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            Abstract
G protein-coupled receptors (GPCRs) are physiologically important transmembrane signalling proteins that trigger intracellular responses upon binding of extracellular ligands. Despite recent breakthroughs in GPCR crystallography1,2,3, the details of ligand-induced signal transduction are not well understood owing to missing dynamical information. In principle, such information can be provided by NMR4, but so far only limited data of functional relevance on few side-chain sites of eukaryotic GPCRs have been obtained5,6,7,8,9. Here we show that receptor motions can be followed at virtually any backbone site in a thermostabilized mutant of the turkey β1-adrenergic receptor (β1AR)10,11,12. Labelling with [15N]valine in a eukaryotic expression system provides over twenty resolved resonances that report on structure and dynamics in six ligand complexes and the apo form. The response to the various ligands is heterogeneous in the vicinity of the binding pocket, but gets transformed into a homogeneous readout at the intracellular side of helix 5 (TM5), which correlates linearly with ligand efficacy for the G protein pathway. The effect of several pertinent, thermostabilizing point mutations was assessed by reverting them to the native sequence. Whereas the response to ligands remains largely unchanged, binding of the G protein mimetic nanobody NB80 and G protein activation are only observed when two conserved tyrosines (Y227 and Y343) are restored. Binding of NB80 leads to very strong spectral changes throughout the receptor, including the extracellular ligand entrance pocket. This indicates that even the fully thermostabilized receptor undergoes activating motions in TM5, but that the fully active state is only reached in presence of Y227 and Y343 by stabilization with a G protein-like partner. The combined analysis of chemical shift changes from the point mutations and ligand responses identifies crucial connections in the allosteric activation pathway, and presents a general experimental method to delineate signal transmission networks at high resolution in GPCRs.
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                    Figure 1: Ligand-induced 1H–15N chemical shift changes in the vicinity of the ligand binding pocket of β1AR[image: ]


Figure 2: Correlation of ligand-induced chemical shift changes at the TS-β1AR intracellular side with Gs efficacy.[image: ]


Figure 3: Experimental detection of allosteric signalling pathways using the NMR response to ligand binding and point mutations at different backbone sites.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Position of valine residues in the thermostabilized mutant TS-β1AR.
a, Schematic representation of secondary structure and amino acid sequence of TS-β1AR. As compared to the wild type, the TS-β1AR has truncations at the N and C termini and the intracellular loop (ICL3) as well as nine thermostabilizing point mutations (colour coded green) and three additional point mutations (colour coded yellow). Valines labelled with 15N are indicated by bold circles for assigned (blue) and unassigned (grey) residues. b, Structure of β1AR in complex with carvedilol (PDB code 4AMJ). The protein backbone and carvedilol are shown in ribbon and red stick representation, respectively. The individual valines are depicted as spheres (blue, assigned; grey, not assigned) labelled by residue number. c, Full 1H–15N TROSY spectra of apo TS-β1AR and all investigated ligand complexes. The ligand chemical structures are shown as inserts. Resonances are marked with assignment information (black, firm; cyan, tentative).


Extended Data Figure 2 Effect of ligand head group substitution on hydrogen bond network involving V172(4.56) in β1AR.
a, Sequence alignment of turkey β1AR and human adrenoreceptors around position 4.56 in TM4 showing the conserved proline at position 4.60. b, Schematic representation of the hydrogen bond network between TM4 and TM5 involving V172(4.56) in β1AR. The hydrogen bond network (orange dotted lines) originates at the carbonyl of V172(4.56) and connects to TM5 via two water molecules (w1 and w2, red asterisks). c, Left, phi and psi dihedral angles (averages and standard deviations in case of multiple chains) in TM4 between residues 4.48 and 4.61 for different complexes of β1AR (ligand, PDB code [chain]: carvedilol, 4AMJ [A,B]; cyanopindolol, 2VT4 [B,D] and 4BVN [A]; dobutamine, 2Y00 [A,B] and 2Y01 [A,B]; isoprenaline, 2Y03 [A,B]). V165(4.49) and V172(4.56), for which 1H–15N resonances could be observed, are shown on a green and red background, respectively. c, Right, average of the 1H–15N resonance positions for V165(4.49, green) and V172(4.56, red). The phi and psi values of V172(4.56) are distorted from the normal helical angles due to the loss of the intra-helical hydrogen bond to P176(4.60). Together with the loss of the canonical hydrogen bond, this strongly shifts both the 1H and 15N chemical shifts of V172(4.56) towards smaller p.p.m. values relative to V165(4.49), which has normal, helical phi and psi angles. d, Partial views of the crystal structures of the carvedilol complex (PDB code 4AMJ), the isoprenaline complex (PDB code 2Y03) and a docking model of the atenolol complex based on the cyanopindolol complex crystal structure (PDB code 4BVN). In the carvedilol complex, one water molecule (w2) forms a hydrogen bond network between the carbonyl oxygen of V172(4.56) and the side chains of S211(5.43) and S215(5.461). In the isoprenaline complex, the side chains of S211(5.43) and S215(5.461) are rotated and form hydrogen bonds to the catechol hydroxyl groups of isoprenaline. In this structure, no water molecule is observed at the equivalent position of w2. In the atenolol complex, the para-substituted acetamide of the ligand head ring (dashed circle) inserts between S211(5.43) and S215(5.461) and disturbs the interface between TM3 and TM5 near V172(4.56) (solid circle).


