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            Abstract
G-protein-coupled receptors (GPCRs) modulate many physiological processes by transducing a variety of extracellular cues into intracellular responses. Ligand binding to an extracellular orthosteric pocket propagates conformational change to the receptor cytosolic region to promote binding and activation of downstream signalling effectors such as G proteins and Î²-arrestins. It is well known that different agonists can share the same binding pocket but evoke unique receptor conformations leading to a wide range of downstream responses (â€˜efficacyâ€™)1. Furthermore, increasing biophysical evidence, primarily using the Î²2-adrenergic receptor (Î²2AR) as a model system, supports the existence of multiple active and inactive conformational states2,3,4,5. However, how agonists with varying efficacy modulate these receptor states to initiate cellular responses is not well understood. Here we report stabilization of two distinct Î²2AR conformations using single domain camelid antibodies (nanobodies)â€”a previously described positive allosteric nanobody (Nb80)6,7 and a newly identified negative allosteric nanobody (Nb60). We show that Nb60 stabilizes a previously unappreciated low-affinity receptor state which corresponds to one of two inactive receptor conformations as delineated by X-ray crystallography and NMR spectroscopy. We find that the agonist isoprenaline has a 15,000-fold higher affinity for Î²2AR in the presence of Nb80 compared to the affinity of isoprenaline for Î²2AR in the presence of Nb60, highlighting the full allosteric range of a GPCR. Assessing the binding of 17 ligands of varying efficacy to the Î²2AR in the absence and presence of Nb60 or Nb80 reveals large ligand-specific effects that can only be explained using an allosteric model which assumes equilibrium amongst at least three receptor states. Agonists generally exert efficacy by stabilizing the active Nb80-stabilized receptor state (R80). In contrast, for a number of partial agonists, both stabilization of R80 and destabilization of the inactive, Nb60-bound state (R60) contribute to their ability to modulate receptor activation. These data demonstrate that ligands can initiate a wide range of cellular responses by differentially stabilizing multiple receptor states.
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                    Figure 1: Allosteric nanobodies have opposing effects on agonist affinity for the Î²2AR.


Figure 2: Nb60 stabilizes the S2 inactive state by coordinating the Î²2AR ionic lock.


Figure 3: Nb60 and Nb80 have varying effects on the affinity of different Î²2AR ligands.


Figure 4: Î²2AR agonists differentially stabilize receptor states to regulate receptor activation.



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Targeted protein degradation via intramolecular bivalent glues
                                        
                                    

                                    
                                        Article
                                         Open access
                                         21 February 2024
                                    

                                

                                Oliver Hsia, Matthias Hinterndorfer, â€¦ Alessio Ciulli

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        De novo design of protein structure and function with RFdiffusion
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 July 2023
                                    

                                

                                Joseph L. Watson, David Juergens, â€¦ David Baker

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Structure-guided engineering of biased-agonism in the human niacin receptor via single amino acid substitution
                                        
                                    

                                    
                                        Article
                                         Open access
                                         02 March 2024
                                    

                                

                                Manish K. Yadav, Parishmita Sarma, â€¦ Arun K. Shukla

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Accession codes

              
              
                Primary accessions

                
                  Protein Data Bank
	
                    
                        5JQH
                      

                  


                
              
              
                Data deposits

                Coordinates and structure factors for the Î²2ARâ€“Nb60â€“carazolol complex are deposited in the Protein Data Bank (accession code 5JQH).

              
            

