







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 02 May 2018



                    Catalytic activation of β-arrestin by GPCRs

                    	Kelsie Eichel1,2, 
	Damien Jullié1,2, 
	Benjamin Barsi-Rhyne1,2, 
	Naomi R. Latorraca3,4,5,6, 
	Matthieu Masureel5, 
	Jean-Baptiste Sibarita7,8, 
	Ron O. Dror3,4,5,6 & 
	…
	Mark von Zastrow1,2 

Show authors

                    

                    
                        
    Nature

                        volume 557, pages 381–386 (2018)Cite this article
                    

                    
        
            	
                        21k Accesses

                    
	
                        138 Citations

                    
	
                            72 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Cell signalling
	Membrane trafficking


    


                
    
    

    
    

                
            


        
            Abstract
β-arrestins are critical regulator and transducer proteins for G-protein-coupled receptors (GPCRs). β-arrestin is widely believed to be activated by forming a stable and stoichiometric GPCR–β-arrestin scaffold complex, which requires and is driven by the phosphorylated tail of the GPCR. Here we demonstrate a distinct and additional mechanism of β-arrestin activation that does not require stable GPCR–β-arrestin scaffolding or the GPCR tail. Instead, it occurs through transient engagement of the GPCR core, which destabilizes a conserved inter-domain charge network in β-arrestin. This promotes capture of β-arrestin at the plasma membrane and its accumulation in clathrin-coated endocytic structures (CCSs) after dissociation from the GPCR, requiring a series of interactions with membrane phosphoinositides and CCS-lattice proteins. β-arrestin clustering in CCSs in the absence of the upstream activating GPCR is associated with a β-arrestin-dependent component of the cellular ERK (extracellular signal-regulated kinase) response. These results delineate a discrete mechanism of cellular β-arrestin function that is activated catalytically by GPCRs.
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                    Fig. 1: Discrete mode of GPCR-activated cellular β-arrestin trafficking is broadly conserved.


Fig. 2: Activation of β-arrestin trafficking requires the GPCR core but not the GPCR cytoplasmic tail.


Fig. 3: β-arrestin activation is inhibited by a polar network in a region proximal to the β-arrestin finger loop.


Fig. 4: Phosphoinositide binding is required to capture β-arrestin at the plasma membrane after GPCR dissociation.


Fig. 5: sptPALM analysis of GPCR and β-arrestin dynamics and stable β-arrestin binding at CCSs.
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Extended data figures and tables

