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            Abstract
Class B G-protein-coupled receptors are major targets for the treatment of chronic diseases, including diabetes and obesity1. Structures of active receptors reveal peptide agonists engage deep within the receptor core, leading to an outward movement of extracellular loop 3 and the tops of transmembrane helices 6 and 7, an inward movement of transmembrane helix 1, reorganization of extracellular loop 2 and outward movement of the intracellular side of transmembrane helix 6, resulting in G-protein interaction and activation2,3,4,5,6. Here we solved the structure of a non-peptide agonist, TT-OAD2, bound to the glucagon-like peptide-1 (GLP-1) receptor. Our structure identified an unpredicted non-peptide agonist-binding pocket in which reorganization of extracellular loop 3 and transmembrane helices 6 and 7 manifests independently of direct ligand interaction within the deep transmembrane domain pocket. TT-OAD2 exhibits biased agonism, and kinetics of G-protein activation and signalling that are distinct from peptide agonists. Within the structure, TT-OAD2 protrudes beyond the receptor core to interact with the lipid or detergent, providing an explanation for the distinct activation kinetics that may contribute to the clinical efficacy of this compound series. This work alters our understanding of the events that drive the activation of class B receptors.
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                    Fig. 1: Pharmacology exhibited by TT-OAD2 relative to GLP-1.[image: ]


Fig. 2: TT-OAD2â€“GLP-1Râ€“Gs cryo-EM structure reveals non-peptide binding site.[image: ]


Fig. 3: Comparisons of GLP-1R conformations induced by GLP-1 and TT-OAD2.[image: ]


Fig. 4: TT-OAD2 interactions lead to reorganization and stabilization of the central polar network via a distinct mechanism to GLP-1.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Binding, transducer coupling and signalling mediated by TT-OAD2.
a, Kinetic ligand-binding assay using ROX-exendin-4 as the fluorescent probe. TT-OAD2 is only able to partially displace the probe and with slower kinetics relative to exendin-4 that shows complete displacement of the probe with rapid kinetics. b, cAMP accumulation studies using GLP-1 and TT-OAD2 as the agonist in wild-type HEK293 cells and HEK293 cells in which Gs/olf (Î”Gs) or all Gi/o/z (Î”Gi/o/z) have been depleted using CRISPRâ€“Cas9. c, HEK293A cells transiently transfected with the GLP-1R and the NanoBit constructs for GÎ±s and GÎ±i2 (GÎ±-LgBIT, GÎ³2-SmBIT). Luminescence signal was assessed over time (0â€“20Â min) in the presence of increasing concentrations of GLP-1 and TT-OAD2. Concentration response curves are expressed as AUC (0â€“20Â min) for each concentration and normalized to the negative response observed by GLP-1 at 1Â Î¼M. d, Agonist-induced changes in trimeric Gs protein conformation. Ligand-induced changes in BRET were measured in plasma membrane preparations performed in kinetic mode until kinetic equilibrium was reached for vehicle or increasing concentrations of GLP-1 (left) and TT-OAD2 (right). The addition of GTP dissociated the trimeric G protein complex stabilized by GLP-1-occupied and TT-OAD2-occupied GLP-1R. e, Agonist-induced changes in trimeric Gi2 protein conformation. Left, ligand-induced changes in BRET were measured in plasma membrane preparations performed in kinetic mode until kinetic equilibrium with a saturating concentration of GLP-1 and TT-OAD2. The BRET signal decreased in the presence of GTP, which suggests that GTP dissociated the Gi2 protein complex stabilized by GLP-1-occupied and TT-OAD2-occupied GLP-1R. Quantification of the plateau (middle) and the rate of ligand-induced conformational change (right) for each agonist (1Â Î¼M GLP-1 and 10Â Î¼M TT-OAD2) was calculated by applying a one-phase association curve to the kinetic data with values from each individual experiment show in black circles. f, Concentrationâ€“response curves of production in live HEK293 cells expressing the GLP-1R and an EPAC BRET biosensor in the presence of different concentrations of GLP-1 and TT-OAD2. Left, cAMP response taken 25 min after ligand addition. Right, area under the curve (AUC) analysis of the response calculated as AUC across the full kinetic trace for each ligand concentration (from data in Fig. 2d). Data are mean + s.e.m. of 4â€“6 independent experiments performed in duplicate or triplicate.


