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            Abstract
The G-protein-coupled bile acid receptor (GPBAR) conveys the cross-membrane signalling of a vast variety of bile acids and is a signalling hub in the liverâ€“bile acidâ€“microbiotaâ€“metabolism axis1,2,3. Here we report the cryo-electron microscopy structures of GPBARâ€“Gs complexes stabilized by either the high-affinity P3954 or the semisynthesized bile acid derivative INT-7771,3 at 3Â Ã… resolution. These structures revealed a large oval pocket that contains several polar groups positioned to accommodate the amphipathic cholic core of bile acids, a fingerprint of key residues to recognize diverse bile acids in the orthosteric site, a putative second bile acid-binding site with allosteric properties and structural features that contribute to bias properties. Moreover, GPBAR undertakes an atypical mode of activation and G protein coupling that features a different set of key residues connecting the ligand-binding pocket to the Gs-coupling site, and a specific interaction motif that is localized in intracellular loop 3. Overall, our study not only reveals unique structural features of GPBAR that are involved in bile acid recognition and allosteric effects, but also suggests the presence of distinct connecting mechanisms between the ligand-binding pocket and the G-protein-binding site in the G-protein-coupled receptor superfamily.
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                    Fig. 1: Cryo-EM structure of GPBARâ€“Gs complexes.[image: ]


Fig. 2: Activation mechanism of GPBAR.[image: ]


Fig. 3: The coupling of GPBAR to Gs.[image: ]


Fig. 4: The second ligand-binding pocket and its allosteric effect.[image: ]


Fig. 5: Structural basis of the biased agonism by INT-777.[image: ]
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                Data availability


The cryo-EM density map for the P395â€“GPBARâ€“Gs complex and the INT-777â€“GPBARâ€“Gs complex have been deposited in the EMDB under the accession codes EMD-30344 and EMD-30345, respectively. The coordinates for the model of P395â€“GPBARâ€“Gs and INT-777â€“GPBARâ€“Gs have been deposited in the PDB under the accession numbers 7CFM and 7CFN, respectively. All other data are available on request from the corresponding authors.
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Extended data figures and tables

Extended Data Fig. 1 Cryo-EM images and single-particle reconstruction of the P395â€“GPBARâ€“Gs and INT-777â€“GPBARâ€“Gs complex.
a, Left panel: representative elution profile of Flag-purified P395â€“GPBARâ€“Gs complex on Superose 6 Increase 10/30 column and SDSâ€“PAGE of the size-exclusion chromatography peak. Right panel, coomassie-stained PAGE of the isolated perk fraction from the Superose 6. Representative Figures from three independent experiments was shown. Full-length human GPBAR with thermostabilized cytochrome b562RIL (BRIL) introduced into the N terminus was coexpressed with Gs protein in Spodoptera frugiperda (Sf9) insect cells. Active complexes were readily formed by the addition of excess high-affinity agonist P395 and the nanobody Nb35. b, Effects of different bile acids and bile acid derivatives on GPBARâ€“Gs complex formation, using P395 as positive control. The low solubility and affinity of endogenous bile acids complicate the formation of bile acidâ€“GPBARâ€“Gs complexes in vitro. We screened a panel of bile acids and identified that only INT-777 robustly promoted a high fraction of GPBARâ€“Gs complex formation. Western blot of Flag-GPBAR, Gs were detected by specific antibody and quantified using densitometry. Representative western blots from at least three independent experiments were shown. (For raw data, see Supplementary Fig. 1). c, d, Cryo-EM micrograph (Scale bar: 30 nm) and reference-free two-dimensional class averages (Scale bar: 5 nm) of the P395â€“GPBARâ€“Gs complex (c) and INT-777â€“GPBARâ€“Gs complex (d). Representative Cryo-EM micrograph from 4826 movies or 6229 movies (shown in e or f respectively) and representative two-dimensional class averages determined using approximately 0.3 million (c) or 1 million (d) particles after 3D classification were shown. e, f, Flow chart of cryo-EM data processing of P395â€“GPBARâ€“Gs complex (e) and INT-777â€“GPBARâ€“Gs complex (f). The GPBARâ€“Gs complexes stabilized by P395 or INT-777 were analysed by single-particle Cryo-EM, which enabled us to construct electron density maps with an overall resolution of 3.0-Ã….


