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            Abstract
G-protein-coupled receptors (GPCRs) are integral membrane proteins that have an essential role in human physiology, yet the molecular processes through which they bind to their endogenous agonists and activate effector proteins remain poorly understood. So far, it has not been possible to capture an active-state GPCR bound to its native neurotransmitter. Crystal structures of agonist-bound GPCRs have relied on the use of either exceptionally high-affinity agonists1,2 or receptor stabilization by mutagenesis3,4,5. Many natural agonists such as adrenaline, which activates the β2-adrenoceptor (β2AR), bind with relatively low affinity, and they are often chemically unstable. Using directed evolution, we engineered a high-affinity camelid antibody fragment that stabilizes the active state of the β2AR, and used this to obtain crystal structures of the activated receptor bound to multiple ligands. Here we present structures of the active-state human β2AR bound to three chemically distinct agonists: the ultrahigh-affinity agonist BI167107, the high-affinity catecholamine agonist hydroxybenzyl isoproterenol, and the low-affinity endogenous agonist adrenaline. The crystal structures reveal a highly conserved overall ligand recognition and activation mode despite diverse ligand chemical structures and affinities that range from 100 nM to ∼80 pM. Overall, the adrenaline-bound receptor structure is similar to the others, but it has substantial rearrangements in extracellular loop three and the extracellular tip of transmembrane helix 6. These structures also reveal a water-mediated hydrogen bond between two conserved tyrosines, which appears to stabilize the active state of the β2AR and related GPCRs.
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                    Figure 1: Conformational selection of nanobodies and characterization of high-affinity Nb6B9.[image: ]


Figure 2: Structure of the activated β2AR in complex with three agonists.[image: ]


Figure 3: Comparison of agonist-binding modes.[image: ]


Figure 4: Activation by catecholamine agonists.[image: ]
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                Coordinates and structure factors for the β2AR–Nb6B9 complexes with BI167107, HBI and adrenaline ligands are deposited in the Protein Data Bank under accession codes 4LDE, 4LDL and 4LDO, respectively.
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        Editorial Summary
Structure of the activated β2-adrenoceptor
This study reports three structures of fully active human β2 adrenergic receptor (β2AR) in complex with diverse agonists: BI167107, hydroxybenzyl isoproterenol, and the endogenous agonist adrenaline. β2AR is a G-protein-coupled receptor (GPCR), ubiquitous membrane proteins that are targeted by many clinically used drugs. The molecular processes by which they bind to their endogenous agonists and activate effector proteins remain poorly understood. Despite the chemical diversity of the three agonists examined, all three stabilize highly similar active states in the receptor. Subtle structural differences provide insight into how a single GPCR is activated by multiple agonists, a phenomenon that is critically important to drug development.
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