Extended Data Fig. 2 Purification, cryo-EM data imaging and processing of the TT-OAD2â€“GLP-1Râ€“Gs complex.
a, Representative elution profile of Flag-purified complex on Superdex 200 Increase 10/30 SEC. b, Representative micrograph of the TT-OAD2â€“GLP-1Râ€“Gs complex. Red circles highlight examples of individual particles. c, Two-dimensional class averages of the complex in maltose-neopentyl glycol (MNG) micelle. d, Cryo-EM data processing workflow. e, Gold-standard Fourier shell correlation (FSC) curves, showing the overall nominal resolution at 3.0Â Ã…. f, 3D histogram representation of the Euler angle distribution of all the particles used for the in the reconstruction overlaid on the density map drawn on the same coordinate axis (map is coloured according to local resolution as in g). g, Cryo-EM density map coloured according to resolution. Left, map with the GLP-1R ECD masked; right, map including the ECD of GLP-1R.


Extended Data Fig. 3 The atomic resolution model of the TT-OAD2â€“GLP-1Râ€“GÎ±s heterotrimer in the cryo-EM density map.
Electron microscopy density map and the model are shown for all seven transmembrane helices and helix 8 (H8) of the receptor, the Î±5 helix of the GÎ±S Ras-like domain and TT-OAD2. All transmembrane helices exhibit good density, with TM6 that displays flexibility being the least well resolved region.


Extended Data Fig. 4 Cryo-EM density supports ligand interactions in the TT-OAD2-binding site.
a, Interacting residues predicted by LigPlot using the full-length model with ECD. b, The pose of TT-OAD2 and interactions with residues within TM1, TM2, TM3, ECL1 and ECL2 are supported by well-resolved density in the cryo-EM map. c, Density for the ECD was visible in the cryo-EM and supports extended interactions of the ECD with ECL1 and ECL2, as well as with the ligand TT-OAD2.


Extended Data Fig. 5 Comparison of the TT-OAD2â€“GLP-1Râ€“Gs complex with peptide agonist-bound GLP-1R structures and the inactive class B GPCR glucagon receptor transmembrane helices.
a, Structures of agonist-bound GLP-1R; from left to right: GLP-1R (orange) bound to GLP-1 peptide (green) in an active conformation, GLP-1R (pink) bound to ExP5 peptide (cyan) in an active conformation, GLP-1R (blue) bound to non-peptide TT-OAD2 (red) in an active conformation, GLP-1R (pale green) bound to 11-mer peptide HepP5 (purple) in a partially active conformation. Far right, overlay of GLP-1R agonist-bound structures highlighting variations within the ECD position in the different structures. Inset, differences in the location of the ECD are supported by density in the cryo-EM maps; shown are the GLP-1-bound (orange) and TT-OAD2 bound (blue) GLP-1R. b, c, Various overlays of these structures (using the same colours) to compare conformational differences between the different structures. b, Overlay of TT-OAD2-bound GLP-1R Gs structure with the full-length peptide bound Gs structures and the inactive glucagon receptor (GCGR; grey) bundle reveals common conformational transitions occur in all agonist-bound structures relative to the inactive GCGR, but the extent of these movements differ. A more open helical bundle is observed for the TT-OAD2-bound GLP-1R than either GLP-1- or ExP5-bound owing to a distinction in the conformations of TM1, TM6, TM7 and ECL3 at the extracellular side of the receptor induced by the binding of the different ligands (left and middle). Middle, differences in the conformation of TM2 between the inactive and peptide-agonist-bound structures is also evident. Right, at the intracellular face all active structures display a similar large outward movement of TM6 and a smaller movement within TM5. c, Comparison of TT-OAD2-bound GLP-1R with the small peptide HepP5-bound GLP-1R structure. Left, TT-OAD2 and Hep-P5 occupy a partially overlapping binding site but promote distinct conformations of the ECD and transmembrane bundle of the GLP-1R. Middle, HepP5 engages deeper in the helical bundle than TT-OAD2 and promotes a more closed helical bundle owing to differences induced in the conformation of TM1, TM6, TM7 and ECL3. Right, overlay of the TT-OAD2-, Hep-P5- and GLP-1-bound GLP-1R transmembrane bundles reveals HepP5 induces a similar conformation of the helical bundle to GLP-1 whereas TT-OAD2 induces a distinct conformation.