Extended Data Fig. 2 Selected electron microscopy density map of the P395â€“GPBARâ€“Gs complex and the INT-777â€“GPBARâ€“Gs complex.
a, 3D density map colored according to local resolution (Ã…) of the P395 and INT-777â€“bound complexes. b, Gold-standard FSC (blue) curves and the model-vs-map (green), FSCwork (yellow) and FSCfree (pink) validation curves of P395 and INT-777 bound GPBAR-Gs complexes. The marginal gap between the FSCwork and FSCfree curves indicate no over-fitting of the models. c, d, EM density of the transmembrane helices, ligands and ICL3 of GPBAR and the Î±5 helix of GÎ±s of P395-GPBAR-Gs complex (c) and INT-777â€“GPBARâ€“Gs (d) complex respectively. GPBAR including all seven transmembrane (TM) helices with both intracellular and extracellular loops (ICLs and ECLs, respectively) was confidently modelled using the high-resolution electron density, and the majority of the side chains from the receptor and the G proteins were clearly identified. In particular, a well-defined density was observed for ICL3, which is not well resolved in any of the available GPCRâ€“Gs structures. In the receptor orthosteric binding pocket, well-defined electron densities were unambiguously assigned to the compound P395 or the bile acid derivative INT-777.


Extended Data Fig. 3 Activation of GPBAR by P395 and INT-777.
a, Diagram of P395 interaction in the ligand binding pocket of GPBAR. The hydrogen bond is depicted as a dashed line. b, The restraint of the hydrophobic pathes forces the folding of P395 into a U-shaped configuration rather than an extended topology, as predicted by previous studies. c, Schematic representation of the chemical structure of INT-777 (4 rings, ring A, B, C and D were designated). d, The INT-777 assumes a flat structure, folding between the ring A and the ring B of its steroid core with an approximately 100 degree. The ring B-D is parallel to TM2. e, The orientation of the INT-777 aligned to the TM2, TM3, TM5, TM6 or TM7 of GPBAR. f, Structural comparison of the INT-777 and the P395 at the GPBAR ligand binding pocket. Colour usage: INT-777, slate; P395, magenta; GPBAR in the INT-777â€“GPBARâ€“Gs complex, green; GPBAR in the P395â€“GPBARâ€“Gs complex, slate.