Extended Data Fig. 1 Verification of GPCR-specificity of the discrete β-arrestin trafficking mechanism, demonstration that this mechanism produces super-stoichiometric β-arrestin accumulation in CCSs and that its activation does not require the GPCR tail.
a, Mean β-arrestin-2–GFP enrichment at CCSs in cells expressing Flag–β1AR after the following treatments: 10 µM isoproterenol (green, n = 14 cells), 15-min pretreatment with 10 µM CGP 20712 A and treatment with 10 µM isoproterenol (red, n = 12 cells), or 10 µM CGP 20712 A alone (grey, n = 12 cells). Data shown for the 10 µM isoproterenol condition are replotted from Fig. 1b. b, Maximum β-arrestin-2–GFP enrichment at CCSs in HEK 293 cells transfected with the indicated receptor or empty vector and treated with 10 µM isoproterenol. c, β-arrestin-2–GFP enrichment at CCSs in H9c2 cells without GPCR overexpression and treated with 10 µM isoproterenol or 10 µM dobutamine (n = 5 or 4 cells, respectively, from two independent experiments). d, β-arrestin-2–GFP enrichment at CCSs in H9c2 cells without GPCR overexpression and treated as indicated (n = 12 cells). e, Live-cell TIRF microscopy images (representative of n = 3 independent experiments) showing Flag–β1AR (blue), β-arrestin-1–mVenus (green) and clathrin light chain–DsRed (red) before and after treatment with 10 µM isoproterenol. f, Enrichment into CCSs (n = 7 cells from three independent experiments). g, Maximum β-arrestin-1–mVenus enrichment at CCSs in HEK 293 cells transfected with Flag–β1AR or empty vector and treated with 10 µM isoproterenol (n = 7 and 11 cells, respectively, from three independent experiments; P = 0.0023 using an unpaired t-test with Welch’s correction). h, Mean β-arrestin-2–GFP enrichment at CCSs in cells expressing Flag–β2AR after the following treatments: 10 µM isoproterenol (green, n = 15 cells), 15-min pretreatment with 10 µM ICI 118,551 and then treatment with 10 µM isoproterenol (red, n = 14 cells) or 10 µM ICI 118,551 (grey, n = 12). Data shown for the 10 µM isoproterenol condition are replotted from Fig. 1d. i, Fluorescence intensity profiles from lines shown in Fig. 1e. j, Time-dependent correlation coefficient of line scans across cells derived from immobilization experiments shown in Fig. 1e, f (n = 3). k, Live-cell TIRF microscopy images (representative of n = 3 independent experiments) showing Flag–β2AR–GFP and clathrin-light-chain–DsRed (red) before and after treatment with 10 µM isoproterenol. Fluorescence from the Alexa Fluor 647-conjugated Flag antibody shown in blue and GFP fluorescence shown in green. l, Difference in GFP and Alexa Fluor 647 fluorescence enrichment at CCSs in cells co-expressing Flag–β1ARs (red), Flag–β2ARs (blue) and β-arrestin-2–GFP or Flag–β2AR-GFP (black). Cells were labelled with Alexa Fluor 647-conjugated Flag antibody for 10 min before live-cell imaging. Data were derived from the experiments shown in Fig. 1a, b (blue line, n = 14 cells from three independent experiments), Fig. 1c, d (red line, n = 15 cells from three independent experiments) and Extended Data Fig. 1k (black line n = 12 cells from three independent experiments). m, Plot of β-arrestin–GPCR stoichiometry calculated from the data displayed in k, calibrated according to the double-labelled Flag–β2AR–GFP reference construct, which defines 1:1 stoichiometry (For β1AR and β2AR, n = 14 and 15 cells, respectively, from three independent experiments). A correction index was calculated by dividing GFP fluorescence by Alexa Fluor 647 (Flag) fluorescence in CCSs. This correction index was then applied to receptor and β-arrestin-2 enrichment in CCSs to determine β-arrestin-2–GPCR stoichiometry throughout the time course. Images were captured continuously at 0.5 Hz and stoichiometry values over the time course were calculated using a rolling average with 50-frame window size. Scale bar, 5 µm. Scatter plots show overlay of mean and s.e.m. a, d, h, l and l show data as mean ± s.e.m. **P < 0.01.


Extended Data Fig. 2 Additional demonstration that multiple GPCRs can activate the discrete β-arrestin trafficking mechanism.
a, Live-cell TIRF microscopy images showing Flag–MOR (blue), β-arrestin-2–GFP (green) and clathrin light chain–DsRed (red) before and after treatment with the opioid peptide DAMGO (10 µM). b, Mean Flag–MOR and β-arrestin-2–GFP enrichment at CCSs after treatment with 10 µM DAMGO (n = 12 cells). c, Maximum β-arrestin-2–GFP enrichment at CCSs for HEK 293 cells expressing Flag–MOR or empty vector and treated with 10 µM DAMGO (n = 12 cells per condition from three independent experiments; P < 0.0001 using a two-tailed unpaired t-test with Welch’s correction). d, Live-cell TIRF microscopy images showing Flag–KOR (blue), β-arrestin-2–GFP (green) and clathrin light chain–DsRed (red) before and after treatment with 10 µM dynorphin. e, Enrichment into CCSs after bath application of 10 µM dynorphin (n = 18 cells). f, Maximum β-arrestin-2–GFP enrichment at CCSs in HEK 293 cells expressing Flag–KOR or empty vector and treated with 10 µM dynorphin (n = 18 and 13 cells, respectively, from three independent experiments; P = 0.0028 using a two-tailed unpaired t-test with Welch’s correction). g, Live-cell TIRF microscopy images showing Flag–DRD2 (blue), β-arrestin-2–GFP (green) and clathrin light chain–DsRed (red), before and after treatment with 10 µM quinpirole. h, Enrichment into CCSs after bath application of 10 µM quinpirole (n = 12 cells). i, Maximum β-arrestin-2–GFP enrichment at CCSs in cells expressing Flag–DRD2 or untransfected and treated with 10 µM quinpirole (n = 11 and 12 cells from three independent experiments; P = 0.0095 using a two-tailed unpaired t-test with Welch’s correction). a, d and g show representative images from three independent experiments. b, e and h show mean ± s.e.m. Scatter plots show overlay of mean and s.e.m. Scale bars, 5 µm. *P < 0.05; **P < 0.01; ***P < 0.001.


