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            Abstract
Mu-opioid receptor (µOR) agonists such as fentanyl have long been used for pain management, but are considered a major public health concern owing to their adverse side effects, including lethal overdose1. Here, in an effort to design safer therapeutic agents, we report an approach targeting a conserved sodium ion-binding site2 found in µOR3 and many other class A G-protein-coupled receptors with bitopic fentanyl derivatives that are functionalized via a linker with a positively charged guanidino group. Cryo-electron microscopy structures of the most potent bitopic ligands in complex with µOR highlight the key interactions between the guanidine of the ligands and the key Asp2.50 residue in the Na+ site. Two bitopics (C5 and C6 guano) maintain nanomolar potency and high efficacy at Gi subtypes and show strongly reduced arrestin recruitment—one (C6 guano) also shows the lowest Gz efficacy among the panel of µOR agonists, including partial and biased morphinan and fentanyl analogues. In mice, C6 guano displayed µOR-dependent antinociception with attenuated adverse effects, supporting the µOR sodium ion-binding site as a potential target for the design of safer analgesics. In general, our study suggests that bitopic ligands that engage the sodium ion-binding pocket in class A G-protein-coupled receptors can be designed to control their efficacy and functional selectivity profiles for Gi, Go and Gz subtypes and arrestins, thus modulating their in vivo pharmacology.
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                    Fig. 1: Targeting the Na+ site with fentanyl-based bitopic ligands and characterization of lead compounds in binding, G-protein and arrestin signalling assays.[image: ]


Fig. 2: Structures of bitopic ligands bound to µOR.[image: ]


Fig. 3: Profiling of C5 guano, C6 guano and µOR using TRUPATH Gαβγ biosensors and β-arrestin-1 and β-arrestin-2 efficacy.[image: ]


Fig. 4: C6 guano exhibits µOR-mediated antinociception without CPP, CPA or hyperlocomotor effects.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Docking of a fentanyl based bitopic targeting the Na+ binding site.
Molecular docking of a fentanyl based bitopic ligand shows that the functional head group can target the Na+ pocket.


Extended Data Fig. 2 Cryo-EM data processing work-flows.
Representative micrographs, 2D classes, 3D classes and data processing procedures for (A) C5-guano and (B) C6-guano bound µOR–Gi-scFv16 complex.


Extended Data Fig. 3 Global and local resolutions for cryo-EM maps.
(A) Gold-standard FSC curves for C5-guano and C6-guano bound μOR–Gi structures. Overall resolution is 3.2 Å for C5-guano bound μOR–Gi-scFv16 and 3.3 Å for C6-guano bound μOR–Gi using the gold Standard FSC = 0.143 criterion. (B) Local resolution map of C5 guano and C6 guano bound μOR–Gi structures. (C) Data collection, refinement, and model statistic of two structures. Extended Data Table 2. Cryo-EM data collection, refinement and validation statistics.


Extended Data Fig. 4 Comparison of bitopic structures to BU72 structure.
A, C, Side chains of μOR orthosteric pocket residues are shown for the C5-guano (A) and C6-guano (C) bound μOR–Gi complex (green) in comparison with the BU72 bound μOR (PDB code 5C1M; pink). The orthosteric pocket residues of μOR in complex with bitopic ligands and BU72 show nearly identical conformations. B, D, Side chains of μOR site-2 and Na+ site residues are shown for the C5 guano (B) and C6 guano (D) bound μOR–Gi complex (green) in comparison with the BU72 bound μOR (PDB code 5C1M; pink). The site-2 and Na+ site residues of μOR in complex with bitopic ligands and BU72 show nearly identical conformations.


Extended Data Fig. 5 Analysis of dynamics of direct and water mediated interactions of bitopic ligands.
A) Overlay of three examples of C5 guano conformations bound to active state MOR (pink cartoon/sticks) during MD simulations (B) Detailed view of the interactions between guano moiety of C5 guano (orange sticks) and D1142.50 mediated by two water molecule (C) Direct salt bridge interactions between C5 guano (light green sticks) and D1162.50 supplemented by an additional water-mediated hydrogen bond. (D) direct salt bridge interactions between C5 guano (cyan sticks) and D1142.50 (E) Probability densities of distances between guano nitrogen atoms and D1142.50 carboxylate oxygens. Each chart plots probability density for frames with two bridging waters (orange), one bridging water (green), and no bridging waters (cyan). (F) Categorization and relative proportion of D2.50 and D3.32 mediated interactions in 10 independent C5 guano-μOR MD trajectories for 1 μs each. Among the cumulative frames from the 10 μs MD runs, close to 1/3rd of the frames-maintained guano-D2.50 interactions exclusively through water-mediated hydrogen bonds, while ~57% frames formed direct salt- bridges with or without supplementary water mediated interactions. Therefore, close to 90% of the frames maintained D2.50-guano interactions. The piperidine-D3.32 interactions were observed to be even more stable, with over 96% of the frames indicating direct salt bridge or water-mediated hydrogen bonds. (G) Categorization and relative proportion of D2.50 and D3.32 mediated interactions in 5 independent C6-μOR trajectories for 1 μs each. Overall, the number of direct interactions with D2.50 increased from 57% to 85% (compared to C5), perhaps resulting from the increase in linker length by a carbon atom that decreases the overall distances to D2.50 residue.


Extended Data Fig. 6 Profiling of chemically and pharmacologically distinct μOR agonists using TRUPATH, arrestin signaling.
A) Peptides: Endomorphin-1, Leu-enkephalin, Met-enkephalin, Beta- endorphin and Dynorphin A (1-17). Dynorphin A (1-17) showed reduced arrestin recruitment while other peptides retained robust arrestin recruitment among peptides tested. B) Opioid biased agonists and partials: PZM21, TRV130, Gα- subtype selectivity and arrestin recruitment on μOR. PZM21, 7-OH and TRV130 showed <50% efficacy for arrestin1/2. Highest efficacy for all three biased agonists was seen at the Gz-subtype. μOR partial agonist pentazocine was a full agonist at the Gz subtype. C) Oxycodone and Carfentanil, Gα- subtype selectivity and arrestin recruitment on μOR. Carfentanil showed near maximal efficacy at all Gα-subtypes and arrestin1/2. Oxycodone was a full agonist at Gz and showed >50% efficacy at β-arrestin2. D) Fentanyl guano bitopics show differential G-protein and arrestin efficacy with increased chain length.
Source Data


Extended Data Table 1 Summary of binding affinities, cAMP and arrestin recruitment values of fentanyl amino and guano bitopics on μORFull size table


Extended Data Table 2 Cryo-EM data collection, refinement and validation statisticsFull size table


Extended Data Table 3 Potency table for drugs profiled in Extended Data Fig. 6Full size table


Extended Data Table 4 Efficacy table for drugs profiled in Extended Data Fig. 6Full size table
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