References
	Kahsai, A. W. et al. Multiple ligand-specific conformations of the Î²2-adrenergic receptor. Nature Chem. Biol. 7, 692â€“700 (2011)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Liu, J. J., Horst, R., Katritch, V., Stevens, R. C. & WÃ¼thrich, K. Biased signaling pathways in Î²2-adrenergic receptor characterized by 19F-NMR. Science 335, 1106â€“1110 (2012)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Kofuku, Y. et al. Efficacy of the Î²2-adrenergic receptor is determined by conformational equilibrium in the transmembrane region. Nature Commun. 3, 1045 (2012)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Nygaard, R. et al. The dynamic process of Î²2-adrenergic receptor activation. Cell 152, 532â€“542 (2013)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Manglik, A. et al. Structural insights into the dynamic process of Î²2-adrenergic receptor signaling. Cell 161, 1101â€“1111 (2015)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rasmussen, S. G. et al. Structure of a nanobody-stabilized active state of the Î²2 adrenoceptor. Nature 469, 175â€“180 (2011)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Staus, D. P. et al. Regulation of Î²2-adrenergic receptor function by conformationally selective single-domain intrabodies. Mol. Pharmacol. 85, 472â€“481 (2014)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Colquhoun, D. The quantitative analysis of drug-receptor interactions: a short history. Trends Pharmacol. Sci. 27, 149â€“157 (2006)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Onaran, H. O. & Costa, T. Allosteric coupling and conformational fluctuations in proteins. Curr. Protein Pept. Sci. 10, 110â€“115 (2009)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Colquhoun, D. Binding, gating, affinity and efficacy: the interpretation of structureâ€“activity relationships for agonists and of the effects of mutating receptors. Br. J. Pharmacol. 125, 924â€“947 (1998)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	De Lean, A., Stadel, J. M. & Lefkowitz, R. J. A ternary complex model explains the agonist-specific binding properties of the adenylate cyclase-coupled Î²-adrenergic receptor. J. Biol. Chem. 255, 7108â€“7117 (1980)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Strachan, R. T. et al. Divergent transducer-specific molecular efficacies generate biased agonism at a G protein-coupled receptor (GPCR). J. Biol. Chem. 289, 14211â€“14224 (2014)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wreggett, K. A. & De LÃ©an, A. The ternary complex model. Its properties and application to ligand interactions with the D2-dopamine receptor of the anterior pituitary gland. Mol. Pharmacol. 26, 214â€“227 (1984)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ehlert, F. J. The relationship between muscarinic receptor occupancy and adenylate cyclase inhibition in the rabbit myocardium. Mol. Pharmacol. 28, 410â€“421 (1985)
CASÂ 
    
                    Google ScholarÂ 
                

	Samama, P., Cotecchia, S., Costa, T. & Lefkowitz, R. J. A mutation-induced activated state of the Î²2-adrenergic receptor. Extending the ternary complex model. J. Biol. Chem. 268, 4625â€“4636 (1993)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Onaran, H. O., Rajagopal, S. & Costa, T. What is biased efficacy? Defining the relationship between intrinsic efficacy and free energy coupling. Trends Pharmacol. Sci. 35, 639â€“647 (2014)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hino, T. et al. G-protein-coupled receptor inactivation by an allosteric inverse-agonist antibody. Nature 482, 237â€“240 (2012)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Dror, R. O. et al. Identification of two distinct inactive conformations of the Î²2-adrenergic receptor reconciles structural and biochemical observations. Proc. Natl Acad. Sci. USA 106, 4689â€“4694 (2009)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Ballesteros, J. A. W. & Weinstein, H. Integrated methods for the construction of three-dimensional models and computational probing of structureâ€“function relations in G protein-coupled receptors. Methods Neurosci. 25, 366â€“428 (1995)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ballesteros, J. A. et al. Activation of the Î²2-adrenergic receptor involves disruption of an ionic lock between the cytoplasmic ends of transmembrane segments 3 and 6. J. Biol. Chem. 276, 29171â€“29177 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Meiboom, S. & Gill, D. Modified spin-echo method for measuring nuclear relaxation times. Rev. Sci. Instrum. 29, 688â€“691 (1958)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Moukhametzianov, R. et al. Two distinct conformations of helix 6 observed in antagonist-bound structures of a Î²1-adrenergic receptor. Proc. Natl Acad. Sci. USA 108, 8228â€“8232 (2011)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Mashalidis, E. H., ÅšledÅº, P., Lang, S. & Abell, C. A three-stage biophysical screening cascade for fragment-based drug discovery. Nature Protocols 8, 2309â€“2324 (2013)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kobilka, B. K. Amino and carboxyl terminal modifications to facilitate the production and purification of a G protein-coupled receptor. Anal. Biochem. 231, 269â€“271 (1995)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Whorton, M. R. et al. A monomeric G protein-coupled receptor isolated in a high-density lipoprotein particle efficiently activates its G protein. Proc. Natl Acad. Sci. USA 104, 7682â€“7687 (2007)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Rasmussen, S. G. et al. Crystal structure of the Î²2 adrenergic receptorâ€“Gs protein complex. Nature 477, 549â€“555 (2011)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Ring, A. M. et al. Adrenaline-activated structure of Î²2-adrenoceptor stabilized by an engineered nanobody. Nature 502, 575â€“579 (2013)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Otwinowski, Z. M. W. in Methods in Enzymology Vol. 276 (eds Carter, C. W. & Sweet, R. M. ) 307â€“326 (Academic Press, 1997)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Crystallogr. 40, 658â€“674 (2007)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Adams, P. D. et al. PHENIX: a comprehensive Python-based system for macromolecular structure solution. Acta Crystallogr. D 66, 213â€“221 (2010)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. Acta Crystallogr. D 60, 2126â€“2132 (2004)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Chen, V. B. et al. MolProbity: all-atom structure validation for macromolecular crystallography. Acta Crystallogr. D 66, 12â€“21 (2010)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Shi, L. & Kay, L. E. Tracing an allosteric pathway regulating the activity of the HslV protease. Proc. Natl Acad. Sci. USA 111, 2140â€“2145 (2014)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Pradines, J. R., Hasty, J. & Pakdaman, K. Complex ligandâ€“protein systems: a globally convergent iterative method for the n x m case. J. Math. Biol. 43, 313â€“324 (2001)
ArticleÂ 
    MathSciNetÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Vezzi, V. et al. Ligands raise the constraint that limits constitutive activation in G protein-coupled opioid receptors. J. Biol. Chem. 288, 23964â€“23978 (2013)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rajagopal, S. et al. Quantifying ligand bias at seven-transmembrane receptors. Mol. Pharmacol. 80, 367â€“377 (2011)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank D. Capel and X. Jiang for technical assistance. Administrative and secretarial support were provided by V. Ronk, K. Harley, D. Addison, and Q. Lennon. We acknowledge support from the National Institute of Health grants NS028471 (B.K.K.), T32HL007101 (D.P.S., L.M.W.), HL16037 and HL70631 (R.J.L.), from the Stanford Medical Scientist Training Program and the American Heart Association (A.M.), Italian Ministry of Health, grant RF-2011-02351158 (T.C.), and from the Mathers Foundation (B.K.K. and W.I.W.). R.J.L. is an investigator with the Howard Hughes Medical Institute.


