutation. Interestingly, some mutants had an increased sn-1 response, comparable to 

the sn-2 response. The specific reason for the result of mutagenesis is unclear, but it is likely that the ligand-binding pocket of GPR34 is 

optimized for recognition of sn-2 LysoPS. Source data are provided as a Source Data file. 

10
-11

10
-9

10
-7

10
-5

0

10

20

30

0

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

WT
sn-1 LysoPS (pEC50: UD)
sn-2 LysoPS (pEC50: 7.21)
M1 (pEC50: 8.41)

10
-12

10
-11

10
-9

10
-7

10
-5

0

10

20

0
10

-12

10
-11

10
-9

10
-7

10
-5

0

10

20

0
10

-12

10
-11

10
-9

10
-7

10
-5

0

10

20

0

10
-12

10
-11

10
-9

10
-7

10
-5

0

10

20

0
10

-12

10
-11

10
-9

10
-7

10
-5

0

10

20

0

10
-12

10
-11

10
-9

10
-7

10
-5

0

10

20

0

10
-12

10
-11

10
-9

10
-7

10
-5

0

10

20

0
10

-12

10
-11

10
-9

10
-7

10
-5

0

10

20

0
10

-12

10
-11

10
-9

10
-7

10
-5

0

10

20

0
10

-12

10
-11

10
-9

10
-7

10
-5

0

10

20

0

10
-12

10
-11

10
-9

10
-7

10
-5

0

10

20

0
10

-12

10
-11 0-

9
0-

7

10
-5

0

10

20

0

10
-12

10
-11

10
-9

10
-7

10
-5

0

10

20

0
10

-12

10
-11

10
-9

10
-7

10
-5

0

10

20

0

10
-12

10
-11

10
-9

10
-7

10
-5

0

10

20

0
10

-12

10
-11

10
-9

10
-7

10
-5

0

10

20

0

10
-12

10
-11

10
-9

10
-7

10
-5

0

10

20

0

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

1

0

10

20

0-
12

10
-11

10
-9

10
-7

10
-50

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

10

0

10

20

-12

10
-11

10
-9

10
-7

10
-50

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

G
PC

R
 a

ct
iv

at
io

n
(%

AP
-T

G
Fα

 re
le

as
e)

Compound (μM) Compound (μM) Compound (μM) Compound (μM)

Compound (μM)

Compound (μM)

Compound (μM)

Compound (μM)

Compound (μM) Compound (μM) Compound (μM)

Compound (μM) Compound (μM) Compound (μM)

Compound (μM) Compound (μM) Compound (μM)

Compound (μM) Compound (μM) Compound (μM)

WT R1102.60A

F205ECL2A

E3107.36A

Y2896.58A

K1283.26A

M1363.34A M1894.60A

N3097.35A

R208ECL2A

L2235.43A

R2866.55AN2205.40AK210ECL2A

Y1353.33F

H206ECL2A

Y1353.33A

Y207ECL2A

F2195.39A

1 1

a b



d

TM3
D1513.49

Y1533.51 R1523.50

D3237.49

P3247.50

N721.50

D1002.50

F2756.44

Y1353.33

N3097.35

F2315.51

I2305.50

F2275.47

P2816.50

R2866.55

N3197.45

Y2826.51

I1423.40

F2796.48 S1413.39

TM1

TM2

TM5

TM6
TM7

GPR34 (S3E-LysoPS-bound)
GPR34 (M1-bound)

b GPR34 (S3E-LysoPS-bound)

TM5
TM7

TM3

TM6

TM4

TM1

TM2

R2866.55

a
P2Y12

TM5

R2566.55

TM4

TM3
TM2

TM1

TM7
TM6

P2Y12 (agonist-bound)
P2Y12 (antagonist-bound)