Extended Data Fig. 3 Direct interaction with the GPCR, but not the GPCR cytoplasmic tail, is required for activation of β-arrestin trafficking.
a, Live-cell TIRF microscopy images showing Flag–β1AR(415T) (blue), β-arrestin-2–GFP (green) and clathrin light chain–DsRed (red) before and after treatment with 10 µM isoproterenol. b, Maximum β-arrestin-2–GFP enrichment at CCSs after treatment with 10 µM isoproterenol for cells co-expressing the indicated Flag–β1AR receptor (n = 10 and 12 cells, respectively, from three independent experiments; P = 0.5825 calculated using a two-tailed unpaired t-test). c, Live-cell TIRF microscopy images showing Flag–β2AR(365T) (blue), β-arrestin-2–GFP (green) and clathrin light chain–DsRed (red) before and after treatment with 10 µM isoproterenol. d, Maximum β-arrestin-2–GFP enrichment at CCSs in HEK 293 cells treated with 10 µM isoproterenol and transfected with either Flag–β2AR or empty vector (n = 11 and 13 cells, respectively, from three independent experiments; P = 0.0269 calculated using a two-tailed unpaired t-test with Welch’s correction). e, Maximum β-arrestin-2–GFP enrichment at CCSs for cells co-expressing the indicated Flag–β2AR receptor and treated with 10 µM isoproterenol (n = 12 cells from three independent experiments; P = 0.0606 calculated using a two-tailed unpaired t-test). f, Live-cell TIRF microscopy images showing Flag–DRD2 (blue), β-arrestin-2–GFP (green) and clathrin light chain–DsRed (red) before and after treatment with 10 µM quinpirole. g, h, Initial enrichment in CCSs before treatment with 10 µM quinpirole (g) and maximum enrichment after treatment with 10 µM quinpirole (h) (n = 12 cells from three independent experiments; P = 0.19 and 0.4873, respectively, using a two-tailed unpaired t-test). i, Live-cell TIRF microscopy images showing Flag–β1AR (blue), β-arrestin-2–GFP (green) and clathrin light chain–DsRed (red) before and after treatment with 5 µM forskolin (fsk). j, k, Initial enrichment in CCSs before treatment with 5 µM forskolin (j) and maximum enrichment after treatment with 5 µM forskolin (k) (n = 12 cells from three independent experiments; P = 0.6325 and 0.0971, respectively, using a two-tailed unpaired t-test). l, Live-cell TIRF microscopy images showing Flag–β2AR (blue), β-arrestin-2–GFP KNC mutant (green) and clathrin light chain–DsRed (red) before and after treatment with 10 µM isoproterenol. m, n, Initial enrichment in CCSs before treatment with 10 µM isoproterenol (m) and maximum enrichment after treatment with 10 µM isoproterenol (n) (n = 9 (wild-type) or 8 (KNC mutant) cells from three independent experiments; P = 0.6681(m) and P = 0.001 (n) using a two-tailed unpaired t-test with Welch’s correction). a, c, f, i and l show representative images from three independent experiments. Scatter plots show overlay of mean and s.e.m. Scale bars, 5 µm. *P < 0.05, **P < 0.01.