Author information
Author notes	Dean P. Staus, Ryan T. Strachan and Aashish Manglik: These authors contributed equally to this work.


Authors and Affiliations
	Department of Medicine, Duke University Medical Center, Durham, 27710, North Carolina, USA
Dean P. Staus,Â Biswaranjan Pani,Â Alem W. Kahsai,Â Laura M. Wingler,Â Seungkirl Ahn,Â Arnab Chatterjee,Â Ali MasoudiÂ &Â Robert J. Lefkowitz

	Department of Pharmacology, University of North Carolina, Chapel Hill, 27599, North Carolina, USA
Ryan T. Strachan

	Department of Molecular and Cellular Physiology, Stanford University School of Medicine, Stanford, 94305, California, USA
Aashish Manglik,Â William I. WeisÂ &Â Brian K. Kobilka

	Department of Chemistry, University of Toronto, University of Toronto Mississauga, 3359 Mississauga Road North, Mississauga, L5L 1C6, Ontario, Canada
Tae Hun KimÂ &Â R. Scott Prosser

	Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Boston, 02115, Massachusetts, USA
Andrew C. Kruse

	Structural Biology Brussels, Vrije Universiteit Brussel, Pleinlaan 2, Brussels, 1050, Belgium
Els PardonÂ &Â Jan Steyaert

	Structural Biology Research Center, VIB, Pleinlaan 2, Brussels, 1050, Belgium
Els PardonÂ &Â Jan Steyaert

	Department of Structural Biology, Stanford University School of Medicine, Stanford, 94305, California, USA
William I. Weis

	Department of Pharmacology, Istituto Superiore di SanitÃ , Rome, 00161, Italy
Tommaso Costa

	Department of Biochemistry, Duke University Medical Center, Durham, 27710, North Carolina, USA
Robert J. Lefkowitz

	Howard Hughes Medical Institute, Chevy Chase, 20815-6789, Maryland, USA
Robert J. Lefkowitz


