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            Abstract
Class B G-protein-coupled receptors (GPCRs), which consist of an extracellular domain (ECD) and a transmembrane domain (TMD), respond to secretin peptides to play a key part in hormonal homeostasis, and are important therapeutic targets for a variety of diseases1,2,3,4,5,6,7,8. Previous work9,10,11 has suggested that peptide ligands bind to class B GPCRs according to a two-domain binding model, in which the C-terminal region of the peptide targets the ECD and the N-terminal region of the peptide binds to the TMD binding pocket. Recently, three structures of class B GPCRs in complex with peptide ligands have been solved12,13,14. These structures provide essential insights into peptide ligand recognition by class B GPCRs. However, owing to resolution limitations, the specific molecular interactions for peptide binding to class B GPCRs remain ambiguous. Moreover, these previously solved structures have different ECD conformations relative to the TMD, which introduces questions regarding inter-domain conformational flexibility and the changes required for receptor activation. Here we report the 3.0â€‰Ã…-resolution crystal structure of the full-length human glucagon receptor (GCGR) in complex with a glucagon analogue and partial agonist, NNC1702. This structure provides molecular details of the interactions between GCGR and the peptide ligand. It reveals a marked change in the relative orientation between the ECD and TMD of GCGR compared to the previously solved structure of the inactive GCGRâ€“NNC0640â€“mAb1 complex. Notably, the stalk region and the first extracellular loop undergo major conformational changes in secondary structure during peptide binding, forming key interactions with the peptide. We further propose a dual-binding-site trigger model for GCGR activationâ€”which requires conformational changes of the stalk, first extracellular loop and TMDâ€”that extends our understanding of the previously established two-domain peptide-binding model of class B GPCRs.
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                    Figure 1: Overall structure of GCGRâ€“NNC1702 complex.[image: ]


Figure 2: Conformations of the stalk and ECL1.[image: ]


Figure 3: Binding mode of NNC1702 to GCGR.[image: ]


Figure 4: Dual-binding-site trigger model for GCGR activation.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Binding affinity and potency of NNC1702.
a, Sequences of glucagon and NNC1702. b, Binding assay of NNC1702. Competitive binding of human glucagon (red dots) and NNC1702 (green squares) to membranes from BHK cells that stably express human GCGR, on WGA-coated SPA beads. Glucagon labelled with 125I (60â€‰pM), and increasing concentrations of human glucagon and NNC1702, were used to generate the binding curves (representative example shown) and calculate IC50 values (glucagon: 1.2â€‰Â±â€‰0.5â€‰nM, NNC1702: 12.8â€‰Â±â€‰6.6â€‰nM). At least three independent experiments were performed with technical duplicates. c, Potency of NNC1702. The potencies of human glucagon (red dots) and NNC1702 (green squares) were determined by luciferase assays using BHK cells stably transfected with the human GCGR and CRE luciferase. Serial dilutions were prepared in medium (with 1â€‰Î¼M as the highest final concentration). Plate luminescence was read and EC50 values (glucagon: 22.8â€‰Â±â€‰18.2â€‰pM, NNC1702: 16.2â€‰Â±â€‰8.4â€‰nM) were calculated from the activation curves. At least three independent experiments were performed with technical duplicates (representative example shown). d, e, Inhibition of 125I-labelled glucagon binding to CHO-K1 cells expressing wild-type (WT) and the engineered GCGR used for crystallization by glucagon and NNC1702. Data are shown as meanâ€‰Â±â€‰s.e.m. from three independent experiments performed in duplicate. â€˜Constructâ€™ indicates the GCGR construct used for crystallization. The IC50 values are listed in e.