Extended Data Fig. 4 Additional verification that charge mutations in the finger-loop-proximal region of β-arrestin produce a constitutive activation phenotype.
a, Live-cell TIRF microscopy images showing Flag–β2AR, clathrin light chain–DsRed (red) and the polar core mutant of β-arrestin-2–GFP (green) in the absence of agonist treatment. b, Clustering index of β-arrestin-2–GFP for the indicated construct in the absence of agonist treatment. Statistical significance was calculated using a two-tailed unpaired t-test with Welch’s correction (polar core mutant: n = 12 cells from three independent experiments, P < 0.0001; finger-loop-proximal mutant: n = 16 cells from three independent experiments, P < 0.0001; R77A: n = 12 cells from three independent experiments, P = 0.0403; K78A: n = 12 cells from three independent experiments, P = 0.0016). Wild-type and finger-loop-proximal mutant data is replotted from Fig. 3b. c, Association of β-arrestin-2–GFP constructs with the β-adaptin subunit of AP-2 in the absence of agonist treatment. Molecular mass markers (in kDa) are shown on the right side of blots. For gel source data, see Supplementary Fig. 1. The western blots in c are representative of three independent experiments, quantified in d, and shown as AP-2/GFP intensity in the immunoprecipitation conditions (n = 3 independent experiments, P = 0.0218 using a two-tailed unpaired t-test). e, β-arrestin-2–GFP expression in cell lysates from c. f–i, Live-cell TIRF microscopy images showing Flag–β2AR, clathrin light chain–DsRed (red) and β-arrestin-2–GFP with the indicated point mutations (green) in the absence of agonist treatment. Detailed descriptions of β-arrestin mutations are provided in Extended Data Table 1. a and f–i show representative images from three independent experiments. Scatter plots show overlay of mean and s.e.m. Scale bars, 5 µm. *P < 0.05, **P < 0.01, ***P < 0.001.


Extended Data Fig. 5 Molecular dynamics simulations suggest that finger-loop-proximal charged residues stabilize β-arrestin in an inactive state.
a, Crystal structures of β-arrestin-1 (left) in an inactive (middle) and active (right) conformation reveal an extensive network of polar residues proximal to the finger loop involving residues R76, K77 and D78. b, Histogram of distances between K77 and E313 in simulations of inactive β-arrestin-1 (blue) and active β-arrestin-1 (pink), showing frequency of K77–E313 salt-bridge formation. The K77–E313 distance corresponds to the minimum distance between polar heavy atoms on the two residues’ side chains. A separation distance of less than 3.0 Å corresponds to formation of the salt bridge. For the six simulations started from the inactive state, the salt bridge formed 1.1%, 5.7%, 6.3%, 17.6%, 1.0% and 2.0% of the time, respectively (simulation lengths were 4.7 μs, 3.1 μs, 2.9 μs, 5.1 μs, 5.2 μs and 5.7 μs, respectively). For the six simulations started from the active state, the salt bridge formed 0.02%, 0.04%, 0.0%, 1.1%, 0.0% and 0.0% of the time, respectively (simulation lengths were 5.0 μs, 5.0 μs, 4.7 μs, 4.8 μs, 4.8 μs and 5.0 μs, respectively). c, Inactive-state crystal structure of β-arrestin-1 in which E313 interacts with R188 on a different β-arrestin-1 molecule in the crystal lattice. d, Sequence alignment of arrestins showing conservation of residues R76, K77, D78 and E313. Detailed description of β-arrestin mutations are provided in Extended Data Table 1.