Extended Data Fig. 4 Binding, activation and mutation effects of GPBAR in response to different agonists.
a, Interaction differences in the orthosteric pocket of the GPBAR bound by INT-777 and P395. Residues participating in hydrogen bonding between the ligand and receptor are highlighted in red. Residues that interact with the ligand are indicated by green circle, or that show no interaction with ligand are indicated by blank circle. Ballesterosâ€“Weinstein residue numbers are provided for reference. b, Effects of mutations of GPBAR ligand binding pocket on the ligand binding of P395, INT-777, CA and DCA. Mutations of L166 and E169 only affected INT-777, likely due to the ethyl group at the 6 position of INT-777. Moreover, mutations of S247A and L244A show different effects on the ligand binding between CA and DCA, which differs at (R)-OH of R1 position. Original method and data are referred to Supplementary Figs. 3, 4. Values are the meanÂ Â±Â SEM of three independent experiments for the wild type (WT) and mutants. Statistical differences between WT and mutations were determined by two-sided one-way ANOVA with Tukey test (*, PÂ <Â 0.05; **, PÂ <Â 0.01; ***, PÂ <Â 0.001, n.s., no significant difference). PÂ =Â 0.0028, 0.0026, 0.0005, 0.0008, 0.0054, 0.0056, 0.0511, 0.0003, 0.0075, 0.0184, 0.1799, 0.0069, 0.0003, <0.0001, 0.0133 from top to bottom for P395 group; PÂ =Â <0.0001, 0.0002, 0.0371, 0.0143, <0.0001, 0.0013, 0.0005, 0.001, <0.0001, <0.0001, <0.0001, 0.0001, 0.003, 0.0082, 0.0002, <0.0001 from top to bottom for INT-777 group; PÂ =Â <0.0001, <0.0001, <0.0001, 0.0171, 0.0021, 0.0007, 0.0012, 0.0005, 0.0563, 0.1398, 0.0002, 0.0083, 0.0007, 0.0009, <0.0001, <0.0001 from top to bottom for CA group; PÂ =Â 0.0022, 0.0023, 0.0017, 0.0005, 0.0007, 0.0045, 0.0003, 0.0009, 0.866, 0.2, <0.0001, 0.2115, 0.1958, 0.0232, <0.0001, 0.0001 from up to bottom for DCA group. c, Effects different mutations within the ligand binding pocket of GPBAR on INT-777 and CA binding. Data from at least three independent measurements are measured as meanÂ Â±Â SEM. d, Key interactions between the acyl linker of the P395 and the hydrophobic cleft of the bottom of the ligand binding pocket. e, Several key residues that mediate the INT-777 induced GPBAR activation were shown. The INT-777 forms hydrogen bonds with the S247 and Y240 respectively. The ring A of INT-777 also forms hydrophobic packing with the F96 at the bottom of the ligand binding pocket. Hydrogen bonds were showed in red dash. f, g, Effects of Y240F and S247A mutations on the P395 (f) or INT-777 (g) induced cAMP accumulation. Dose responses curves were shown. Data from three independent measurements are measured as meanÂ Â±Â SEM.


Extended Data Fig. 5 Structural fingerprints of GPBAR recognizing different bile acids.
a, Diagram of the fingerprint that differentiates diverse bile acids (left panel). The 7 (R1), 12 (R2) and C-terminal (R3) positions are the most common substitution or conjugating sites in the primary bile acid CA to generate diverse bile acids, which are shown in red. Residues shown for interaction with the R1, R2 and R3 positions in GPBAR are shaded in red, green, and yellow, respectively. Substitution and conjugation status of INT-777, CA and several different bile acids at the R1, R2 and R3 positions are summarized in a table shown on the right panel. b, Diagram of the potential primary bile acid Cholic Acid (CA) interaction in the ligand binding pocket of GPBAR. Blue, residues located in the INT-777 binding pocket and shown mutating effects on both CA and INT-777; Green, residues with mutating effects only on INT-777, but not CA. câ€“e, Effects of bile acid recognition fingerprint mutants on cAMP accumulation induced by different bile acids. (c), mutation of L244 to A; (d), mutation of L266 to A; (e), mutation of L263 to A. The fold of EC50 change of mutant. vs. wild type for each individual bile acid were used for straightforward view. The original data were referred to Extended Data Fig. 6. Values are the meanÂ Â±Â SEM of three independent experiments for the wild type (WT) and mutants. Statistical differences between WT and mutations were determined by two-sided one-way ANOVA with Tukey test. *, PÂ <Â 0.05, **, PÂ <Â 0.01, ***, PÂ <Â 0.001, n.s., no significant difference. PÂ =Â <0.0001, 0.0001, 0.1796, 0.3821, 0.0002, 0.0908, 0.0127, 0.0004, 0.4761, 0.1811 from left to right for R1 group; PÂ =Â <0.0001, 0.0001, 0.2056, <0.0001, 0.0694, 0.0519, 0.0089, 0.0053, <0.0001, 0.1378 from left to right for R2 group; PÂ =Â 0.0013, <0.0001, 0.0058, 0.0003, 0.1611, 0.0137, <0.0001, <0.0001, 0.0023, 0.0021 from left to right for R3 group. f, Elisa experiments to determine the expression levels of the wild type and indicated mutants GPBAR in HEK293 cells. Data from three independent measurements are measured as meanÂ Â±Â s.d. Statistical differences between WT and mutations were determined by two-sided one-way ANOVA with Tukey test. n.s., the mutant showed no significantly different the from wild type. (PÂ =Â 0.1676, 0.3955, 0.0595 from left to right). g, Dose response of the endogenous bile acids and INT-777 induced cAMP accumulation using wild type and mutant GPBAR was monitored by the Glosensor assay. Data from three independent measurements are measured as meanÂ Â±Â SEM.


