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            Abstract
Lysophosphatidic acid (LPA) is a bioactive lipid composed of a phosphate group, a glycerol backbone, and a single acyl chain that varies in length and saturation. LPA activates six class A G-protein-coupled receptors to provoke various cellular reactions1. Because LPA signalling has been implicated in cancer2 and fibrosis3, the LPA receptors are regarded as promising drug targets. The six LPA receptors are subdivided into the endothelial differentiation gene (EDG) family (LPA1â€“LPA3)1 and the phylogenetically distant non-EDG family (LPA4â€“LPA6)4. The structure of LPA1 has enhanced our understanding of the EDG family of LPA receptors5. By contrast, the functional and pharmacological characteristics of the non-EDG family of LPA receptors have remained unknown, owing to the lack of structural information. Although the non-EDG LPA receptors share sequence similarity with the P2Y family of nucleotide receptors4, the LPA recognition mechanism cannot be deduced from the P2Y1 and P2Y12 structures6,7,8 because of the large differences in the chemical structures of their ligands. Here we determine the 3.2â€‰Ã… crystal structure of LPA6, the gene deletion of which is responsible for congenital hair loss9,10, to clarify the ligand recognition mechanism of the non-EDG family of LPA receptors. Notably, the ligand-binding pocket of LPA6 is laterally open towards the membrane, and the acyl chain of the lipid used for the crystallization is bound within this pocket, indicating the binding mode of the LPA acyl chain. Docking and mutagenesis analyses also indicated that the conserved positively charged residues within the central cavity recognize the phosphate head group of LPA by inducing an inward shift of transmembrane helices 6 and 7, suggesting that the receptor activation is triggered by this conformational rearrangement.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more



Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more



Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more



Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Structure of LPA6.


Figure 2: Docking simulations.


Figure 3: Mutagenesis analyses of residues involved in ligand recognition.


Figure 4: Putative ligand recognition mechanism and structural comparison.
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Extended data figures and tables

Extended Data Figure 1 Sequence alignment of LPA6
The amino acid sequence alignment of zebrafish LPA6 (DrLPA6), human LPA6 (HsLPA6), mouse LPA6 (MmLPA6) and chicken LPA6 (GgLPA6). Fully conserved residues are highlighted in blue, and well-conserved residues are highlighted in grey. The secondary structure of LPA6 is shown above the alignment. Dashed lines indicate the disordered regions in the crystal structure. The residue numbers are based on DrLPA6.


Extended Data Figure 2 Characterization and comparison of zebrafish and human LPA6 activities with various LPA species.
a, Chemical structures of LPA6 ligands used for the functional analyses and the docking simulation. The structures of 1-oleoyl (18:1)-LPA, 1-linoleoyl (18:2)-LPA, 2-linoleoyl (18:2)-LPA, and 2-alkyl-OMPT-(R) are shown. As compared with 2-oleoyl (18:1)-LPA (not shown), 2-alkyl-OMPT-(R) has three modifications: a thiophosphate polar head group (open arrowhead), which makes the molecule resistant to degradation by a lipid phosphate phosphatase; a methoxy group at the sn-1 position (filled arrowhead), which blocks intramolecular acyl chain migration; and an ester linkage (alkyl group) at the sn-2 position (arrow). b, G12/13-dependent TGFÎ± shedding response of LPA6. Receptor activities of N-terminally epitope-tagged and C-terminally truncated zebrafish LPA6 (DrLPA6) and full-length human LPA6 (HsLPA6) were measured by the TGFÎ± shedding assay using G12/13-deficient cells, Gq/11-deficient cells and their parental HEK293A cells. Receptor-specific signals (grey symbols) indicate the percentage difference in APâ€“TGFÎ± release between LPA6-expressing cells (filled symbols) and mock-transfected cells (open symbols). Data are mean and s.e.m. of four independent experiments, each performed with two or three biological replicates. Values at the top of each panel indicate mean Â± s.e.m. (nâ€‰=â€‰4) of pEC50 values, calculated by fitting a sigmoidal concentrationâ€“response curve to the receptor-specific signals. Note that the origin of the parental cells is different from the HEK293FT cells, which have a low background LPA response and were used in the rest of the experiments. c, Activities of 1-acyl LPA species (with acyl chains differing in length and/or saturation) and 2-alkyl-OMPT-(R) towards LPA6. Data are mean and s.e.m. of four independent experiments, each performed with three biological replicates. Values on the right indicate mean Â± s.e.m. (nâ€‰=â€‰4) of pEC50 values, calculated by fitting a sigmoidal concentrationâ€“response curve to the receptor-specific signals. Values in parentheses indicate mean Â± s.e.m. (nâ€‰=â€‰4) of log10 relative intrinsic activity (RAi) values, in which LPA (18:1) was set as the reference compound (by definition, the relative intrinsic activity values for LPA (18:1) and its logarithm are equal to 1 and 0, respectively). Although the purchased LPA species were synthesized as 1-acyl forms, 1-acyl LPA and 2-acyl LPA co-exist in an approximately 9:1 ratio in an aqueous solution, owing to intramolecular migration of the acyl chain. The measured receptor activity reflects the responses towards both 1-acyl and 2-acyl LPA species.