Extended Data Fig. 6 Verification that the conserved phosphoinositide binding determinant in the β-arrestin C domain is specifically required for the catalytic trafficking mechanism and operates upstream of clathrin- and AP-2-binding interactions.
a, b, Graphical representation of β-arrestin interaction domains without (a) and with (b) βAR activation by isoproterenol. c, Live-cell TIRF microscopy images showing Flag–β2AR (blue), β-arrestin-2–GFP (green) and clathrin light chain–DsRed (red) before and after treatment with 10 µM isoproterenol. d, Live-cell TIRF microscopy images showing Flag–β2AR (blue), β-arrestin-2–GFP lipid mutant (green) and clathrin light chain–DsRed (red) before and after treatment with 10 µM isoproterenol. e, Representative western blot (from four independent experiments) of purified wild-type and lipid mutant versions of β-arrestin-1(1–393) immunoprecipitation with PtdIns(4,5)P2-coated agarose beads and quantified in f as per cent of input protein (n = 4 independent experiments, P = 0.0142 using a two-tailed unpaired t-test). For gel source data, see Supplementary Fig. 1. g, Live-cell TIRF microscopy images showing Flag–β2AR (blue), β-arrestin-2(F191G/L192G)–GFP lipid anchor mutant (green), and clathrin light chain–DsRed (red) before and after treatment with 10 µM isoproterenol. h, Maximum β-arrestin-2–GFP enrichment at CCSs in cells expressing the indicated β-arrestin-2–GFP construct and treated with 10 µM isoproterenol (n = 12 cells from three independent experiments; P = 0.9227 calculated using a two-tailed unpaired t-test). i, Live-cell TIRF microscopy images showing Flag–β2AR (blue), β-arrestin-2–GFP CCS mutant (green) and clathrin light chain–DsRed (red) before and after treatment with 10 µM isoproterenol. j, Representative images of HEK 293 cells co-expressing Flag–β2AR (blue), β-arrestin-2–GFP lipid and CCS mutant (green) and clathrin light chain–DsRed (red) before and after treament with 10 µM isoproterenol. Representative β-arrestin images false coloured to indicate fluorescence intensity, maximum fluorescence enrichment at CCSs and normalized average plasma membrane (PM) β-arrestin-2–GFP fluorescence (mean ± s.e.m.), respectively, from cells co-expressing Flag–β1ARs (n = 12 cells per condition) without isoproterenol treatment (k–m), and the following β-arrestin-2–GFP constructs with treatment with 10 µM isoproterenol: wild-type (n–p), lipid mutant (q–s), CCS mutant (t–v) and CCS and lipid mutant (w–y). Wild-type β-arrestin-2–GFP maximum enrichment at CCSs shown in r, u and x is replotted from o. z–ac, Live-cell TIRF microscopy images showing cells before and after treatment with 10 µM isoproterenol and co-expressing Flag–β1AR (blue), clathrin light chain–DsRed (red) and the following GFP-labelled versions of β-arrestin-2 (green): wild-type (z), lipid mutant (aa), CCS mutant (ab), and CCS and lipid mutant (ac). ad, Live-cell TIRF microscopy images showing Flag–β2AR and the indicated β-arrestin-2–GFP construct in the absence of agonist treatment. ae, Clustering index of β-arrestin-2–GFP for the indicated construct in the absence of agonist treatment. Detailed description of β-arrestin mutations are provided in Extended Data Table 1. c, d, g, i–k, n, q, t, w and z–ad show representative images from three independent experiments. In r, u and x, n = 12 cells from three independent experiments; unpaired t-test with Welch’s correction, P = 0.0007, 0.0018 and 0.0012, respectively. In ae, n = 12 (wild-type) and 16 (finger-loop-proximal mutant) from three independent experiments; unpaired t-test with Welch’s correction, P < 0.0001; n = 12 (wild-type) and 15 (finger loop proximal & lipid mutant) from three independent experiments; P = 0.5464. Wild-type and finger-loop-proximal mutant data replotted from Fig. 3b. Scatter plots show overlay of mean and s.e.m. Scale bars, 5 μm. **P < 0.01, ***P < 0.001.


