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            Abstract
G-protein-coupled receptors (GPCRs) are critically regulated by Î²-arrestins, which not only desensitize G-protein signalling but also initiate a G-protein-independent wave of signalling1,2,3,4,5. A recent surge of structural data on a number of GPCRs, including the Î²2 adrenergic receptor (Î²2AR)â€“G-protein complex, has provided novel insights into the structural basis of receptor activation6,7,8,9,10,11. However, complementary information has been lacking on the recruitment of Î²-arrestins to activated GPCRs, primarily owing to challenges in obtaining stable receptorâ€“Î²-arrestin complexes for structural studies. Here we devised a strategy for forming and purifying a functional human Î²2ARâ€“Î²-arrestin-1 complex that allowed us to visualize its architecture by single-particle negative-stain electron microscopy and to characterize the interactions between Î²2AR and Î²-arrestin 1 using hydrogenâ€“deuterium exchange mass spectrometry (HDX-MS) and chemical crosslinking. Electron microscopy two-dimensional averages and three-dimensional reconstructions reveal bimodal binding of Î²-arrestin 1 to the Î²2AR, involving two separate sets of interactions, one with the phosphorylated carboxy terminus of the receptor and the other with its seven-transmembrane core. Areas of reduced HDX together with identification of crosslinked residues suggest engagement of the finger loop of Î²-arrestin 1 with the seven-transmembrane core of the receptor. In contrast, focal areas of raised HDX levels indicate regions of increased dynamics in both the N and C domains of Î²-arrestin 1 when coupled to the Î²2AR. A molecular model of the Î²2ARâ€“Î²-arrestin signalling complex was made by docking activated Î²-arrestin 1 and Î²2AR crystal structures into the electron microscopy map densities with constraints provided by HDX-MS and crosslinking, allowing us to obtain valuable insights into the overall architecture of a receptorâ€“arrestin complex. The dynamic and structural information presented here provides a framework for better understanding the basis of GPCR regulation by arrestins.
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                    Figure 1: Formation and functional characterization of a stable agonistâ€“Î²2V2Râ€“Î²-arrestin-1 signalling complex.[image: ]


Figure 2: HDX-MS analysis reveals potential interface between Î²2V2R and Î²-arrestin 1.[image: ]


Figure 3: Single-particle EM analysis of the Î²2V2Râ€“Î²-arrestin-1â€“Fab30/ScFv30 complex.[image: ]


Figure 4: Structural model of the Î²2V2Râ€“Î²-arrestin-1â€“Fab30 complex.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Formation of the Î²2V2Râ€“Î²-arrestin-1â€“Fab30 complex follows agonist occupancy of the receptor and is biochemically stable.
a, Sf9 cells co-expressing the Î²2V2R, Î²-arrestin 1 (Î²arr1) and GRK2CAAX were stimulated with varying doses of the high-affinity agonist BI-167107 followed by addition of Fab30 and purification of the complexes. Stimulation of cells with increasing concentration of BI-167107 results in increasing amount of Î²-arrestin 1 co-purification, indicating a direct correlation between occupancy of the receptor with agonist and complex formation. b, Quantification of agonist-dependent complex formation from seven independent experiments normalized with respect to the Î²-arrestin-1 signal at the highest agonist concentration. c, Purified T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“Fab30 complex was stored either at 4â€‰Â°C or at room temperature for 4 days followed by size exclusion chromatography on a Superdex 200 (10/300) column (flow rate 0.5â€‰mlâ€‰minâˆ’1). No substantial dissociation of the complex was detected as monitored by appearance of a peak corresponding to the receptor (13.5â€‰ml) or Î²-arrestin 1 (14.5â€‰ml).


Extended Data Figure 2 Functionally relevant conformation of Î²-arrestin 1 in the T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“Fab30 complex as revealed by enhanced clathrin-TD interaction.
Purified glutathione S-transferase (GST)-tagged clathrin-TD was added to the purified complex or an equivalent amount of Î²-arrestin 1 (Î²arr1) alone. Interaction of clathrin-TD with the complex or Î²-arrestin 1 was measured by subsequent co-immunoprecipitation and western blot analysis. Quantification of four independent experiments shown as a bar graph. The relative intensities of the Î²-arrestin-1 bands are normalized with respect to Î²-arrestin 1 alone (set as 1). A Coomassie-stained gel indicating comparable amounts of Î²-arrestin 1 for complex versus Î²-arrestin 1 alone conditions in clathrin-TD co-immunoprecipitation experiments is shown on the left. Error bars show standard error of the mean (s.e.m.). Pâ€‰<â€‰0.05 for paired t-test.