Authors	Dean P. StausView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ryan T. StrachanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Aashish ManglikView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Biswaranjan PaniView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Alem W. KahsaiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Tae Hun KimView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Laura M. WinglerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Seungkirl AhnView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Arnab ChatterjeeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ali MasoudiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Andrew C. KruseView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Els PardonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jan SteyaertView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	William I. WeisView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	R. Scott ProsserView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Brian K. KobilkaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Tommaso CostaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Robert J. LefkowitzView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
D.P.S. and R.T.S. conceived the project. Pharmacological assessment of the interactions between Nb60 and Nb80 with the Î²2AR were designed, performed and analysed by D.P.S., R.T.S., B.P., S.A., and A.C. Formation, purification, and crystallization of the Î²2ARâ€“Nb60â€“carazolol complex was conducted by D.P.S. and A. Manglik. Data collection, refinement, and structural analysis was done by A. Manglik, A.C.K., and A. Masoudi, and W.I.W. NMR spectroscopy was executed by A. Manglik, T.H.K, and supervised by R.S.P. Isothermal titration calorimetry was conducted by A.W.K. Nanobody reagents were provided by E.P. and J.S. Detailed allosteric analysis of radioligand binding data was implemented by T.C. Figures were created by D.P.S., A. Manglik, T.C., L.M.W., R.T.S., and A. Masoudi. The manuscript was written by D.P.S., T.C., R.T.S., L.M.W., A. Manglik, A.K.C., and R.J.L. Overall research was supervised by B.K.K. and R.J.L.
Corresponding authors
Correspondence to
                Brian K. Kobilka, Tommaso Costa or Robert J. Lefkowitz.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Additional information
Reviewer Information Nature thanks H. Hamm, P. Scheerer and the other anonymous reviewer(s) for their contribution to the peer review of this work.


Extended data figures and tables

Extended Data Figure 1 Characterization of Nb60 interaction with Î²2AR.
aâ€“c, Competition equilibrium binding studies using [125I]cyanopindolol (CYP), the cold competitor agonist isoprenaline (ISO), Î²2AR in HDL particles, and the indicated concentration of Nb80 (a), Gs (b), or Nb60 (c). The dotted vertical line represents log IC50 in absence of modulator, and the change in ligand affinity is depicted with coloured arrows. d, 19F NMR CPMG relaxation dispersion experiment with Î²2ARâ€“Nb60â€“carazolol (Cz). Kex, exchange rate. e, Competition equilibrium binding studies using [125I]cyanopindolol, the non-labelled competitor agonist isoprenaline, Î²2AR in HDL particles, and 1â€‰Î¼M wild-type Nb60 or Nb60(T102A/F103A). f, ELISA depicting capture of Î²2AR by wild-type Nb60 or the T102A/F103A variant. Inset: Coomassie stain of nanobody input. Radioligand binding and ELISA experiments were performed at least three times with deviation shown as standard error.


Extended Data Figure 2 Characterization of Î²2ARâ€“Nb60â€“carazolol crystals.
a, Monodispersity of T4Lâ€“Î²2ARâ€“Nb60â€“carazolol (Î²2ARâ€“Nb60â€“Cz) complex as assessed by size exclusion chromatography. Inset, Coomassie stain illustrating presence of Î²2AR and Nb60 in fractions combined for crystallography. b, Representative picture of Î²2ARâ€“Nb60â€“Cz lipidic cubic phase (LCP) crystals. c, Insertion of F103 (green) from Nb60 CDR3 (purple) into hydrophobic Î²2AR pocket, nitrogen and oxygen shown as blue and red shaded surfaces, respectively. d, Example of Î²2ARâ€“Nb60â€“Cz crystal lattice. e, Electron density 2Foâ€“Fc map (Sigma: 1) of carazolol binding pocket (top panels) Nb60 CDR3 binding pocket (bottom panels) within Î²2AR.


Extended Data Figure 3 Differential effects of Nb60 and Nb80 on the affinity of 12 different Î²2AR ligands.
Competition equilibrium binding studies using [125I]cyanopindolol, the indicated non-labelled competitor, Î²2AR in HDL particles, and 1â€‰Î¼M of Nb60 or Nb80. Data represent at least three independent experiments with deviation depicted as standard error.


Extended Data Figure 4 Agonist-induced G-protein activation in cellulo correlates with the magnitude of affinity change mediated by Nb80 in vitro.
a, Table representing cell signalling and ligand affinity data. Ligand-dependent G-protein activation was quantified by measuring cAMP levels (GloSensor, Promega) from HEK293 cells overexpressing Î²2AR. Ligand affinity was measured in membranes prepared from the same cells as above using competition binding assays with [125I]cyanopindolol. Ligand efficacy (log Ï„) was calculated as previously described36. See methods and Supplementary Information for cooperativity (Î±) determination. b, c, Correlation plot of log Ï„ and Î±Nb80 (b), or Î±Nb60 (c). All data represent at least three independent experiments with deviation shown as standard error.