Extended Data Fig. 6 The active structure of GPBAR in complex with Gs.
a, Structural representation of the important residues participating in GPBAR activation. The toggle switch residues W2466.48 in the A2ARâ€“Gs complex and W2866.48 in Î²2ARâ€“Gs complex undergoes one helical turn downshift referring to the central TM3 during the transition of the inactive state to active state. Notably, Y2406.51 of GPBAR assumes the same position as W2866.48 in the active Î²2AR-Gs complex, thus representing the active state. Structures involved in this panel include: inactive A2A (PDB ID 3EML), active A2A-Gs complex (PDB ID 5G53), inactive Î²2AR (PDB ID 3NYA), active Î²2AR-Gs complex (PDB ID 3SN6). b, Sequence alignment of the toggle switch W237 and the proline kink P176 in A2AR, Î²2AR and GPBAR from different species. P176 are colored in red and highlighted in yellow, W237 are colored in green and highlighted in yellow. c, Dose response curve of the INT-777 and other bile acid induced cAMP accumulation in Glosensor assay in cells overexpressing wild type or mutant GPBAR. Data from three independent measurements are measured as meanÂ Â±Â SEM. d, Lack of the compact structural P5.50I3.40F6.44 motif in GPBAR structure. Left, structural rearrangement of the PIF motif during Î²2AR activation. Right, separation of P5.50L3.40F6.44 in the GPBAR structure. Instead, W2376.48 forms hydrophobic interactions with L1003.40 and V1785.52 to constitute a VLW motif in GPBAR.


Extended Data Fig. 7 Interactions of the Î±5 helix of Gs with the GPBAR transmembrane core.
a, Interactions of the Î±5-helix of Gs with the GPBAR transmembrane core. The interface contains more hydrophilic interactions, and the Î±5 helix is tilted towards TM6 compared to other class A GPCRâ€“Gs complex structures. The eleven hydrophilic interactions include hydrogen bonds formed between the R385, H387 Y391, L393, L394 of the Gs and the E1093.49, Q1955.69, R2216.32 and Q2226.33 of GPBAR; the electrostatic interactions of Gs R385 and E392 with GPBAR D1985.72 and R2216.32, R2246.35 and R286H8 respectively, and finally, a salt bridge formed by the carboxyl end of the Î±5 helix of Gs with R2216.32 of GPBAR. A comparison of the structure for the interaction of the Î±5 helix of Gs with the Î²2AR transmembrane core is shown in Supplementary Fig. 5. b, Comparison of electrostatic potential of transmembrane core in the GPBARâ€“Gs complex (left panel) and the Î²2ARâ€“Gs complex (right panel). Colours: red: negative charge; blue: positive charge; white: neutral. c, Comparison of residues contacting the Î±5 helix of Gs in the GPBARâ€“Gs complex and the Î²2ARâ€“Gs complex. Only residues making contacts are shown. Blue- or red-shaded residues are those that make hydrophilic interactions. Ballesteros-Weinstein numbers are given for the TM residues of GPBAR and Î²2AR. d, Effects of mutations in the GPBAR transmembrane core in the Gs interface on P395â€“induced cAMP accumulation. The EC50 and Emax data are referred to Supplementary Fig. 5. Data from three independent measurements are measured as meanÂ Â±Â SEM. e, Sequence alignment of different G protein subtypes. Residues responsible for GPBAR ICL3 coupling in Gs and equivalent G protein residues are highlighted in yellow. Notably, Gq/11 carry a Val at the same position equivalent to Gs L394 and an uncharged Asn at the equivalent position to Gs E392, thus reducing their interactions with residues from TM5, 6 and H8 of GPBAR; these divergences may partly contribute to the selective coupling with Gs in preference to Gq by GPBAR.


