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            Abstract
Designer receptors exclusively activated by designer drugs (DREADDs) represent a powerful chemogenetic technology for the remote control of neuronal activity and cellular signalling1,2,3,4. The muscarinic receptor-based DREADDs are the most widely used chemogenetic tools in neuroscience research. The Gq-coupled DREADD (hM3Dq) is used to enhance neuronal activity, whereas the Gi/o-coupled DREADD (hM4Di) is utilized to inhibit neuronal activity5. Here we report four DREADD-related cryogenic electron microscopy high-resolution structures: a hM3Dqâ€“miniGq complex and a hM4Diâ€“miniGo complex bound to deschloroclozapine; a hM3Dqâ€“miniGq complex bound to clozapine-N-oxide; and a hM3Râ€“miniGq complex bound to iperoxo. Complemented with mutagenesis, functional and computational simulation data, our structures reveal key details of the recognition of DREADD chemogenetic actuators and the molecular basis for activation. These findings should accelerate the structure-guided discovery of next-generation chemogenetic tools.
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                    Fig. 1: Overall structures of the DREADD complexes.[image: ]


Fig. 2: Actuator recognition at DREADDs.[image: ]


Fig. 3: Insights into the selective activation of DREADDs.[image: ]


Fig. 4: Comparison of the DREADD actuators.[image: ]


Fig. 5: Subtype determinators for muscarinic receptors.[image: ]
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                Data availability

              
              The structures of the hM3Dqâ€“miniGqâ€“DCZ, hM4Diâ€“miniGoâ€“DCZ, hM3Dqâ€“miniGqâ€“CNO, hM3Râ€“miniGqâ€“iperoxo and hM3Râ€“iperoxo (local refinement) complexes have been deposited into the PDB (EMDB) databases under accession codes 8E9W (EMD-27966), 8E9X (EMD-27967), 8E9Y (EMD-27968), 8E9Z (EMD-27969) and 8EA0 (EMD-27970), respectively. The cryo-EM micrographs of hM3Dqâ€“miniGqâ€“DCZ, hM4Diâ€“miniGoâ€“DCZ, hM3Dqâ€“miniGqâ€“CNO and hM3Râ€“miniGqâ€“iperoxo have been deposited in the EMPIAR database (https://www.ebi.ac.uk/empiar/) with accession numbers EMPIAR-11185, EMPIAR-11184, EMPIAR-11193 and EMPIAR-11194, respectively.Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Schematic diagrams of the constructs used in this study.
a-b, Modified snake diagrams of hM3Dq and hM4Di from the GPCRdb including the N-terminal and ICL3 truncation sites. The LgBit was fused at the C terminus of the hM3Dq receptor. DREADD mutation sites are indicated by red circles. Residues in yellow circles were removed from the expression constructs. c, Schematic diagram of the 3-in-1 vector (pFastDual plasmid-based) for the expression of miniGq or miniGo. The HiBit was fused at the C-terminus of the GÎ² subunit. d-e, The activities of intact and ICL3 deletions of hM3Dq (d) or hM4Di (e) under the stimulation by DCZ, respectively. See Supplementary Table 4 for fitted parameter values that represent the mean Â± SEM of nâ€‰=â€‰4 biologically independent experiments. f-g, Surface expression levels of intact and ICL3 deletions of hM3Dq and hM4Di. The WT hM3R and hM4R are also included as controls. Data represent the mean Â± SEM of nâ€‰=â€‰3 biologically independent experiments. See Supplementary Table 11 for the details.
Source data


Extended Data Fig. 2 CryoEM analysis for the complexes of DCZ-bound hM3Dq-miniGq, DCZ-bound hM4Di-miniGo, CNO-bound hM3Dq-miniGq, and iperoxo-bound hM3R-miniGq.
For each of the respective complexes are shown: a, Selected frame aligned micrograph. The experiment was repeated three times with similar results. b, Histograms of defocus values for micrographs used in the single-particle analysis (see Extended Data Table 1 for more details). c, Orientational distribution heat map. d, 2D plots of the gold-standard Fourier shell correlation (GSFSC) between half maps (black) and FSC between model and the b-factor sharpened map for respective refined model (red) as calculated by phenix.mtirage. Local refinement GSFSC is shown in gray and the locally refined map to the model is shown in plumb. e, Local resolution heat-map calculated using the local windowed FSC method.


