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            Abstract
Glucagon-like peptide 1 (GLP-1) regulates glucose homeostasis through the control of insulin release from the pancreas. GLP-1 peptide agonists are efficacious drugs for the treatment of diabetes. To gain insight into the molecular mechanism of action of GLP-1 peptides, here we report the crystal structure of the full-length GLP-1 receptor bound to a truncated peptide agonist. The peptide agonist retains an α-helical conformation as it sits deep within the receptor-binding pocket. The arrangement of the transmembrane helices reveals hallmarks of an active conformation similar to that observed in class A receptors. Guided by this structural information, we design peptide agonists with potent in vivo activity in a mouse model of diabetes.
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                    Figure 1: The overall structure of GLP-1R in complex with peptide 5.[image: ]


Figure 2: Molecular details of the agonist peptide binding site in GLP-1R.[image: ]


Figure 3: Comparison of GLP-1R with GCGR and CRF1R.[image: ]


Figure 4: Mouse in vivo OGTT.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Peptide 5 and in vitro pharmacology of wild-type GLP-1R.
a, Two-dimensional chemical plot of peptide 5 used in this study. b, Pharmacological characterization of 3H-peptide 1 at the wild-type GLP-1R. Affinity of peptide 1 for wild-type GLP-1R construct was measured using homologous competition experiments against three different concentration of 3H-peptide 1. cpm, counts per minute. Data are representative of four independent experiments and the Kd values are calculated as the arithmetic mean and s.e.m. c, Heterologous competition binding of exendin-4 and exendin-3 at the wild-type GLP-1R determined using 3H-peptide 1. Affinity constants (Ki) were calculated from IC50 values, using the Cheng–Prusoff equation and results are given as the arithmetic mean ± s.e.m.


Extended Data Figure 2 Stability, pharmacological characterization and functional activity of GLP-1R StaR.
a, Thermal stability (Tm) comparison of GLP-1R wild-type and StaR (containing the following point mutations: T207E, Q211A, D215R, L232F, G295A, T298A, C329A, P358A, G361A, H363V and V405A). Thermal stability was measured following solubilization in n-dodecyl-β-d-maltopyranoside supplemented with cholesteryl hemisuccinate (see Methods). Data representative of two independent experiments with Tm values calculated as the arithmetic mean and the standard deviation of the mean. b, Pharmacological characterization of GLP-1R wild-type and StaR. Affinity of peptide 1 for wild-type and StaR constructs was measured using homologous competition experiments against three different concentrations of 3H-peptide 1. Data representative of three independent experiments and the Kd values calculated as the arithmetic mean and the standard deviation of the mean. The difference in the means is not statistically significant as analysed by two-tailed t-test. c, d, cAMP response of GLP-1R wild-type and StaR in the presence of the indicated peptide agonists. e, Reported pEC50 values for each peptide agonist. Data presented is the arithmetic mean of three independent experiments. Error bars represent s.e.m. P values are calculated by multi-parametric two-way ANOVA.


Extended Data Figure 3 The GLP-1R StaR B-factors and electron density.
a, b, B-factor putty representation of the GLP-1R–peptide-5 structure (rainbow spectrum, blue to red = lowest to highest B-factors). c, d, representative 2Fo − Fc electron density contoured at 1.0σ across the orthosteric peptide-binding pocket of GLP-1R.


Extended Data Figure 4 Walkthrough of peptide 5 interactions with GLP-1R StaR.
a–k, Views moving from the N to C terminus of peptide 5. Four overlayed models generated by PHENIX ensemble refinement are shown in each panel to demonstrate the confidence that can be assigned to interactions with the receptor described in this study.


Extended Data Figure 5 Structural superposition of the GLP-1R peptide 5 crystal structure with the crystal structure of the isolated GLP-1R extracellular domain in complex with the GLP-1 peptide.
a, Tilted view from membrane of the GLP-1R represented as cartoon (cyan) with the peptide 5 agonist in stick representation and carbon, nitrogen and oxygen atoms coloured yellow, blue and red respectively; the ECD solved in isolation from the TMD of GLP-1R in cartoon representation is coloured orange, with the GLP-1 peptide coloured magenta. The superposition was achieved using equivalent residues from peptide 5 and the GLP-1 peptide. b, Rotation of the superposed structures in a to view from extracellular space, the relative difference in orientation of the ECD is denoted.


Extended Data Figure 6 Evaluation of the lipophilic hotspots on GLP-1R and interactions with peptide 5.
a, GRID hotspot analysis of the binding mode of peptide 5 showing the overlap of the Cap1, X2 and X3 groups of peptide 5 with lipophilic regions of the GLP-1R. GLP-1R is represented as cartoon (cyan) with the ECD coloured brown. The peptide 5 agonist is shown in stick representation with carbon, nitrogen and oxygen atoms coloured yellow, blue and red respectively. The c1 = GRID map is represented as mesh (orange) and contoured at −2.5 kcal mol−1. b, View as in a rotated by 180°.


Extended Data Figure 7 In vitro pharmacological and pharmacokinetic profiles of selected peptides.
a–d, Insulinotropic activities of GLP-1 and selected peptides on isolated rat pancreatic islets. Results are presented as mean ± s.e.m. (n = 6 each group) and analysed using a one-way analysis of variance and Dunnett’s post hoc test. Significant differences from basal responses are indicated with an asterisk (*P < 0.05). e, Pharmacokinetics of peptide 2 (1 mg kg−1), peptide 5 (1 mg kg−1) and peptide 8 (0.5 mg kg−1) following intravenous administration in male Sprague Dawley rats. Results presented as mean ± s.e.m. (n = 3). f, Pharmacokinetics of peptide 8 following subcutaneous administration in male CD1 mice. Results presented as mean ± s.e.m. (n = 3).


Extended Data Table 1 Truncated GLP-1 peptide analogues and associated biological dataFull size table


Extended Data Table 2 Data collection and refinement statistics for GLP-1R StaR complexed with peptide 5Full size table


Extended Data Table 3 Pharmacokinetic evaluation of peptide 2, 5 and 8 detailed in this studyFull size table
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        Editorial Summary
Full-length class B GPCR structures
The glucagon-like peptide-1 receptor (GLP-1R) and the glucagon receptor (GCGR) belong to the class B G-protein-coupled receptor family and have opposing physiological roles in glucose homeostasis and insulin release. As such, they are important in regulating metabolism and appetite and offer significant treatment possibilities for type 2 diabetes. However, as yet, no full-length structures of these receptors have been solved. Three papers in this issue of Nature report the structure of GLP-1R. Ray Stevens and colleagues describe the crystal structure of the human GLP-1R transmembrane domain in an inactive state in complex with negative allosteric modulators. Fiona Marshall and colleagues describe the active-state full-length receptor in complex with truncated peptide agonists, which have potent activity in mice on oral administration. Georgios Skiniotis, Brian Kobilka and colleagues describe the cryo-electron microscopy structure of an unmodified GLP-1R in complex with its endogenous peptide ligand, GLP-1, and the heterotrimeric G protein. Finally, in a fourth paper in this week's issue of Nature, Beili Wu and colleagues report the crystal structure of the full-length GCGR in an inactive conformation. Taken together, these studies provide key insights into the activation and signalling mechanisms of class B receptors and provide therapeutic opportunities for targeting this receptor family.
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