Extended Data Figure 5 Positive correlation between allosteric properties of Nb80 and Gs.
a, Equilibrium binding studies using HDL Î²2AR, [125I]cyanopindolol, the indicated unlabelled competitor, and 100â€‰nM purified heterotrimeric Gs protein. b, Correlation plot of cooperativity values (Î±) for Nb80 and Gs. c, Sequence alignment of Nb60 and NbA11. Radioligand competition binding studies with Nb80, Nb60 or NbA11, [125I]cyanopindolol, the unlabelled competitor isoprenaline or clenbuterol, and HDL Î²2AR. All data represent at least three independent experiments with deviation shown as standard error.


Extended Data Figure 6 Affinity determination for Nb60 and Nb80 for unliganded Î²2AR.
ELISA assay detecting capture of increasing concentrations of Nb60 or Nb80 by immobilized HDL Î²2AR in the absence of ligand. All data represent at least three independent experiments with deviation shown as standard error.


Extended Data Figure 7 Theoretical framework illustrating the two views of allostery.
a, Nested reaction schemes at equilibrium indicating the correspondence (arrowed light-blue shades) between binding site cooperativity (ternary complex model in outer box) and changes of allosteric conformations (inner cubes). Arrows stand for reversible equilibrium interactions. b, Change of the macroscopic dissociation constant (1/K) of a ligand L (shifting the equilibrium towards r1) induced by increasing the concentrations of nine different N-ligands with diverse allosteric effects (Î³1, Î³2) on receptor states. Simulations were made using a three-state model based on the parameter values listed on the right side of the plot (curves on the left side are colour coded in red/blue tones corresponding to the boxes on the right). The change in K (that is, log difference between presence and absence of N) is calculated from equation 1 in the Supplementary Information (analysis of nanobody allostery).


Extended Data Figure 8 Comparison of experimental and theoretical cooperativities predicted according to a two-state or three-state allosteric model. 
See also the Supplementary Information section on analysis of nanobody allostery. aâ€“d, Theoretical log Î± values were computed according to a two-state model for a series of hypothetical ligands (L) (log Î²1 range: 4/8) and a positive (PAN, log Î³1 >> 0) or negative (NAN, log Î³1 << 0) nanobody. aâ€“d, Observed data overlaid on values simulated at J1â€‰=â€‰8.9â€‰Ã—â€‰10âˆ’4 in histogram form (with experimental bars drawn on the closest theoretical log Î²1 bin value) (a), or superimposed (b), on the log Î±NAN versus log Î±PAN relationships predicted for different J1 values. The same data are replotted as separate graphs for lower J1 (c) and larger J1 (d) values, to show the sigmoidal relationships existing between macroscopic log Î±s and log Î²1. e, f, Simulations made according to the three-state allosteric model. e, Predicted (lines) and observed (circles) log Î± values plotted as functions of log (Î²1/Î²2). Three groups of ligands (I to III, defined by the table of a0 and m parameters) produce increasingly stronger reductions of r2 equilibrium. f, Same data plotted as log Î±Nb60 versus log Î±Nb80 relationships (see Fig. 4). All Î± values derived from at least three independent radioligand binding experiments with deviation depicted as standard error.


Extended Data Table 1 Effect of Nb60 and Nb80 on [125I]cyanopindolol affinityFull size table


Extended Data Table 2 Data collection and refinement statistics (molecular replacement)Full size table
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        Editorial Summary
Agonist binding to the Î²2-adrenergic receptor
In this manuscript, the authors studied how a positive allosteric nanobody (Nb80) and a newly discovered negative allosteric nanobody (Nb60) alter the structure of the Î²2-adrenergic receptor (Î²2AR). Their data support a three-state model for receptor activation in this important G-protein-coupled receptor, rather than a simple inactiveâ€“active two-state model. They also find that full agonists primarily stabilize the active Nb80-stabilized receptor state (while having negligible effects on the inactive Nb60-bound state), but partial agonists appear to regulate multiple receptor states to control receptor activation.
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