Extended Data Fig. 6 Pharmacological responses exhibited by endogenous ligands GLP-1 and oxyntomodulin in the presence of TT-OAD2.
Signalling profiles of GLP-1 and oxyntomodulin, after 30Â min preincubation of vehicle (0) or increasing concentrations of TT-OAD2. Data were performed in HEK293A cells stably expressing the GLP-1R, and are mean + s.e.m. of 3â€“4 independent experiments performed in duplicate.


Extended Data Fig. 7 GLP-1R domains are stabilized by either ligand contacts or lipid interactions.
a, Top, RMSF values of alpha carbons computed during MD simulations of the GLP-1Râ€“GLP-1â€“Gs complex (black line) and the GLP-1Râ€“TT-OAD2â€“Gs complex (red line); transmembrane helices, intracellular loops (ICLs), and ECLs positions are indicated. Bottom left, RMSF values plotted on the GLP-1R structure bound to GLP-1 (transparent ribbon). Bottom right, RMSF values plotted on the GLP-1R structure bound to TT-OAD2 (transparent stick representation). ECL1 and ECL3 were more dynamic in the GLP-1-bound receptor than the TT-OAD2-bound structure. By contrast, ECL2 and the top end of TM5 were more mobile in the GLP-1Râ€“TT-OAD2â€“Gs complex. b, GLP-1R contacts formed with membrane lipids during molecular dynamic simulations of the GLP-1Râ€“TT-OAD2â€“Gs and the GLP-1Râ€“GLP-1â€“Gs systems. Two sides views of the receptor are shown (ribbon and transparent surface). When bound to TT-OAD2, ECL1, TM3, the distal end of TM6, and ECL3 are more in contact with the membrane lipids (magenta). By contrast, TM1 and TM7 are more prone to interact with the membrane when GLP-1 is bound (green). The outward movement of ECL3 in the GLP-1Râ€“TT-OAD2â€“Gs complex (stabilized by a hydrogen bond network different than GLP-1Râ€“GLP-1â€“Gs; Extended Data Table 2) produces more interactions with the lipids, possibly further stabilizing the open conformation of TM6, ECL3 and TM7.


Extended Data Fig. 8 Dynamics of the ECD of GLP-1R.
a, The vector (shown here as a green arrow) connecting S49ECD and E34ECD alpha carbons (ECD N-terminal helix) are shown in the box. b, Left, ECD N-terminal helix orientations observed during the molecular dynamics simulation of the GLP-1Râ€“GLP-1â€“Gs (black arrows), the GLP-1Râ€“GLP-1 complex (obtained by removing G protein; blue arrows), and the apo-GLP-1R (obtained by removing both the Gs protein and GLP-1; cyan arrows) are shown on the left viewed from the top and side of the bundle. The receptor is shown as a dark grey ribbon. During molecular dynamic simulations with GLP-1 bound, the N-terminal helix was oriented vertically (black and blue arrows), whereas in the apo-form the ECD N-terminal helix was more dynamic and experienced both open and closed conformations (this is analogous to the suggested ECD dynamics for the glucagon receptor). Right, ECD N-terminal helix orientations of the GLP-1Râ€“TT-OAD2â€“Gs (red arrows), the GLP-1Râ€“TT-OAD2 complex (obtained by removing G protein; orange arrows), and the apo-GLP-1R (obtained by removing both the Gs protein and TT-OAD2; yellow arrows) are shown. The receptor is shown as a red ribbon. The distal end (S49ECD) of the helix was more mobile than the proximal one (E34ECD), which had an overall tendency to remain in the proximity of the TT-OAD2-binding site, driven by transient interactions with the ligand (Extended Data Table 1) and hydrogen bonds with the R299ECL2 side chain (Extended Data Table 2). Molecular dynamics simulations therefore suggest a different behaviour for residue R299ECL2, which is stably involved in interactions with the peptide in the GLP-1-Râ€“GLP-1â€“Gs complex (Extended Data Table 1), and instead interacts with E34ECD and other residues located at the ECL2 (E294ECD, D293ECD and N300ECD) in the GLP-1Râ€“TT-OAD2â€“Gs complex (Extended Data Table 2).