Extended Data Figure 3 Response to various ligands for all assigned valine 1H–15N resonances in TS-β1AR.
Colour coding as in Extended Data Fig. 1: cyan (atenolol), blue (isoprenaline), orange (dobutamine), purple (alprenolol), red (carvedilol), green (cyanopindolol), black (apo receptor). For clarity the centres of resonances are marked by circles. Firmly (tentatively) assigned residues are marked in black (cyan).


Extended Data Figure 4 Evidence for micro- to millisecond dynamics at the ligand entry/exit pathway.
Left, region of the 1H–15N TROSYs showing the V314(6.59) 1H–15N resonance of TS-β1AR in the apo and various ligand-bound forms. The resonances of the apo and atenolol-bound forms are severely broadened in the 15N dimension indicative of backbone dynamics in the micro- to millisecond range. The broadening is not observed for the other more tightly binding ligands. The resonances for the low affinity ligands, atenolol, isoprenaline and dobutamine, and for the high affinity ligands, alprenolol, carvedilol and cyanopindolol cluster at different positions. Interestingly, the resonance of the apo form clusters with the high affinity ligands, indicative of a similar backbone conformation. Right, 15N and 1H line widths of the V314(6.59) resonance for the apo and ligand-bound forms of TS-β1AR.


Extended Data Figure 5 Isoprenaline-induced G protein activation by β1AR mutants.
Activation was measured by the change in tryptophan fluorescence upon exchange of GDP for GTPγS in the Gα subunit of the heterotrimeric Gi protein. The figure shows the time courses of tryptophan fluorescence after the addition of different mutant forms of TS-β1AR in nanodiscs and GTPγS to the heterotrimeric G protein in the presence (red) and absence (black) of the agonist isoprenaline. The increase in fluorescence intensity at time t = 0 is caused by the additional fluorescence of the receptor, the nanodisc scaffold protein and the ligand. For the active mutant TS-β1AR(A227Y/L343Y), this initial rise is followed by an exponential fluorescence increase due to the activation and dissociation of the G protein. The rate of the Gαi activation by TS-β1AR(A227Y/L343Y) (half-life ~290 s at 6 nM receptor) is approximately 4 times slower than for the activation by rhodopsin (half-life ~400 s at 1 nM receptor) using the same assay. This assumes that the Km of Gαi for TS-β1AR(A227Y/L343Y) is of the same scale as for rhodopsin (8.6 nM) and therefore significantly below the (saturating) concentration of Gαi (100 nM). Each mutant was measured three times except for TS-β1AR(A227Y/L343Y) that was measured four times. Representative fluorescence curves from single experiments are shown.


Extended Data Figure 6 Observed NMR effects of the reverse mutations of TS-β1AR towards the native β1AR sequence.
a, 1H–15N TROSY spectra of TS-β1AR and several reverse single and double mutants in complex with either atenolol (cyan) or isoprenaline (dark blue). Resonances are marked with assignment information (black, definite; cyan, tentative). b, Enlarged regions of the 1H–15N correlation spectra showing only the resonance positions of V226(5.57) and V280(6.25) for all mutants in both ligand-receptor complexes. The black bar represents 0.1 p.p.m. in 1H and 1 p.p.m. in 15N. For all mutants, the resonances for V226(5.57) show efficacy-related chemical shift changes between atenolol (diamonds) and isoprenaline (circles). For the A227Y mutants TS-β1AR(A227Y) (green), TS-β1AR(V129I/A227Y) (orange) and TS-β1AR(A227Y/L343Y) (cyan), the 1H–15N resonances of V226(5.57) also exhibit an overall shift due to a ring current effect from the introduced Y227(5.58) side chain, which has no structural significance. However, the V129I mutants TS-β1AR(V129I) (red) and TS-β1AR(V129I/A227Y) (orange) exhibit further 1H–15N shifts towards a more active (that is, bent) state of TM5 relative to the mutants that carry the V129(3.40) residue. For all mutants, the V280(6.25) resonances fall basically in identical positions and show no changes between atenolol and isoprenaline.