Extended Data Figure 3 HDX-MS analysis and MS-based mapping of the crosslinking site in T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“Fab30 complex.
a, The differential HDX between the T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“Fab30 complex and the V2Rppâ€“Î²-arrestin-1â€“Fab30 complex are mapped on the sequence of Î²-arrestin 1 (Î²arr1). b, DSA, a homobifunctional amine-reactive crosslinker, was used to crosslink the preformed T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“Fab30 complex. c, A representative SDSâ€“PAGE showing the DSA crosslinking efficiency of the preformed complex. d, The crosslinked peptides were characterized with â€˜doubletâ€™ peak signatures in mass spectra as described in Methods and revealed a crosslink between K235 of the Î²2V2R and K77 at the distal end of the finger loop in Î²-arrestin 1. e, Structural model of the Î²2V2Râ€“Î²-arrestin-1 complex highlighting the crosslinking site.


Extended Data Figure 4 Disulphide trapping strategy reveals close proximity of residue 235 of the Î²2V2R and residue 78 at the distal end of the finger loop in Î²-arrestin 1.
a, Structural model of the Î²2V2Râ€“Î²-arrestin-1 complex depicting the proximity of K235 on the Î²2V2R and D78 on Î²-arrestin 1 (Î²arr1). b, Single cysteine insertion mutants of the Î²2V2R (covering residues 231â€“236) and Î²-arrestin-1(D78C) were co-transfected in HEK-293 cells and complex formation was induced by stimulating the cells with an oxidizing agent, H2O2 and agonist (isoproterenol (Iso)). Subsequently, a co-immunoprecipitation assay was performed using Flag M2 beads (Flagâ€“Î²-arrestin 1). Formation of disulphide trapped complex was visualized by western blotting. c, Quantification of Î²-arrestin 1 in Sâ€“S trapped complex from three independent experiments with s.e.m.


Extended Data Figure 5 Raw EM images of negative-stained native T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“Fab 30/ScFv30 complex.
a, Raw EM image of T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“Fab30 complex. b, Raw EM image of T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“ScFv30 complex. Scale bar, 100â€‰nm.


Extended Data Figure 6 Two-dimensional classifications of the T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“Fab30/ScFv30 complex.
a, b, Reference-free two-dimensional class averages were obtained using ISAC. a, Two-dimensional classification of the T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“Fab30 complex. b, Two-dimensional classification of the T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“ScFv30 complex. Scale bar,â€‰10â€‰nm.


Extended Data Figure 7 â€˜On-columnâ€™ glutaraldehyde crosslinking of the preformed complex.
a, Schematic representation of the on-column crosslinking strategy. A glutaraldehyde solution is injected to a size exclusion chromatography column, followed by injection of the purified complex protein. As the complex protein passes through the glutaraldehyde bolus, the receptor and the Î²-arrestin (Î²arr) components of the complex are crosslinked through proximal primary amine groups. This procedure allows only brief exposure of the complex to glutaraldehyde and serves as an â€˜in-lineâ€™ purification of homogenously crosslinked protein from any aggregation that may arise from non-specific crosslinking. b, On-column crosslinking of the T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“ScFv30 complex. Purified complex (approximately 20â€‰Î¼M) was injected onto a 24â€‰ml Superdex 200 gel filtration column after a pre-injection of 200â€‰Î¼l of 0.25% glutaraldehyde bolus. Individual fractions were collected and analysed by SimplyBlue-stained SDSâ€“PAGE. c, On-column crosslinking of the T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“Fab30 complex performed as described for the ScFv complex earlier.


Extended Data Figure 8 Raw EM images of negative-stained crosslinked T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“Fab30/ScFv30 complex.
a, Raw EM image of T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“Fab30 complex. b, Raw EM image of T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“ScFv30 complex. Scale bar,â€‰100â€‰nm.


Extended Data Figure 9 Two-dimensional classifications of crosslinked T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“Fab30/ScFv30 complex.
a, b, Reference-free two-dimensional class averages were obtained using ISAC. a, Two-dimensional classification of crosslinked T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“Fab30 complex. b, Two-dimensional classification of crosslinked T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“ScFv30 complex. Scale bar, 10â€‰nm.


Extended Data Figure 10 Three-dimensional EM reconstructions and resolution indications by FSC.
The top panel shows the three-dimensional map from particles representing the fully engaged Î²2V2Râ€“Î²-arrestin-1 conformation of the T4Lâ€“Î²2V2Râ€“Î²-arrestin-1â€“Fab30 complex. The bottom panel shows the three-dimensional reconstruction from particles displaying the loose, hanging arrestin conformation of the same complex. Representative two-dimensional averages of particles used for the calculation of initial models by the random conical tilt method are shown on the left of each respective three-dimensional map.
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