4 Å

Supplementary Fig. 10 Comparison of the conserved motifs.
(a-c) Comparison of R6.55 in P2Y12 (a)  (PDB 4NTJ and 4PY0), S3E-LysoPS-bound-GPR34 (b), and M1-bound GPR34 (c) 
structures. (d) Comparison of the conserved motifs at the receptor cores in the M1- and S3E-LysoPS-bound receptors.
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Human_P2Y10   Y  I   GL  N  AL V            I   N   ADL     LP RI Y      T  L  I   L   A  W           A  FMI L V   A V          IS  T  I  F P   A S     LCRFISKKNK I      S     H LS  L  Y Y  .H
Human_GPR174   Y  I   GL  N  AL V            I   N   ADL     LP RI Y      T  V  V   I   L  W           A  FMI L I   L V          LN  V  T  L P   G I     FYGYMKETKR V      A     Q LS  L  F Y  .H

TM1 TM2 ICL1

▲

              .                                   .         Human_GPR34 
180       190        200       210       220        230      

Human_GPR34 W            L        N   CF                              I  MLA    L   I  T                 HNA        I V      I  LI L    LGGF TMI  . LKKGGH STM  HYRDK   KGEAIFNF L VMF.WL FL    
Human_P2Y10 W            L        N   CF                              I  IVV    L   I  S                 KQM        I V      V  VI I    GTAC PFP  R TDL..N NKS  ADLGY   NAVALVGM T AELAGF IP    
Human_GPR174 W            L        N   CF                              I  LII    V   L  T                 RNV        M I      V  LL V    CLAC LFP  R SDDTSG RTK  VDLPT   NLAQSVVM T GELIGF TP    

TM4 TM5 ECL2

■ ■ ■■■ ■ ■ ▲ ▲ ▲ ▲▲

                                                .           Human_GPR34 
 240       250       260       270       280        290     

Human_GPR34       K                               F ICF PYH  F           Y     N L I                AR     L I                I     S IKIG  L R SKRRSKFPNSGKYATT  NSFIV I  T   V   A. RFIY SSQLN
Human_P2Y10       K                               F ICF PYH  F           W     T I L                LR     A V                M     A CT.W  T S RQPPMAFQGISERQKA  MVFMC A  F   T   IN IFYT VKETI
Human_GPR174       K                               F ICF PYH  F           Y     T L L                LK     A V                L     L CT.W  V S QDKYPMAQDLGEKQKA  MILTC G  L   A   FS PLDF VKSNE

TM6 ICL3

▲ ▲

                                                            Human_GPR34 
  300       310       320       330       340               

Human_GPR34   SC             L L S    LDP  Y       R                    V       IV                   VM F   S     M                  S  YWKE  HKTNEIM V S FNSC       LMS NI KI CQLLF........RRFQ
Human_P2Y10   SC             L L S    LDP  Y       R                    I       IA                   IL Y   S     L                  S  PVVR  LYFHPFC C A LCCL       FMA EF DQ SRHGSSVTR....SRLM
Human_GPR174   SC             L L S    LDP  Y       R                    I       VI                   VI Y   N     L                  K  LARR  LIFHSVA C A LNSC       FST EF RR SRQDLHDSIQLHAKSFV

TM7 H8 ECL3

▲▲

▲ : hydrophilic pocket

■ : hydrophobic pocket 

Supplementary Fig. 11 Comparison of the GPR34, P2Y10, and GPR174 sequences.
Alignment of the amino acid sequences of human GPR34 (Uniprot ID: Q9UPC5), human P2Y10 (Uniprot ID: O00398), 

and human GPR174 (Uniprot ID: Q9BXC1). Secondary structure elements for α-helices are indicated by cylinders. Conservation of 

the residues is indicated as follows: red panels for completely conserved, red letters for partially conserved, and black letters for 

not conserved. 



