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            Abstract
G-protein-coupled receptors (GPCRs) pose challenges for drug discovery efforts because of the high degree of structural homology in the orthosteric pocket, particularly for GPCRs within a single subfamily, such as the nine adrenergic receptors. Allosteric ligands may bind to less-conserved regions of these receptors and therefore are more likely to be selective. Unlike orthosteric ligands, which tonically activate or inhibit signalling, allosteric ligands modulate physiologic responses to hormones and neurotransmitters, and may therefore have fewer adverse effects. The majority of GPCR crystal structures published to date were obtained with receptors bound to orthosteric antagonists, and only a few structures bound to allosteric ligands have been reported. Compound 15 (Cmpd-15) is an allosteric modulator of the β2 adrenergic receptor (β2AR) that was recently isolated from a DNA-encoded small-molecule library1. Orthosteric β-adrenergic receptor antagonists, known as beta-blockers, are amongst the most prescribed drugs in the world and Cmpd-15 is the first allosteric beta-blocker. Cmpd-15 exhibits negative cooperativity with agonists and positive cooperativity with inverse agonists. Here we present the structure of the β2AR bound to a polyethylene glycol-carboxylic acid derivative (Cmpd-15PA) of this modulator. Cmpd-15PA binds to a pocket formed primarily by the cytoplasmic ends of transmembrane segments 1, 2, 6 and 7 as well as intracellular loop 1 and helix 8. A comparison of this structure with inactive- and active-state structures of the β2AR reveals the mechanism by which Cmpd-15 modulates agonist binding affinity and signalling.
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                    Figure 1: Crystal structure of β2AR–T4L in complex with carazolol and Cmpd-15PA in inactive conformation.[image: ]


Figure 2: The Cmpd-15PA binding pocket.[image: ]


Figure 3: Cmpd-15PA stabilized conformational changes and mechanism of allosteric antagonism.[image: ]


Figure 4: Mutagenesis of Cmpd-15PA binding site.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Effects of Cmpd-15PA on agonist binding to the β2AR.
a, The level of 3H-Fenoterol (Fen) high-affinity binding to the β2AR was measured after pretreatment with the vehicle control (0.5% DMSO), Cmpd-15 or Cmpd-15PA at various concentrations as indicated in the presence of transducers, either trimeric Gαβγ protein or β-arrestin 1 (β-arr1) together with Fab30. Values were expressed as percentages of the maximal 3H-Fen binding level promoted by each transducer in the vehicle control (0.5% DMSO) and represent mean ± s.e.m. obtained from four independent experiments done in duplicate. b, Isoproterenol (ISO)-125I-CYP competition binding curves were obtained using wild-type (WT) β2AR or β2AR–T4L (T4L) in the absence (vehicle alone) or the presence of Cmpd-15PA at 32 μM. Values are expressed as percentages of the maximal 125I-CYP binding level obtained from a one-site competition binding-log IC50 curve fit and represent mean ± s.e.m. obtained from four independent experiments done in duplicate.


Extended Data Figure 2 Bromine atom of Cmpd-15PA was sensitive to radiation damage.
a–c, Clear differences were observed around the bromine atom of Cmpd-15PA between simulated annealing omit maps of the first half of diffraction data (a, green density, 2.3σ) and maps of the second half of diffraction data (b, green density, 2.3σ), resulting in a strong difference electron density centred around the bromine atom (c, purple density, 4σ).


Extended Data Figure 3 Two-dimensional schematic depiction of the Cmpd-15PA binding pocket.
Carbon atoms are coloured in black, oxygen atoms in red, nitrogen atoms in blue, bromine atom in green. Hydrogen bonds are represented as green dashed lines with distances labelled. The figure is generated using LIGPLOT40.


Extended Data Figure 4 Crystallographic evidence support modelling of R isomer of Cmpd-15PA.
a, b, The R isomer fits better into the simulated annealing omit map (green density map, 2.3σ) than S isomer (b). c, When refined with R isomer, the Cmpd-15PA model fits well into the 2Fo − Fc density (grey map, 1.5σ) with only very weak negative Fo − Fc density (red map, 3.0σ). d, When refined with S isomer, the Cmpd-15PA model does not fit as well to the 2Fo − Fc density (grey map, 1.5σ). The negative density Fo − Fc map (red map, 3.0σ) and positive density Fo − Fc map (green map, 3.0σ) suggest that the S isomer is not supported by crystallographic data.