Extended Data Figure 3 Electron density maps of LPA6
a, Overall structure of the LPA6 crystallization construct, including T4L fused between TM5 and TM6, and the C-terminal linker (A(+1)SSEDLYFQ(+9)) derived from the TEV protease cleavage sequence. The receptor is coloured and viewed as in Fig. 1a. T4L is shown as grey cylinders, and the C-terminal linker is coloured purple, with the side chains shown as stick models. b, Close-up view of the C-terminal linker between the N and C lobes of T4L. The 2Foâ€‰âˆ’â€‰Fc electron density map of the C-terminal loops (I309â€“S312 of LPA6 and the linker region), contoured at 1.0Ïƒ, is shown as a green mesh. The disordered side chain is labelled with an asterisk. c, Stereo view of the 2Foâ€‰âˆ’â€‰Fc electron density map (contoured at 1.0Ïƒ) around the conserved motifs (D/ERY, NPXXY), viewed from the same orientation as in b. The map is shown as a green mesh. TM1, TM2, TM4 and MO3 are omitted for clarity. d, Stereo view of the 2Foâ€‰âˆ’â€‰Fc electron density map (contoured at 1.0Ïƒ) around the vertical cleft, viewed from the same orientation as in a. TM1, TM2, TM6 and TM7 are omitted for clarity.


Extended Data Figure 4 Structural comparison of LPA6 with class A GPCRs.
a, Superimposition of the LPA6 structure with the P2Y1â€“antagonist complex structure (PDB code 4XNV), viewed from the extracellular side, the membrane plane, and the cytoplasmic side. b, Comparison of the structures around the D/ERY and the NPXXY motifs. The structures of LPA6, the P2Y1â€“antagonist complex (PDB code 4XNV), and the P2Y12â€“antagonist complex (PDB code 4NTJ) are shown, with the inactive and active structures of the Î²2 adrenergic receptor (Î²2AR; PDB codes 2RH1 and 3SN6, respectively), the M2 muscarinic acetylcholine receptor (M2R; PDB codes 3UON and 4MQS, respectively), and the Î¼-opioid receptor (Î¼OR; PDB codes 4DKL and 5C1M, respectively). In each image, TM6 is omitted for clarity. In the active structures of Î²2AR, M2R and Î¼OR, the relative motions of R3.50 and Y7.53, as compared to the inactive structures, are depicted as red arrows. The D7.49 residues of P2Y1 and P2Y12 were mutated to N in the determined structures, and thus these residues are labelled with asterisks. The orientations of the R3.50 and Y7.53 side chains of LPA6 indicate that the LPA6 structure represents the inactive state. câ€“e, Structural comparison of LPA6 with LPA1. Overall structures of the monoolein-bound LPA6 (c), the LPA-docked model of LPA6 (binding model 2) (d), and the LPA1â€“antagonist complex (PDB code 4Z34) (e) are shown as both cylinder models and surface representations. In each panel, the two images on the left are viewed from the same orientation as in Fig. 1a. The bottom right images are the cut-away surface representations of the structures, showing the shapes of the ligand-binding cavities. In c, MO2 and MO3 are omitted for clarity.


Extended Data Figure 5 Mutagenesis analyses using the TGFÎ± shedding assay.
a, Receptor activity of wild-type zebrafish LPA6 towards 1-oleoyl (18:1)-LPA, 1-linoleoyl (18:2)-LPA and 2-alkyl-OMPT-(R). Cells transfected with N-terminally epitope-tagged and C-terminally truncated zebrafish LPA6 (wild type) or an empty vector (mock transfection) were subjected to the TGFÎ± shedding assay. Raw APâ€“TGFÎ± release signals in cells transfected with wild-type LPA6 are shown as coloured symbols (1-oleoyl (18:1)-LPA, red; 1-linoleoyl (18:2)-LPA, yellowish green; 2-alkyl-OMPT-(R), light blue), and those in mock-transfected cells are denoted as grey symbols. Receptor-specific APâ€“TGFÎ± release signals (percentage difference in APâ€“TGFÎ± release between LPA6-transfected cells and mock-transfected cells; legends are on the right) are shown in each panel and overlaid in the right panel. b, Receptor activities of 32 LPA6 point mutants examined in this study. As in a, each mutant LPA6 was expressed in HEK293 cells and its receptor-specific responses towards the three ligands were examined using the TGFÎ± shedding assay. Data are mean and s.e.m. of 5â€“14 independent experiments, each performed with two or three biological replicates. See Extended Data Table 2 for parameters obtained from the concentrationâ€“response curves.