Extended Data Fig. 3 Overall structure and CHS binding site of the iperoxo bound hM3R-miniGq complex.
a, Superposition of the overall structures of the iperoxo-bound hM3R-miniGq and DCZ-bound hM3Dq-miniGq. The density map of the iperoxo is shown as gray meshes. b-c, The extracellular (b) and intracellular (c) views of structural comparison of the receptors between hM1R-G11 (PDB: 6OIJ) and hM3Dq-miniGq complexes, respectively. d-e, The extracellular (d) and intracellular (e) views of structural comparison of the receptors between hM3Dq-miniGq and hM4Di-miniGo complexes, respectively. f, Comparison of the interfaces between TM5 of hM1R or hM3Dq and Î±5 helix of G11 or miniGq subunit in the structures of hM1R-G11 or hM3Dq-miniGq complex. g, Three views of the superposition of hM1R (6OIJ) and hM3R structures. The CHS molecules in the hM1R or hM3R structure are shown in gray or yellow spheres, respectively.


Extended Data Fig. 4 Ligand binding pockets in DREADD and WT receptors.
a, Side view of the binding pocket of the hM4Di-DCZ structure. Both DCZ and surrounding residues interacting with DCZ are shown in stick models. b, Interactions of the 8-chloro group of CNO with surrounding residues in the CNO-hM3Dq structure. The compound CNO is shown in both stick and sphere models and DCZ and surrounding residues are shown in the ball-and-stick model. c, Superposition of the binding pockets of hM3R-iperoxo, hM1R-iperoxo (6OIJ), and hM2R-iperoxo (6OIK) structures. The inset shows the structural comparison of the iperoxo molecules in the binding pockets of these three structures. Hydrogen bonds are indicated as dashed lines. d, Side view of the binding pockets of superposed hM3Dq-DCZ and hM3R-iperoxo structures. The deeper subpocket occupied by the heterocyclic group of iperoxo is formed by N3x37, V3x40, F5x47, W6x48, and N6x52. e-f, Structural comparisons of the hM3Dq-DCZ and rM3R-tiotropium (TIO, 4U15) structures (e), and the hM4Di-DCZ and hM2R-QNB (PDB: 3UON) structures (f). Major conformational differences of the TM4, TM5, and TM6 on the extracellular side and ligands are indicated by red and blue arrows, respectively. Ligands are shown in stick models. g, Interactions between DCZ or TIO and Y/C3x33, Y6x51, and N6x52 in hM3Dq or rM3R structure. The Y3x33 is shown in spheres. The conformational changes of the ligands and residues are indicated by gray and red arrows, respectively. h, Top view of the binding pocket comparison of predicted hM3R structure from the alphafold2Â (AF2) server, modeled hM3Dq structure by alphafold2 server, and hM3R in the structure of the iperoxo-bound hM3R-miniGq complex.


Extended Data Fig. 5 Functional validations of iperoxo and QNB towards the WT or DREADD receptors.
aâ€”d, Binding affinities of iperoxo towards the WT and DREADD receptors. See Supplementary Table 5 for fitted parameter values that represent the mean Â± SEM of nâ€‰=â€‰3 biologically independent experiments. e-f, Iperoxo, ACh, and DCZ agonist activities toward DREADD receptors by BRET2 assay. See Supplementary Table 6 for fitted parameter values that represent the mean Â± SEM of nâ€‰=â€‰4 biologically independent experiments. g-h, Iperoxo, ACh, and DCZ agonist activities toward DREADD receptors by calcium flux assay (g) and cAMP Glo-sensor assay (h). See Supplementary Table 7 for fitted parameter values that represent the mean Â± SEM of nâ€‰=â€‰3â€“5 biologically independent experiments. i-l, Gq activities of hM3R (i) and hM3Dq (j) under the stimulation of compounds ACh, DCZ, QNB, TIO, and 384 by FLIPR calcium assay and Gi/o activities of hM4R (k) and hM4Di (l) under the stimulation of compounds ACh, DCZ, QNB, tiotropium (TIO), AD-DX 384 (384) by split-luciferase-based cAMP Glo-sensor assay. See Supplementary Table 8 for fitted parameter values that represent mean Â± SEM of nâ€‰=â€‰3 biologically independent experiments. m-p, Mutagenesis analysis of three arginines (R177, R184, and R552) in the ACh-induced activation for hM3R (m-n) and DCZ-induced activation for hM3Dq (o-p) by the BRET2 assay, respectively. See Supplementary Table 9 for fitted parameter values that represent mean Â± SEM of nâ€‰=â€‰4 biologically independent experiments.
Source data