Extended Data Figure 2 Structural comparison between the GCGRâ€“NNC1702 crystal structure and previously solved class B GPCR structures.
a, b, Comparison between the GCGRâ€“NNC1702 crystal structure and the cryo-electron microscopy structure of GLP-1â€“GLP-1Râ€“Gs complex in side (a) and extracellular (b) views. The GCGRâ€“NNC1702 structure is shown in cartoon representation and coloured blue (GCGR) and red (NNC1702). The GLP-1â€“GLP-1Râ€“Gs electron microscopy structure (PDB ID: 5VAI) is shown in cartoon representation and coloured grey (GLP-1R) and green (GLP-1). c, d, Comparison between the crystal structures of the GCGRâ€“NNC1702 and GLP-1Râ€“peptide 5 complexes in side (c) and extracellular (d) views. The receptor in the GLP-1Râ€“peptide 5 structure (PDB ID: 5NX2) is shown in cartoon representation and coloured pink. The ligand peptide 5 is shown as yellow sticks. The red arrow (in d) indicates the rotation of the ECD in the GLP-1Râ€“peptide 5 structure compared to the GCGRâ€“NNC1702 structure. e, Comparison between the GCGRâ€“NNC1702 structure and the GCGRâ€“NNC0640â€“mAb1 structure. Only the GCGR TMD in both structures and the peptide ligand NNC1702 are shown as cartoons. The TMD in the GCGRâ€“NNC1702 structure is in blue; the TMD in the NNC0640-bound structure is in yellow; and NNC1702 is in red. A close inspection of the two full-length GCGR structures revealed a spatial hindrance caused by the residue S2 of NNC1702 and its contact with D3857.42b in the peptide-bound structure, pushing the residue F3656.56b on helix VI away from the ligand-binding pocket and subsequently leading to the outward shift of the extracellular portion of helix VI (red arrow). The residues F3656.65b and D3857.42b in both structures are displayed as sticks. The hydrogen bond between S2 and D3857.42b in the peptide-bound structure is shown as a green dashed line.


Extended Data Figure 3 Ligand-binding pocket of NNC1702 and interactions between GCGR and NNC1702.
a, Extracellular view of the binding pocket of NNC1702 N-terminal region within the GCGR TMD. The receptor and the peptide ligand are shown as cartoons, and coloured green (stalk), magenta (ECL1), cyan (ECL2), blue (TMD) and red (NNC1702). b, Binding site of NNC1702 C-terminal region in the stalk (blue), ECL1 (magenta) and ECD (orange) of GCGR. câ€“e, Schematic representation of interactions between GCGR and NNC1702 analysed by LigPlot+ (ref. 43). c, Interactions between GCGR and the N-terminal region of NNC1702 (residues S2â€“Y10). d, Interactions between GCGR and the middle region of NNC1702 (residues S11â€“Q20). e, Interactions between GCGR and the C-terminal region of NNC1702 (residues D21â€“T29). The stick drawings of GCGR residues and NNC1702 are coloured grey and red, respectively. The labels of GCGR residues are coloured orange (ECD), green (stalk), blue (TMD), magenta (ECL1) and cyan (ECL2). The labels of NNC1702 residues are red.


Extended Data Figure 4 Electron densities of the structure of the GCGRâ€“NNC1702 complex.
a, Electron densities of NNC1702. The peptide NNC1702 is shown in red cartoon representation and as brown sticks. Electron densities are contoured at 1.0Ïƒ from a |2Fo| âˆ’ |Fc| map and coloured blue. bâ€“d, Electron densities of key GCGR residues involved in NNC1702 binding. The receptor is shown in grey cartoon representation. The key residues are shown as sticks and coloured yellow (ECD), green (stalk), magenta (ECL1) and blue (TMD).