Extended Data Figure 6 Biochemical analyses of the mutant LPA6 constructs and the LPA-producing enzyme PA-PLA1Î±.
a, b, The total binding and the non-specific binding of [3H]1-oleoyl (18:1)-LPA towards the mutants of positively charged residues (nâ€‰=â€‰9) (a) and the mutants of residues within the hydrophobic cleft (nâ€‰=â€‰8) (b). Data are mean Â± s.e.m. c, Representative fluorescence-detection size-exclusion chromatography (FSEC) profiles of LPA6â€“eGFP, heated at the respective temperatures and detected by eGFP fluorescence. d, Melting curve of LPA6â€“eGFP derived from eight repetitive FSEC-TS measurements. Note that the error bars are smaller than the symbols. e, List of the melting temperatures (Tm values), determined by fitting the melting curves to a sigmoidal doseâ€“response equation. f, LPA production by PA-PLA1Î± accumulated in the cellular fraction, but not in conditioned media. HEK293 cells were transfected with a plasmid encoding wild-type PA-PLA1Î± or a catalytically inactive mutant (S154A). After a 1-day incubation, conditioned media (CM) and cells were prepared, and the amounts of LPA species were quantified by LCâ€“MS/MS. Among the LPA species measured by LCâ€“MS/MS, 1-oleoyl (18:1)-LPA and palmitoyl (16:0)-LPA were detectable. ND, not detectable. g, LPA6 activation by PA-PLA1Î±. HEK293 cells were transfected with a mixture of a plasmid encoding wild-type or S154A PA-PLA1Î±, a human LPA6-encoding plasmid or an empty vector (Mock), and the APâ€“TGFÎ± reporter-encoding plasmid. After a 1-day incubation, the amount of APâ€“TGFÎ± released into the conditioned media was quantified. Data are expressed by subtracting the values obtained from a mock transfection (an empty plasmid together with APâ€“TGFÎ±-encoding plasmid and human LPA6-encoding plasmid) from those of the PA-PLA1Î± plasmid-transfected condition. Data are representative of two independent experiments, each performed with biological triplicates.


Extended Data Figure 7 Preference of the LPA6 mutants for LPA species.
Receptor activities of zebrafish LPA6 mutants (L1153.41F, L1534.52F, and V2015.45F) towards LPA species (with acyl chains differing in length and/or saturation) and 2-alkyl-OMPT-(R). All of the data and the values were collected, analysed and represented in the same manner as in Extended Data Fig. 2c, but using point mutants of zebrafish LPA6 constructs. Data are mean and s.e.m. of three to five independent experiments each performed with three biological replicates. Values indicate mean Â± s.e.m. (nâ€‰=â€‰3â€“5) of pEC50 values, with log10 relative intrinsic activity (RAi) values in parentheses.


Extended Data Figure 8 Sequence alignment of LPA6 and phylogenetically related receptors.
The amino acid sequence alignment of zebrafish LPA6 (DrLPA6), human non-EDG family LPA receptors (HsLPA4, HsLPA5, HsLPA6), human LPS receptors (HsLPS1 (also known as GPR34), HsLPS2 (P2Y10) HsLPS3 (GPR174)), human P2Y1 receptor (HsP2Y1), and human P2Y12 receptor (HsP2Y12). Strictly conserved residues are highlighted with coloured letters in the blue boxes, and highly conserved residues are highlighted with coloured letters in a grey background. The residue types are coloured as follows: hydrophobic residues (A, V, L, I and M), magenta; aromatic residues (F, Y and W), blue; polar residues (S, T, N and Q), brown; acidic residues (D and E), red; basic residues (H, K and R), cyan; glycine and proline (G and P), orange; cysteine (C), green. The positions of the LPA6 transmembrane helices are shown above the alignment. The residue numbers are based on DrLPA6.


Extended Data Table 1 Data collection and structure refinement statisticsFull size table


Extended Data Table 2 The parameters obtained from the TGFÎ± shedding assayFull size table
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        Editorial Summary
Lipid-signalling receptor accessible from the cell membrane
The lysophosphatidic acid (LPA) receptors are a group of G-protein-coupled receptors (GPCRs) implicated in the development of cancer and fibrosis. The six LPA receptors consist of LPA1â€“LPA3 and the recently discovered LPA4â€“LPA6. LPA4â€“LPA6 are interesting potential therapeutic targetsâ€”the LPA6 gene deletion, for example, results in congenital hair lossâ€”but lack of structural data has hampered research efforts in this area. Here, Osamu Nureki and colleagues report the crystal structure of the zebrafish LPA6 receptor, which contains an unusual ligand binding pocket that is open to the cell membrane. The authors propose that the lipid ligand binds to this lateral pocket. This work provides information on ligand recognition and could inform potential drug discovery efforts.
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