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            Abstract
The glucagon-like peptide-1 receptor (GLP-1R) and the glucagon receptor (GCGR) are members of the secretin-like class B family of G-protein-coupled receptors (GPCRs) and have opposing physiological roles in insulin release and glucose homeostasis1. The treatment of type 2 diabetes requires positive modulation of GLP-1R to inhibit glucagon secretion and stimulate insulin secretion in a glucose-dependent manner2. Here we report crystal structures of the human GLP-1R transmembrane domain in complex with two different negative allosteric modulators, PF-06372222 and NNC0640, at 2.7 and 3.0â€‰Ã… resolution, respectively. The structures reveal a common binding pocket for negative allosteric modulators, present in both GLP-1R and GCGR3 and located outside helices Vâ€“VII near the intracellular half of the receptor. The receptor is in an inactive conformation with compounds that restrict movement of the intracellular tip of helix VI, a movement that is generally associated with activation mechanisms in class A GPCRs4,5,6. Molecular modelling and mutagenesis studies indicate that agonist positive allosteric modulators target the same general region, but in a distinct sub-pocket at the interface between helices V and VI, which may facilitate the formation of an intracellular binding site that enhances G-protein coupling.
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                    Figure 1: Overall structure of the GLP-1R TMD.[image: ]


Figure 2: NAM-binding pockets.[image: ]


Figure 3: Structural determinants of NAM potency.[image: ]


Figure 4: Modelling of the agonist PAM compound 2 binding mode and proposed mechanism of activation.[image: ]
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Extended data figures and tables

Extended Data Figure 1 GLP-1R crystallization and structure determination.
a, Schematic diagram of GLP-1R TMD construct (residues 128â€“431). Thermostabilizing mutations (green) are S193C, I196F, S225A, M233C, S271A, I317C, G318I, K346A, C347F and G361C. The single most conserved residue among class B GPCRs in each transmembrane helix (designated X.50b in the Wootten residue numbering scheme16, in which â€˜Xâ€™ is the transmembrane helix number) is indicated in bold. Disordered residues in the structure are shown with a brown background. Engineered ECL1 linker residues are shown as dashed circles. The endogenous and engineered disulfide bonds are shown with solid and dashed orange lines, respectively. b, Thermostability assay (CPM) of representative mutations. Constructs that include the disulfide bond (I317C/G361C) are much sharper in curve transition compared to the control (no mutation, black line). c, Thermostability assay of the apo state protein (crystallization construct) and with PF-06372222 or NNC0640. In b and c, the dotted and solid lines represent the original and fitted curves, respectively. d, Representative crystals of GLP-1Râ€“PF-06372222 in lipidic cubic phase. e, Crystal packing of GLP-1Râ€“PF-06372222, with the two molecules per asymmetric unit coloured green and cyan, respectively. f, The |Fo|â€‰âˆ’â€‰|Fc| omit maps of PF-06372222 and NNC0640 contoured at 3.0Ïƒ.


Extended Data Figure 2 GLP-1R interhelical interaction network.
a, Overview of representative interactions. b, The conserved disulfide bond between C2263.29b and C296ECL2. c, Hydrogen-bond interactions between helices I and VII. dâ€“f, Interaction network between helices III and VI (d), helices III, IV and V (e), and helices II, III and IV (f). This figure can be compared with figure 4 in ref. 14 (CRF1R) and figure 3 in ref. 15 (GCGR).


Extended Data Figure 3 Statistics of buried and exposed surface areas of 86 crystallized GPCR ligands.
a, Scatter plot of current crystallized ligands. x axis is the surface area buried by receptor; y axis is the ratio of exposed area to buried area. All surface areas were calculated based on the crystal structures using freeSASA48. PDBs with multiple chains are averaged in the plot. bâ€“d, Current binding modes of GPCR allosteric modulators. For clarity, modulators that bind to similar region were arranged in the same cartoon.


Extended Data Figure 4 Effects of binding pocket mutations on potency of NAMs.
aâ€“l, Dose-dependent inhibition curves of NAMs on wild-type GLP-1R (a) or GLP-1R mutants (bâ€“j), as well as wild-type GCGR (k) or the F3456.36bC mutant (l). m, Summary of half-maximum inhibitory concentration (pIC50) values of NAMs on the above constructs. Relative expression levels of mutated constructs were evaluated by comparing to that of wild-type GLP-1R. Experiments were repeated at least three times and error bars represent s.e.m. of quadruplicate measurements. NA, not available.