Extended Data Figure 7 Binding of NB80 to agonist-activated TS-β1AR(A227Y/L343Y).
a, Sequential addition of isoprenaline (1 mM, blue), NB80 (120 μM, red), and cyanopindolol (1 mM, green) to TS-β1AR(A227Y/L343Y) (120 μM) followed by 1H–15N TROSY spectra. Addition of an equimolar amount of NB80 changes the spectrum drastically. Except for few resonances (62, 89, 102, 103, 172, 280 and 326), the assignments are not transferable from the isoprenaline complex. The addition of cyanopindolol to this mixture apparently replaces isoprenaline in the receptor and drives the spectrum to the purely cyanopindolol-bound form. These results indicate that TS-β1AR(A227Y/L343Y) can be activated, but that the fully active state requires stabilization with a G protein-like partner at the intracellular site. b, Changes in isoprenaline affinity of β1AR induced by NB80 binding. The isoprenaline affinity was assayed for TS-β1AR (orange), TS-β1AR(A227Y/L343Y) (green), and the truncated native turkey β1AR receptor (tβtrunc, blue)17 by radio-ligand competition using 3H-dihydroalprenolol in the presence of saturating amounts of NB80 (10 μM, squares) or its absence (circles). For TS-β1AR(A227Y/L343Y) and tβtrunc the apparent affinity increases by two log units in the presence of NB80, whereas no change occurs for TS-β1AR. Data points are shown as mean and standard deviation of three independent experiments for each condition. c, Combined 1H and 15N chemical shift changes (Δδ = (Δδ1H2/2 + Δδ15N2/50)1/2) between the isoprenaline-TS-β1AR(A227Y/L343Y) and the NB80-isoprenaline-TS-β1AR(A227Y/L343Y) complexes as a function of residue number. Except for the few assigned peaks in the NB80-isoprenaline-TS-β1AR(A227Y/L343Y) complex, chemical shift deviations are calculated as the minimal difference from the isoprenaline peak position to the nearest peak position in the isoprenaline–NB80 complex. Note that these minimal chemical shift deviations present a lower boundary for the deviations that could be obtained from a full assignment of the isoprenaline–NB80 complex. Peak deviations are colour-coded in red (≥0.2 p.p.m.), orange (0.2–0.05 p.p.m.), blue (<0.05 p.p.m.), and grey (ambiguity from peak overlap). d, Representation of the chemical shift response to nanobody binding given in c on the structure of β1AR. Valines in TM1 and TM7 do not show a large chemical shift response. Due to overlap the response for V280(6.25) in TM6 is unclear. Valines in TM2 show a strong response around the sodium binding region near residue D87(2.50), but valines at its extracellular side are not responsive. In general, valine resonances at the extracellular sides of TM3–TM6 are severely shifted. This indicates that the NB80 binding at the intracellular side has a long-range effect on the extracellular side near the ligand binding site.


Extended Data Table 1 Pharmacological and geometrical properties of the β1AR ligands used in this studyFull size table


Extended Data Table 2 Sequence-specific assignment 1H–15N valine resonancesFull size table


Extended Data Table 3 Summary of the NMR response to ligands, G protein activation and NB80 binding data for the original TS-β1AR construct and various reverse mutants towards the native β1AR sequenceFull size table
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        Editorial Summary
Flexibility in G protein-coupled receptors
G protein-coupled receptors (GPCRs) are membrane proteins that are involved in many biological processes and are important drug targets. Although several X-ray crystal structures of GPCRs have been reported in the past few years, relatively little is known about their conformational dynamics. In this manuscript, the authors used NMR spectroscopy to monitor the conformational changes that occur in the turkey β1-adrenergic receptor in the presence of antagonists, partial agonists and full agonists. The authors identified several allosteric signalling pathways and determined that agonist binding to this GPCR initiates the bending of a key transmembrane helix towards the 'active' conformation observed in the 2011 X-ray crystal structure of the β2-adrenergic receptor/G protein complex.
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