Extended Data Fig. 7 Phosphoinositide binding is essential for catalytic activation of β-arrestin trafficking but is dispensable for trafficking mediated by the scaffold mechanism.
a, Live-cell microscopy images of HEK 293 cells co-expressing Flag–β2AR–V2R C tail (blue), β-arrestin-2–GFP CCS mutant (green) and clathrin light chain–DsRed (red) before and after treatment with 10 µM isoproterenol. b, Normalized plasma membrane fluorescence of β-arrestin-2–GFP lipid mutant in cells co-expressing Flag–β2AR–V2R (n = 12 cells from three independent experiments) when treated with 10 µM isoproterenol. c, Maximum β-arrestin-2–GFP enrichment at CCSs in cells expressing indicated β-arrestin-2–GFP before and after activation of Flag–β2AR–V2R chimaera with 10 µM isoproterenol (n = 10 and 12 cells, respectively, from three independent experiments; P = 0.6433, two-tailed unpaired t-test). d, Live-cell microscopy images of COS-1 cells co-expressing Flag–β2AR (blue), β-arrestin-2–GFP (green) and clathrin light chain–DsRed (red) that have been pre-treated for 1 h with 1 µM PAO or vehicle (DMSO) before treatment with 10 µM isoproterenol. e, Normalized mean fold increase over initial β-arrestin-2–GFP fluorescence in cells co-expressing Flag–β2AR when pre-treated for 1 h with 1 µM PAO following treatment with 10 µM isoproterenol (n = 12 cells from three independent experiments). f, Live-cell microscopy images of COS-1 cells co-expressing Flag–β2AR–V2R C tail (blue), β-arrestin-2–GFP (green), and clathrin light chain (CLC)–dsRed (red) that have been pre-treated for 1 h with 1 μM PAO before before treatment with 10 µM isoproterenol. g, Normalized average fold increase over initial β-arrestin-2–GFP fluorescence in cells co-expressing Flag–β2AR or Flag–β2AR–V2R when pre-treated for 1 h with 1 µM PAO following treatment with 10 µM isoproterenol (n = 12 cells from three independent experiments). a, d and f show representative images from three independent experiments. b, e and g show mean ± s.e.m. Scatter plots show overlay of mean and s.e.m.


