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            Abstract
The angiotensin II receptors AT1R and AT2R serve as key components of the reninâ€“angiotensinâ€“aldosterone system. AT1R has a central role in the regulation of blood pressure, but the function of AT2R is unclear and it has a variety of reported effects. To identify the mechanisms that underlie the differences in function and ligand selectivity between these receptors, here we report crystal structures of human AT2R bound to an AT2R-selective ligand and to an AT1R/AT2R dual ligand, capturing the receptor in an active-like conformation. Unexpectedly, helix VIII was found in a non-canonical position, stabilizing the active-like state, but at the same time preventing the recruitment of G proteins or Î²-arrestins, in agreement with the lack of signalling responses in standard cellular assays. Structureâ€“activity relationship, docking and mutagenesis studies revealed the crucial interactions for ligand binding and selectivity. Our results thus provide insights into the structural basis of the distinct functions of the angiotensin receptors, and may guide the design of new selective ligands.
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                    Figure 1: Active-like conformation of AT2R.


Figure 2: Helix VIII blocks the putative G protein/Î²-arrestin-binding site of AT2R.


Figure 3: Ligand selectivity between AT1R and AT2R.


Figure 4: Docking and SAR analysis of quinazolinone-biphenyltetrazole derivatives in AT2R and AT1R.
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Extended data figures and tables

Extended Data Figure 1 AT2R â€˜snakeâ€™ diagram and protein engineering.
Truncations are shown in grey, disulfide bonds in yellow, ligand-binding residues in red, and conserved motifs in green.


Extended Data Figure 2 Radioligand-binding assays.
a, b, Saturation binding of compound 1 and Sar1-Ile8-angiotensin II. Specific binding of [3H]compound 1 (a) and [125I]Sar1-Ile8-angiotensin II (b) to the wild-type (open circle) and engineered (closed triangle) AT2R, representative of two separate experiments. câ€“e, Competition binding of compound 1 (open circle), compound 2 (closed triangle) and angiotensin II (open square) to the wild-type AT2R (c), engineered AT2R (d) and wild-type AT1R (e) with [125I]Sar1-Ile8-angiotensin II as a tracer; each point represents the meanâ€‰Â±â€‰s.d. of two separate experiments, performed in duplicate.


Extended Data Figure 3 Crystallization of AT2R and crystal packing.
a, AT2Râ€“compound 1 crystals grown in a syringe for XFEL data collection. b, AT2Râ€“compound 2 crystals grown in a glass sandwich plate for synchrotron data collection. c, Crystal packing in the monoclinic space group (AT2Râ€“compound 1 and AT2Râ€“compound 2 structures), side and top views (AT2R in green and cyan; BRIL in orange and pink). d, Crystal packing in the orthorhombic space group (AT2Râ€“compound 1 structure), side and top views (AT2R in cyan; BRIL in blue). e, Different BRIL orientations in the two BRILâ€“AT2R molecules in the asymmetric unit of monoclinic AT2Râ€“compound 1 structure and AT2Râ€“compound 2 structure (pink and orange), and in the orthorhombic AT2Râ€“compound 1 structure (blue) with AT2R in cyan, side and top views. Unit cell in c and d is outlined by the black line.


Extended Data Figure 4 Conserved L[M]3.46-I[A]6.37-Y[Y]7.53 microswitch and sodium-binding pocket in AT1R and AT2R.
a, Comparison of the conserved residue triad between the AT1R (green, PDB code 4YAY) and AT2R (cyan) structures shows a rearrangement of interactions consistent with AT2R activation. b, Modelling of the AT2R in a hypothetical inactive state (cyan) based on the AT1R crystal structure template (green) shows that replacement of a large hydrophobic residue in position 6.37, which is conserved in most class A GPCRs, to a rare small Ala2586.37 in AT2R markedly reduces the hydrophobic contact in this region between helices III and VI in the inactive state. c, d, Sodium-binding pocket in AT2R (c) and AT1R (PDB code 4YAY) (d) is shown as a surface with hydrogen bonds between Asn7.46 and Asn3.35 as orange spheres. Putative sodium ion in the AT1R structure (d) is shown as a solid magenta sphere, while the same position in the AT2R structure (c) is marked as a dotted sphere. Potential sodium-coordinating residues are shown as sticks.