Extended Data Fig. 8 Interactions of GPBAR ICL3 with Gs.
a, P395â€“induced Gs (left), Gq (middle) and Gi (right) activity examined by cAMP (GloSensor), Gq-GÎ³ dissociation or Gi-GÎ³ dissociation assays, respectively. Data from at least three independent measurements are measured as meanÂ Â±Â SEM. b, Conformational differences of the Gs at GPBAR ICL3-interacting i3 loop, the GTP binding P361â€“V367 segment and the N292â€“D295 segment between the GPBARâ€“Gs complex (yellow orange) and the Î²2ARâ€“Gs (grey) complex. c, Effects of different ICL3 mutations or ICL3 change of GPBAR on P395-induced cAMP accumulation. ICL3 change: substitution of GPBAR (R201-L214) by the (D234-C265) in Î²2AR. The EC50 and Emax data was referred to Supplementary Fig. 5. Data from three independent measurements are measured as meanÂ Â±Â SEM. d, Effects of ICL3 mutations in the R/KÏˆXR/KXÏˆXR motifs of V2R (R243A/R247A/R249A/R251A), PF2R (R238A/R241A/HR243A) and EP2 (R242A/R249A) on their agonist-induced cAMP accumulation. Data are shown as meanÂ Â±Â SEM from three independent measurements. e, A cartoon model illustrating the structural differences of the activation and Gs coupling of GPBAR compared to the other class A GPCRâ€“Gs or GPCRâ€“Gi complexes. From the left to right is the inactive GPCR structural model (using Î²2AR as an example, PDB ID 3NYA), the general GPCRâ€“Gs complex (using Î²2AR as an example, PDB ID 3SN6), the GPBARâ€“Gs complex and the NTSRâ€“Gi complex (PDB ID 6OS9). Compared to other class A GPCRâ€“Gs complexes or NTSRâ€“Gi complex, the GPBARâ€“Gs complex exhibits distinct features, first a larger separation at the TM3-TM6 helices in the centre of receptor region, second the H5 of Gs in GPBARâ€“Gs complex showing one helical turn downshifting probably due to the direct interaction of the ICL3 of GPBAR with the Gs.