Extended Data Fig. 8 sptPALM controls, MSD plots and cellular model.
a, Representative image of a clathrin mask (green) generated from a CLC–GFP image (red). b–e, Representative diffusion maps overlaid with the clathrin mask for HEK 293 cells treated with 10 µM isoproterenol and expressing PAmCherry–β1AR (b), PAmCherry–β2AR (c), β-arrestin-2–PAmCherry and Flag–β1AR (d), and β-arrestin-2–PAmCherry and Flag–β2AR (e). f, Distribution of diffusion coefficients (D) of false-positive detections from HEK 293 cells expressing Flag–β2AR and imaged under standard sptPALM acquisition conditions to determine contribution of false-positive detections in the experimental setup and analysis. g, Distribution of diffusion coefficients of PAmCherry–β2AR, PAmCherry–PLCδ1-PH and β-arrestin-2–PAmCherry in live cells imaged at 37 °C after treatment with 10 µM isoproterenol (n = 13, 21 and 8 cells, respectively). Black lines show diffusion coefficient profiles that have not been corrected for false-positive detections, showing limited contribution to the profiles. β-arrestin-2–PAmCherry and PAmCherry–PLCδ1-PH were co-expressed individually with Flag–β2AR. h, Average MSD plots derived from sptPALM analysis of PAmCherry–β1AR and PAmCherry–β2AR trajectories in HEK 293 cells treated with 10 µM isoproterenol (n = 8 and 13 cells, respectively). i, Distribution of diffusion coefficients of wild-type and CCS mutant β-arrestin-2–PAmCherry when co-expressed with Flag–β1AR in live HEK 293 cells imaged at 37 °C after treatment with 10 µM isoproterenol (n = 13 and 17 cells, respectively). Black lines show diffusion coefficient profiles that have not been corrected for false-positive detections, showing limited contribution to the profiles. j, Average MSD plots derived from sptPALM analysis of wild-type and CCS mutant β-arrestin-2–PAmCherry trajectories in cells co-expressing Flag–β1AR and treated with 10 µM isoproterenol (n = 13 and 17 cells, respectively). k, Distribution of diffusion coefficients of wild-type and CCS mutant β-arrestin-2–PAmCherry when co-expressed with Flag–β2AR in live cells imaged at 37 °C after treatment with 10 µM isoproterenol (n = 21 and 10 cells, respectively). Black lines show diffusion coefficient profiles that have not been corrected for false-positive detections, showing limited contribution to the profiles. β-arrestin-2–PAmCherry diffusion coefficient profiles when activated by the β2AR are replotted from g. l, Average MSD plots derived from sptPALM analysis of wild-type and CCS mutant β-arrestin-2–PAmCherry trajectories in HEK 293 cells co-expressing Flag–β2AR and treated with 10 µM isoproterenol (n = 21 and 10 cells, respectively). m, n, Immobile (m) and mobile(n) β-arrestin-2–PAmCherry trajectory detections overlaid with a clathrin marker (red) in live cells co-expressing Flag–β1AR after treatment with 10 µM isoproterenol. o, p, Immobile (o) and mobile (p) β-arrestin-2–PAmCherry trajectory detections overlaid with a clathrin marker (red) in live cells co-expressing Flag–β2AR after treatment with 10 µM isoproterenol. Trajectory detections are false coloured based on the density of detections at each pixel. Error bars represent s.e.m; in some cases, error bars are smaller than the height of the symbol and are therefore not shown. Scale bars, 500 nm for sptPALM images. q, Proposed cellular pathway for catalytic activation of β-arrestin. r, Representative microscopy images of COS-1 cells co-expressing Flag–β2AR, β-arrestin-2–GFP (green) and clathrin light chain–DsRed (red) that were treated with 10 µM isoproterenol for 3 min. Then, β-arrestin-2–GFP was photobleached in the indicated yellow region (inset; insets are also shown in Fig. 5h). a–e, m–p and r show representative examples from at least three independent experiments. f–l show data as mean ± s.e.m.; in some cases, error bars are smaller than the height of the symbol and are, therefore, not shown. Scale bars; 500 nm for sptPALM images, 5 µm for larger FRAP images, 0.5 µm for inset FRAP images.