Extended Data Figure 5 DEER spectroscopy of assembly of GCGRâ€“ligand complex.
a, The GCGRâ€“NNC1702 assembly showing modelled R1 spin labels at the ECD site H89R1 and the TMD site C287R1 on the basis of the GCGRâ€“NNC1702 crystal structure. The nitroxide rotameric models were generated with the MMM software package44. b, Experimental distance distributions between the nitroxide spin-labelled R1 pair of H89R1 and C287R1 in the apo state or in the presence of NNC0640 or NNC1702. The experimental distributions were normalized by area under the curves for comparison purposes. A predicted distance distribution based on the GCGRâ€“NNC1702 structure that was derived from the MMM software (offset blue trace) is also shown. This prediction can be directly compared to the experimentally measured distributions, though rotameric weighting may be different in the prediction. c, Background-corrected dipolar evolution functions (DEFs) and their fits for each of the GCGR samples. The DEF functions were scaled to compare traces. The traces of the apo receptor and the GCGRâ€“NNC0640 and GCGRâ€“NNC1702 complexes are offset in the main plot to show the quality of the fits. The inset shows the overlaid portion of the DEFs. The DEER data demonstrate that all protein samples exhibit multiple peaks, and the addition of the peptide NNC1702 populates longer distances (32â€“43â€‰Ã…), which match the distance distribution predicted by the MMM software using the GCGRâ€“NNC1702 structure as a template (b). The main DEER distance that the apo GCGR and the NNC0640-bound receptor showed is around 26â€‰Ã…. The conformation possibilities of this distance include the inactive conformation observed in the GCGRâ€“NNC0640â€“mAb1 structure in which the H89R1â€“C287R1 distance is about 26â€‰Ã… between nitroxide Nâ€“O bonds when using common R1 rotamers42 for modelling, and the different inactive conformational states of the apo receptor that display close contacts between the ECD and TMD, as suggested by previous molecular dynamics simulation studies16,17 , with H89R1â€“C287R1 distances of 23â€“29â€‰Ã… between the nitroxide Nâ€“O bonds when R1 side chains are modelled. These results suggest that the ECD in the apo GCGR or the NNC0640-bound receptor may adopt one conformation or multiple conformations, with a H89R1â€“C287R1 distance of about 26â€‰Ã… between nitroxide Nâ€“O bonds. The longer distance upon binding to the peptide ligand NNC1702 indicates that the receptor ECD undergoes a conformational change to accommodate the peptide. Equilibrium between these conformational states may potentially exist. NNC1702 probably shifts it towards the conformation favourable for peptide binding, in contrast to the small-molecule NAM NNC0640 that has a weak effect on the ECD conformation. This equilibrium between peptide-free and peptide-bound receptors may help explain the fact that more than one peak was observed for the GCGRâ€“NNC1702 complex in this study, although the concentration of NNC1702 used during protein purification and DEER measurements is 50â€‰Î¼M, which is much higher than the binding affinity of the peptide. G-protein binding may further shift the equilibrium to the peptide-bound conformation, although specific experimental data regarding the G-protein-bound receptor are required to validate this point. Our findings support the flexibility of the ECD conformation and further highlight that the conformational change of the ECD is required for peptide binding.


Extended Data Figure 6 Comparison between the GCGRâ€“NNC1702 structure and the GCGRâ€“glucagon model derived from molecular dynamics simulations
. a, Extracellular view of the transmembrane helical bundle. The GCGRâ€“NNC1702 structure is shown in cartoon representation and coloured blue (GCGR) and red (NNC1702). The GCGRâ€“glucagon model derived from molecular dynamics simulations is shown in cartoon representation and coloured orange (GCGR) and yellow (glucagon). The green arrows indicate shifts of helices VI and VII. b, Close-up view of the interaction between H1 of glucagon and D3857.42b of GCGR in the molecular dynamics simulations. The NNC1702 residue S2, the glucagon residues H1 and S2 and the GCGR residue D3857.42b in both the GCGRâ€“NNC1702 structure and the GCGRâ€“glucagon model are shown as sticks. The hydrogen bond formed by H1 and D3857.42b in the molecular dynamics simulations is displayed as a red dashed line. c, Intracellular view of the transmembrane helical bundle. The green arrows indicate shifts of helices V and VI.


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


Extended Data Table 2 Interactions between NNC1702 and GCGRFull size table
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The glucagon receptor is a class B G-protein-coupled receptor with an important role in glucose homeostasis. Activation of this receptor triggers the release of glucose, making it an important target for the treatment of type 2 diabetes. Beili Wu and colleagues now report the crystal structure of the full-length glucagon receptor bound to a glucagon analogue and a partial agonist, NNC1702. The 3.0 Ã… resolution of the structure provides key insights into how the peptide ligand interacts with its target and the conformational changes involved in the initial stages of activation. The structural data is reinforced by using double electronâ€“electron resonance (DEER) spectroscopy, which demonstrates the extent of rearrangement that is involved in accommodating the glucagon analogue.
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