Extended Data Figure 5 Summary of molecular dynamics simulations.
aâ€“c, Conformational stability of the AT2R structure is illustrated by representative conformations (c) from a total of 4â€‰Î¼s of molecular dynamics simulations (8 independent 500â€‰ns runs), clustered by r.m.s.d. Traces of distances measured between different helices are shown for apo AT2R (a) and for the AT2Râ€“compound 1 complex (b). Distances were calculated between the centres of mass of residues Ser792.39-Ile832.43 for helix II, Arg1423.50-Val1463.54 for helix III, Gln2536.32-Met2576.36 for helix VI, and Phe325-Lys328 for helix VIII. d, e, Conformational stability of helix VIII upon perturbations, using eight starting conformations of helix VIII (d) is revealed by r.m.s.d. traces (e), which all converge by ~250â€‰ns of simulations. r.m.s.d. values are calculated for the centre of mass of CÎ± atoms of residues Phe325-Lys328 compared to the crystal structure of AT2R. Tick marks on the y axis show the starting frame r.m.s.d. values. Coloured lines are plotted using values averaged over a 500 ps window. fâ€“h, Results of molecular dynamics simulations for a modified AT2R model with the backbone of helix VIII aligned with helix VIII from AT1R structure (PDB code 4YAY). Conformational snapshots of the AT2R model (f) are shown for every 100â€‰ns (blue to red spectrum) from one of the six independent 700â€‰ns molecular dynamics simulation runs (simulation 5). Green cartoon shows inactive-state conformation of CCR5 (PDB code 4MBS), helix VIII of which was found to be the closest to the final conformations of AT2R helix VIII in molecular dynamics simulations. Intracellular view (g) of snapshots from the same molecular dynamics simulation is shown, but at tâ€‰=â€‰0 and tâ€‰=â€‰700â€‰ns. Traces of the distance between helices VI and II (h, top curves), calculated between the centres of mass of CÎ± atoms of residues Gln2536.32-Met2576.36 in helix VI and residues Ser792.39-Ile832.43 in helix II, show a change from 21â€‰Ã… (active state) to under 16â€‰Ã… (inactive state). Traces of the distance between helix VIII and the membrane (h, bottom curves), calculated between the centre of mass of CÎ± atoms of residues Arg330-Val332 and the closest phosphate atoms of lipid molecules, indicate a gradual shift of helix VIII towards the lipid bilayer, with the distance decreasing from ~10â€‰Ã… to under 3â€‰Ã….


Extended Data Figure 6 Electron density for compounds 1 and 2.
a, b, Compound 1 can be modelled in two possible conformations (a and b), with alternative orientations of the benzene and thiophene rings. c, d, Compound 2 can be modelled in two possible conformations (c and d), with alternative orientations of the benzene and furan rings. 2mFoâ€‰âˆ’â€‰DFc electron density (blue mesh) for compound 1 contoured at 1Ïƒ, and mFoâ€‰âˆ’â€‰DFc density (green mesh: positive; red mesh: negative) contoured at 3Ïƒ. The conformations shown in a and c were used in the final crystal structures because of a slightly better ligand fit and the absence of strong difference mFoâ€‰âˆ’â€‰DFc density. Both conformations for each ligand, however, are possible and indistinguishable by docking studies.


Extended Data Figure 7 Ligand binding and cross-docking in AT2R and AT1R structures.
a, b, Docking poses of compound 1 (magenta), compound 2 (yellow), olmesartan (blue) and ZD7155 (orange) in the crystal structures of AT2R (a) and AT1R (b). Receptors are shown in carton representation, ligands are shown as sticks, and hydrogen bonds/salt bridges are shown as dashed lines. c, Ligand binding affinities and docking scores for AT2R and AT1R ligands. Data for the cognate ligands are shown in bold. Inactive state AT1R and active-like state of AT2R correspond to crystal structures. Active-like state of AT1R and inactive state of AT2R were modelled based on the crystal structures of AT2R and AT1R, respectively.


Extended Data Figure 8 Mutagenesis of the AT2R ligand-binding pocket.
a, Ligand-binding pocket from the AT2Râ€“compound 1 crystal structure. b, Ligand-binding pocket from the AT1Râ€“olmesartan crystal structure. c, Schematics of interactions between compound 1 and AT2R residues. d, Schematics of interactions between olmesartan and AT1R residues. In all panels, residues are coloured according to their effect on affinity: more than 100-fold decrease in affinity (orange); 5â€“100-fold decrease in affinity (yellow); and less than 5-fold decrease in affinity (grey). e, Effects of single residue mutations in the AT2R ligand-binding pocket on the ligand binding affinities. Values represent meanâ€‰Â±â€‰s.d. with the number of experiments shown in parenthesis.


Extended Data Table 1 Data collection and refinement statistics (molecular replacement)Full size table


Extended Data Table 2 SAR for quinazolinone-biphenyltetrazole derivatives in AT2R and AT1RFull size table
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The angiotensin receptors AT1R and AT2R are G-protein-coupled receptors (GPCRs) with important roles in blood pressure regulation. Although AT2R is an important drug target for cardioprotection and for treating neuropathic pain and is believed to counteract several effects mediated by AT1R, its structure and function are not well understood. In this work, the authors report several crystal structures of AT2R in complex with two tightly bound ligands. These structures show a significant conformational rearrangement of the transmembrane helices to an active-like state that is similar to other class A GPCRs, save for one remarkable difference. In the active-like conformation, helix VIII adopts a non-canonical position, which not only stabilizes the state but also blocks the canonical signalling pathway of GPCRs by preventing binding of the G protein and Î²-arrestin. This challenges the notion of differentiating these ligands as 'agonists' or 'antagonists', or terming the state as 'active', as it precludes signalling partner interactions.
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