Extended Data Fig. 9 Proposed activation mechanism of class B GPCRs.
Left, in the inactive conformation, the top of the transmembrane domain is stabilized by interactions of the ECD with the TM6â€“ECL3â€“TM7 region. Top, activation of class B GPCRs by peptides occurs via a two domain mechanism. Top left, engagement of the peptide with the receptor ECD releases ECD constraints on the transmembrane domain promoting outward movements of TM1, TM6 and TM7 by peptide. Middle, interaction of the peptide N terminus in the bundle within TM1, TM2, TM3, TM5, TM6 and TM7 promotes TM1, TM6 and TM7 to close in around the peptide. Direct engagement of peptides with the central polar network facilitates conformational transitions required for G protein coupling and activation. Top right, the active conformation of the central polar network is stabilized by a series of structural waters. Bottom, interaction of the non-peptide TT-OAD2 at the top of the GLP-1R transmembrane bundle releases ECD constraints on the transmembrane bundle resulting in movements of TM1, TM6 and TM7 outwards. TT-OAD2 does not engage TM5â€“TM7 and the bundle remains open. TT-OAD allosterically promotes conformational rearrangement of the central polar network to stabilize the fully active receptor conformation that allows coupling to G protein. Bottom right, the central polar network is stabilized by a distinct network of structural waters relative to peptide-mediated activation.


Extended Data Table 1 GLP-1Râ€“TT-OAD2 and GLP-1Râ€“GLP-1 contacts during molecular dynamics simulations performed on the GLP-1Râ€“TT-OAD2â€“Gs and GLP-1Râ€“GLP-1â€“Gs complexesFull size table


Extended Data Table 2 Main GLP-1Râ€“GLP-1R intramolecular hydrogen bonds during molecular dynamics simulationFull size table
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Reporting Summary

Video 1
Different hydration of polar networks within the GLP-1R transmembrane (TM) domain. In the GLP-1R:TT-OAD2 Gs complex (left), structural water molecules form stable hydrogen bonds with the N3205.50 side chain and the Y2413.44 backbone atoms as well with E3646.53. The bound GLP-1 (right) stabilizes a water molecule network in the proximity of the peptide N-terminal residues H7 and A8 as well of Y1521.47, T3917.46, R1902.60, E3645.53.


Video 2
TT-OAD2 interactions lead to reorganisation and stabilisation of the central polar network via a distinct mechanism to GLP-1. The GLP-1R:TT-OAD2 interactions modify the hydrogen bond network between TM1 and TM2. Left; GLP-1 (brown ribbon representation) residue 3 (D9) (white stick) forms an ionic interaction (red dotted lines) with R1902.60, which is involved in key hydrogen bonds with N2403.43 (in turn interacting with S1862.56). At the top of TM2, K1972.67, D1982.68, and Y1451.40 are stabilized in polar interactions (red dotted lines). Right; The TT-OAD2 (brown stick and transparent van der Waals surface) binding triggers the reorganization of the interaction network at the top of TM1 and leads the Y1481.43 and Y1521.47 to make contact and form hydrogen bond interactions with the R1902.60. The ECL3 of the GLP-1R:TT-OAD complex was removed for clarity.
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