Extended Data Figure 5 Comparison of modulator binding pocket before and after Cmpd-15PA binding.
a, b, The binding pocket is occluded before Cmpd-15PA binding (a), which would be an obstacle for in silico docking because the shape of the pocket is markedly different after Cmpd-15 binding (b).


Extended Data Figure 6 Comparison of the structures of the β2AR (cyan, PDB, 2RH1), β2AR–Nb60 (green, PDB, 5JQH) and β2AR–Cmpd-15PA (orange).
a, Cmpd-15PA binding pocket overlaps with Nb60 binding pocket. b–d, Different views of superimposed structures of the β2AR, the β2AR–Nb60 and the β2AR–Cmpd-15PA revealing very little structural difference associated with binding of Nb60 or Cmpd-15PA.


Extended Data Figure 7 Relative activities of Cmpd-15 analogues in β2AR-mediated responses.
For each analogue, only the modified region relative to the parent Cmpd-15 is indicated. Values for ‘inhibition Emax (%)’ are expressed as percentages of analogue-induced inhibition relative the Cmpd-15-induced level. Values for ‘EC50 shift (fold)’ are expressed as rightward fold-shifts compared to the EC50 value obtained in the vehicle (DMSO)-treated control curve. All values represent mean ± s.e.m. obtained from at least four independent experiments done in duplicate. Statistical analyses were performed using ‘one-way ANOVA’ with ‘Dunnetts’ post-tests for comparison to the control. ***P < 0.001. cAMP, G protein-mediated cAMP accumulation; βarr, β-arrestin recruitment to the β2AR.


Extended Data Figure 8 Alignment of residues that form the Cmpd-15PA binding pocket in β2AR with those from β1AR, V2R and AT1R.
There are 21 residues from β2AR that form the Cmpd-15 binding pocket (highlighted green). The identical residues from β1AR, V2R and AT1R are also highlighted in green. 10 out of the 21 residues are located at TM1, ICL1 and TM2 (a), while 11 of the 21 residues are located at TM6, TM7 and helix 8 (b). The top numbering refers to protein sequences in β2AR. The bottom numbering refers to Ballesteros–Weinstein numbering. c, Cmpd-15 has no effect on orthosteric agonist binding to the β1AR. Dose–response curves of isoproterenol (ISO)-competition binding to the β1AR with 125I-CYP were obtained in the presence of various concentrations of Cmpd-15 as indicated. Values were expressed as percentages of the maximal 125I-CYP binding level obtained from a one-site competition binding-log IC50 curve fit and represent mean ± s.e.m. obtained from five independent experiments done in duplicate.


Extended Data Figure 9 Comparison of Cmpd-15PA pocket with intracellular allosteric antagonist pockets of CCR2 and CCR9.
a, Cmpd-15PA pocket is formed by residues from TM1, TM2, TM6, TM7, ICL1 and helix 8 in β2AR. b, c, The binding pocket of CCR2-RA-(R) in CCR2 (b) and the pocket of vercirnon in CCR9 (c) are similar to Cmpd-15PA (blue lines) pocket but involve more interactions with TM3. (Protein Data Bank accession numbers, 5T1A for CCR2/CCE2-RA-(R) and 5LWE for CCR9/vercirnon.)


Extended Data Table 1 Crystallography data collection and refinement statisticsFull size table
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        Editorial Summary
First allosteric beta-blocker
Most of the crystal structures of G-protein-coupled receptors (GPCRs) reported to date have been solved in complex with ligands bound to their orthosteric site, the primary binding site of a receptor. Recently, however, several studies have reported that certain chemokine receptors contain an allosteric pocket on their intracellular surface that could be targeted to interfere with receptor signalling. Brian Kobilka and colleagues report the crystal structure of the β2-adrenergic receptor in complex with compound 15, an allosteric modulator that binds to a similar site to the chemokine receptors, showing that this feature may be conserved among a number of GPCRs. Typically, beta-blockers, which are widely prescribed drugs for cardiac arrhythmia, block the action of the β-adrenergic receptors from the orthosteric site. This study shows how compound 15, the first allosteric beta-blocker, modulates agonist binding and signalling from its intracellular binding site.
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