Extended Data Fig. 9 Differences in the bioenergetics of catalytic versus scaffold mechanisms of regulated β-arrestin trafficking and β-arrestin-dependent activation of ERK1/2 promoted by catalytic activation.
a, Schematic depicting the proposed co-existence of catalytic and scaffolding mechanisms of β-arrestin trafficking tuned according to tail binding affinity, emphasizing the difference in tail versus core interactions (shaded boxes). The tail interaction, which requires GPCR phosphorylation (Rp), drives scaffold formation by stabilizing GPCR–β-arrestin complex formation. The core interaction mediates catalysis by providing a kinetically favourable path for β-arrestin to remain at the plasma membrane irrespective of whether it is associated with a GPCR. The core interaction requires phosphoinositide binding to the β-arrestin C domain, which explains why the phosphoinositide requirement is specific to the catalytic mechanism and can be overcome by formation of a sufficiently stable scaffold complex requiring the phosphorylated GPCR tail. Primary energy inputs maintaining each proposed trafficking cycle are indicated by red arrows. The present results identify a specific requirement of the catalytic mechanism for phosphoinositide binding to the C domain but they do not exclude binding in the scaffold complex (which we think is likely). We also cannot presently rule out the possible existence of additional interaction(s) in the catalytic mechanism, such as phosphoinositide binding to the β-arrestin N domain, which has the potential to displace the β-arrestin C terminus22. b, Representative TIRF microscopy images of live cells (from three independent experiments) before and after treatment of cells expressing chimaeric Flag-tagged β1AR-V2Rs with 10 µM isoproterenol. Profiles of Flag-β2AR and β-arrestin-2–GFP average enrichment into CCSs in COS-1 cells expressing either an empty vector construct (c) or GRK2 (d) and treated with 10 µM isoproterenol (n = 15 or 12 cells, respectively, from three independent experiments). e, Difference in enrichment between β-arrestin-2–GFP and β2AR in cells shown in c and d, showing the effect of GRK2 overexpression. f, Representative western blot showing phosphorylated ERK1/2 and total ERK1/2 signal in extracts prepared from parental or β-arrestin-CRISPR-knockout HEK 293 cells expressing Flag–β1AR and exposed to 10 μM isoproterenol for the indicated time period. g, Quantification of ERK1/2 activation from the western blots in f (n = 5 independent experiments, P = 0.004 using a one-way ANOVA). h, Representative western blot showing phosphorylated ERK1/2 and total ERK1/2 signal in extracts prepared from parental or β-arrestin-CRISPR-knockout HEK 293 cells expressing Flag–β2AR and exposed to 10 μM isoproterenol for the indicated time period. i, Quantification of ERK1/2 activation from the western blots in h (n = 5 independent experiments). f and h show representative western blots from five independent experiments. Data are mean ± s.e.m. For gel source data, see Supplementary Fig. 1. Error bars represent s.e.m. **P < 0.01.


Extended Data Table 1 Summary and description of β-arrestin mutationsFull size table
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This file contains the uncropped western blots with molecular weight markers and indication of the cropped region.


Reporting Summary

Video 1: sptPALM video of PA-mCherry-β1AR
HEK 293 cells were co-transfected with PA-mCherry-β1AR and CLC-GFP and treated with 10 μM isoproterenol. Shown are single-molecule images of PA-mCherry-β1AR. This is a representative video from 2 independent experiments.


Video 2: Representative sptPALM video of PA-mCherry-β2AR
HEK 293 cells were co-transfected with FLAG–β1AR, PA-mCherry-β2AR, and CLC-GFP and treated with 10 μM isoproterenol. Shown are single-molecule images of PA-mCherry-β2AR. This is a representative video from at least 3 independent experiments.


Video 3: Representative sptPALM video of β-arrestin-2-PA-mCherry after activation of β1AR
HEK 293 cells were co-transfected with FLAG-β1AR, β-arrestin-2-PA-mCherry, and CLC-GFP and treated with 10 μM isoproterenol. Shown are single-molecule images of β-arrestin-2-PA-mCherry. This is a representative video from at least 3 independent experiments.


Video 4: Representative sptPALM video of β-arrestin-2-PA-mCherry after activation of β2AR
HEK 293 cells were co-transfected with FLAG-β2AR, β-arrestin-2-PA-mCherry, and CLC-GFP and treated with 10 μM isoproterenol. Shown are single-molecule images of β-arrestin-2-PA-mCherry. This is a representative video from at least 3 independent experiments.


Video 5: Representative sptPALM video of β-arrestin-2-PA-mCherry (CCS mutant) after activation of β1AR
HEK 293 cells were co-transfected with FLAG-β1AR, β-arrestin-2-PA-mCherry (CCS mutant), and CLC-GFP and treated with 10 μM isoproterenol. Shown are single-molecule images of β-arrestin-2-PA-mCherry (CCS mutant). This is a representative video from at least 3 independent experiments.


Video 6: Representative sptPALM video of β-arrestin-2-PA-mCherry (CCS mutant) after activation of β2AR
HEK 293 cells were co-transfected with FLAG-β2AR, β-arrestin-2-PA-mCherry (CCS mutant), and CLC-GFP and treated with 10 μM isoproterenol. Shown are single-molecule images of β-arrestin-2-PA-mCherry (CCS mutant). This is a representative video from at least 3 independent experiments.
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