Supplementary Discussion

Insight into ethoxy substitution

Intriguingly, although our structure–function relationship (SAR) results suggest enhanced activity by introducing 

an ethoxy group at the sn-1 position, the populated positions of the ethoxy substituent in M1 (alongside TM4) and 

S3E-LysoPS (pointing at TM5) are similar (Fig. 4a,b, Supplementary Fig. 7a, and Supplementary Video 1). In both 

the cryo-EM structures and MD simulations, the ethoxy group does not make apparent interactions with receptor 

residues (Fig. 2e, 3b, and 4a,b). Instead, this pinning ethoxy group tightly restricts and stabilizes the overall binding 

poses of the ligands (M1 and S3E-LysoPS), including both the hydrophilic moiety (root-mean-square-fluctuation 

[RMSF]P <1 Å, [RMSF]Ser <1 Å) and hydrophobic moiety (Supplementary Fig. 7f,g), by filling up the space in 

the vicinity of TMs 4–6 and extracellular loop (ECL)2.

Insight into the MD simulation of the S3E-LysoPS- and M1-bound receptors

The results of the mutant experiments are in rough agreement with the residues observed to interact in the MD 

simulation, but attention should be paid to K1283.26 and Y2896.58. The K128A mutation did not affect the potency of 

S3E-LysoPS, but greatly reduced that of M1 (Supplementary Table 2), and even though the interaction between K128A 

and the ligand is conserved in both MD simulations of the S3E-LysoPS- and M1-bound GPR34 structures (Fig. 4a,b), 

the interaction fraction of S3E-LysoPS is lower than that of M1 (approximately 1.2 (S3E-LysoPS) vs. 1.6 (M1)). 

Besides, the calculated interaction energy (Force field: OPLS3e) throughout the trajectory suggested that the binding 

percentage between M1 and K1283.26 is larger than that between S3E-LysoPS and K1283.26 (Supplementary Fig. 7h,i), 

consistent with the mutational analysis. As for Y2896.58, we found that it formed hydrophilic interactions with the serine 

moieties of ligands in both the M1- and S3E-LysoPS-bound GPR34 structures (Fig. 4a,b). These interactions are stable, 

but occur in a low-frequency manner. In addition to directly contacting the ligand, Y2896.58 also stabilizes the binding 

pocket by tilted T-shaped pi-pi stacking with Y207ECL2 (Supplementary Fig. 7j,k). Thus, the Y289A mutant should have 

dramatically reduced activity in the mutagenesis study (Supplementary Table 2).

Docking of sn-1 LysoPS derivative

In our previous studies of LysoPS derivatives, we could increase ligand activity of an sn-1-type derivative to a level 

comparable to that of sn-3 ligands by properly modifying the structure of the fatty acid moiety (Supplementary Fig. 

7k). In this sense, the ligand’ s hydrophobic tail can play a role similar to that of the ethoxy group in S3E-LysoPS, 

enabling the hydrophilic regions of sn-1-type ligands to adopt the proper U-shaped conformation required to interact 

with the binding site in a manner similar to sn-3-type derivatives (Supplementary Fig. 7l). This implies that structural 

change in the glycerol linker (e.g., S3E-LysoPS), as well as in the hydrophobic region, can induce the proper 

conformational changes in the phosphoserine part of the molecule, facilitating interaction with the binding pocket of 

GPR34, and thus activating GPR34 activity1 .



Insight into the D151A mutational effect

The D151A mutation of GPR34 has been previously associated with lymphoma due to its capacity to augment 

G-protein activity2. In the present cryo-EM structures, D1513.49 does not directly engage with Gi (Fig. 5c). D1513.49 

constitutes an essential part of the conserved DRY motif, wherein D3.49 establishes an ionic lock with R3.50, impeding 

its structural transition during receptor activation. Observing that R1523.50 is similarly oriented toward the center of 

the transmembrane bundle, as observed in other GPCR-G protein complexes (Fig. 5c), the ionic lock between D1513.49 

and R1523.50 likely exists in the inactive state of GPR34. Consequently, the disruption of this ionic lock could elucidate 

the heightened activity resulting from the D151A mutation.
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