Extended Data Fig. 9 The second ligand-binding pocket of GPBAR.
a, Cryo-EM density of the annular lipid molecules outside of the seven transmembrane bundle in INT-777â€“GPBAR, P395â€“GPBAR and LA-PTHâ€“PT1R (PDB, 6NBF) structure respectively. b, Comparison of the lipid binding pocket of GPBAR (green) with that of the P2Y1R (tan; PDB, 4XNV) and GPR40 (light bule; PDB, 5TZY). A similar lipid binding site for GPCR P2Y1 (PDB ID 4XNV) and an allosteric modulator site for GPR40 have been reported. c, Fitting of the cholesterol, CHS into the electron density of the second ligand binding site in the P395-GPBARâ€“Gs complex cryo-EM structure. The cholesterol can be easily fit into the electron density, whereas the CHS cannot be fit into the electron density. The cholesterol may come from the plasma membrane. d, Fitting of the INT-777, cholesterol into the electron density of the second ligand binding site in the INT-777â€“GPBARâ€“Gs complex cryo-EM structure. The INT-777 and cholesterol can be fit into the electron density. Computational simulation indicated that both the GPBAR and the INT-777 bound at orthosteric site exhibit least r.m.s.d. fluctuations in the presence of the INT-777, but not the cholesterol, CHS or no ligand at this lipid binding site (e). e, Molecular dynamics simulation of INT-777â€“GPBARâ€“CHS, INT-777â€“GPBARâ€“Cholesterol, INT-777â€“GPBARâ€“INT-777 and INT-777â€“GPBAR trajectories. (Top) RMSDs of allosteric ligands CHS (blue), choslesterol (green) or INT-777 (red) of 200 ns MD simulation. (Middle) RMSDs of orthosteric INT-777 of four structures, trajectory of INT-777-GPBAR is colored in purple. (Bottom) RMSDs of the backbone of GPBAR of four structures. Values were calculated based on the initial complex state after equilibration (0 ns). f, The effects of mutations of residues in second ligand binding pocket on the allosteric effects of different bile acids. The original data was referred to Supplementary Table 9. Values are the meanÂ Â±Â SEM of three independent experiments for the wild type (WT) and mutants. Statistical differences between WT and mutations were determined by two-sided one-way ANOVA with Tukey test. *PÂ <Â 0.05, **PÂ <Â 0.01,***PÂ <Â 0.001, n.s., no significant difference; for CA group: PÂ =Â 0.196, < 0.0001, 0.0088, 0.0734, 0.0538, 0.0020, 0.0011, 0.0005 (left to right); for DCA group: PÂ =Â 0.173, < 0.0001, < 0.0001, 0.1009, 0.4789, 0.0001, 0.0009, < 0.0001 (left to right); for GCA group: PÂ =Â 0.0529, 0.0006, 0.0002, 0.6314, 0.4776, < 0.0001, 0.0136, 0.0019 (left to right); for TCA group: PÂ =Â 0.5217, < 0.0001, 0.0180, 0.2203, 0.0651, < 0.0001, 0.0004, < 0.0001 (left to right); for TDCA group: PÂ =Â 0.7280, 0.0003, 0.0007, 0.7168, 0.3524, 0.0003, 0.0001, 0.0001 (left to right).


Extended Data Fig. 10 Effect of the alanine scanning mutagenesis of the potential residues involved in biased property of GPBAR.
a, G protein or Î²-arrestin signalling properties of GPBAR agonists. HEK293 cells were transfected with cDNAs encoding GPBAR and stimulated with various bile acids or bile acid derivatives. The cAMP level was measured using a GloSensor assay, whereas a bioluminescence resonance energy transfer (BRET) assay was used to measure Î²-arrestin-2 recruitment. The EC50 and Emax values are the meanÂ Â±Â s.d. of at least 3 independent experiments. ND, not determined due to low signal. b, EM density of the ICL1, ECL1, ECL2 and ECL3 in INT-777-GPBAR-Gs complex and P395-GPBAR-Gs complex. c, Plot of the distance root-mean-square deviations (RMSDs) of each residue between INT-777â€“GPBAR and P395â€“GPBAR structures. The horizontal and vertical axes indicate the amino acid sequence of the GPBAR and the RMSDs (CÎ± deviations) for every residue, respectively. The red, blue, green and grey dots represent CÎ± deviations that range from >3, 2~3, 1~2 or <1, respectively. d, Dose response of the P395 induced Î²-arrestin-2 recruitment was examined by BRET assay and the dose response of the P395 induced cAMP accumulation was monitored by the Glosensor assay using wild type and mutant GPBAR, respectively. Data from three independent measurements are measured as meanÂ Â±Â SEM. e, Elisa experiments to assay the expression levels of the wild type and indicated mutants of GPBAR in HEK293 cells. Data from three independent experiments are presented as meanÂ Â±Â s.d. Statistical differences between WT and mutations were determined by two-sided one-way ANOVA with Tukey test. n.s., the mutant showed no significant difference between wild type. and mutants (PÂ =Â 0.3521, 0.6531, 0.5764, 0.6377 from left to right).


Extended Data Table 1 Cryo-EM data collection, model refinement and validation statisticsFull size table
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