Extended Data Figure 5 C3476.36bF stabilizes the interaction interface between GLP-1R and NAMs.
Superposition of PF-06372222-bound crystal structure (containing the C3476.36bF mutation), with crystal structure based molecular dynamic simulations of F347 shown in blue (500â€‰ns) and of simulations C347 (6.36b mutated back to cysteine) shown in pink (500â€‰ns). PF-06372222 and key residues are shown as sticks. For clarity, only the backbone of the crystal structure is shown (grey). In the simulation of F347, the ligand adopts the same orientation as in the crystal structure, whereas the orientation of the ligand in the simulation of C347 is varied during the simulation process (the trifluoromethyl-pyrazole group in particular).


Extended Data Figure 6 Binding of GLP-1 and exendin-4(9-39) to representative constructs.
a, b, The four representative constructs used in Fig. 3d are tested for their binding properties with full agonist GLP-1 (a), and fragment antagonist exendin-4(9-39) that targets the extracellular domain (b). Experiments were repeated at least three times and error bars represent s.e.m. of duplicate measurements. NB, no binding.


Extended Data Figure 7 Conformational changes revealed by molecular dynamics simulation.
a, Comparison of compound 2 (grey) docked to the GLP-1R crystal structure, after 500â€‰ns molecular dynamics simulation (compound 2 in cyan), and molecular dynamics simulation of PF-06372222-bound GLP-1R (PF-06372222 in pink). b, The hydrogen-bond interaction network between residues associated with the ionic lock observed in the GLP-1R crystal structure14,15,24. c, In molecular dynamics simulation of the PF-06372222-bound GLP-1R crystal structure, the ionic lock hydrogen bond network is preserved. d, Molecular dynamics simulation of compound 2 covalently bound to wild-type GLP-1R reveals unwinding of the N-terminal end of helix VI (IKC6.36bRL, coloured orange) and re-organization of the ionic lock interaction network. Unwinding of helix VI disrupts the ionic lock interactions between R3486.37b and E4087.63b and destabilizes the hydrogen-bond interaction between H1802.50b and E2473.50b. These conformational changes allow R1762.46b to hydrogen bond with E2473.50b, and reinforce the hydrogen bond between T3536.44b and Y4027.57b compared to the PF-06372222-bound GLP-1R molecular dynamics simulation. eâ€“g, Intracellular views (surface representation) of bâ€“d. h, Hydrogen-bond interactions between key residues during simulations in c and d. Hydrogen bonds were determined with the g_hbond program in the Gromacs45, using a hydrogen bond distance cut-off of 3.5â€‰Ã… and angle cut-off of 120Â°â€“240Â°. i, Six residues around the intracellular ionic lock of GLP-1R (H1802.50b, L2513.54b, L3496.40b, S3506.41b, T3536.44b and Y4027.57b) were selected to calculate the solvent-accessible surface areas (SASA) using the program freeSASA49. Compared to the crystal structure or simulation of PF-06372222, these residues (marked red in eâ€“g) were exposed to solvent by 40â€“100â€‰Ã…2 in the simulation of compound 2 (g, i). In e and f, these residues are buried, and thus are not visible, while in g, exposure of these residues provides space for the G protein to bind.


Extended Data Figure 8 Effects of the PAM binding pocket mutations on potency of compound 2.
aâ€“c, Wild-type GLP-1R and 18 mutants (including 2 double mutants) were compared for their effects on potency of compound 2. Curves were coloured based on the same criteria as in Fig. 4 and codes were ranked based on their pEC50 (negative logarithm of the half-maximum effective concentration (EC50)) values (listed in the tables). Experiments were repeated at least three times and error bars represent s.e.m. of quadruplicate measurements.


Extended Data Figure 9 The R176Q mutation decreases the potency of GLP-1R, but does not affect its binding capacity with GLP-1.
a, b, Comparison of wild-type GLP-1R and the R1762.46bQ mutant by GLP-1 binding assay (a) and functional cAMP accumulation assay (b). cAMP accumulation assay is conducted as described in the text, and the binding assay was carried out using radiolabelled GLP-1 as a tracer and competing it with a serial dilution of unlabelled GLP-1. Experiments were repeated three times and error bars represent s.e.m. of duplicate (binding assay) or quadruplicate (cAMP assay) measurements.


Extended Data Table 1 Data collection and structure refinement statisticsFull 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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