Extended Data Fig. 6 MD simulations of iperoxo and DCZ in WT and DREADD receptors.
a, Activation of hM4R and hM4R (A203G) under the stimulation of iperoxo by the BRET assay. See Supplementary Table 10 for fitted parameter values that represent mean Â± SEM of nâ€‰=â€‰4 biologically independent experiments. b-c, Basal activities of hM3Dq (b) and hM4Di (c) by BRET2 assay. Data represent the mean Â± SEM. ***pâ€‰=â€‰0.0004 (hM3Dq, nâ€‰=â€‰6), ****pâ€‰<â€‰0.0001 (hM4Di, nâ€‰=â€‰6), unpaired two-tailed student t-test. d-e, Interaction between W4x57 and N3x37 at the start and end snapshots of the simulation of hM3Dq-iperoxo (d) and hM3R-iperoxo (e). f-g, Representative poses of iperoxo (f) and DCZ (g) in the hM3R (A5x461G) and hM3Dq (G5x461A) during the MD simulation, respectively. hâ€”m, Statistics analysis of the iperoxo-N153 distance (isoxazole oxygen of iperoxo to ND2 of N153) and W200-N153 distance (indole N of W200 to OD1 of N153) in the simulation of hM3R-iperoxo (h and i), hM3Dq-iperoxo (j and k), and hM3R (A5x461G)-iperoxo (l and m), respectively. n-o, Statistics analysis of the DCZ-D148 distance [nitrogen on the piperazine ring (N02) of DCZ to OD2 of D148] in the simulation of hM3Dq-DCZ (n) and hM3Dq (G5x461A)-DCZ (o), respectively. The x-axis represents the binned distance and the y-axis is the count of frames from the simulations. Each color represents separate runs from the respective simulations.
Source data


Extended Data Fig. 7 Docking poses of clozapine in inactive rM3R and olanzapine in hM3Dq structures.
a, Chemical structures of JHU 37152 (J52), JHU 37160 (J60), compound 6 from the previous SAR study, and AF-DX 384 (384). b-c, Two views of the superposition of the preferred docking pose of clozapine (CLZ) and binding pose of tiotropium (TIO) in the inactive state rM3R structure (4DAJ). d, Superposition of the preferred docking pose of the olanzapine (OLP) and binding pose of DCZ in the hM3Dq structure. The conformational differences from DCZ to OLP are indicated by red arrows.


Extended Data Fig. 8 Receptor-Gq protein interfaces in different complexes.
aâ€”h Interfaces mediated by the feature residue EH5.22 (aâ€”d) and NH5.24 (eâ€”h) in the Gq protein engaged H1R (a, e), CCK1R (b, f), B1R (c, g), and MRGPRX4R (d, h) complexes, respectively.


Extended Data Fig. 9 Two distinct Gq coupling modes.
a-b, Comparison of the receptor-G protein interfaces mediated by the EH5.22 (a) and NH5.24 (b) in the 5-HT2A-miniGq and hM3Dq-miniGq structures, respectively. c, Conformational changes of the TM6 of the receptor and Î±5 helix of the Gq subunit among the 5-HT2AR-miniGq (6WHA), hM1R-G11 (6OIJ), hM3Dq-miniGq, and H1R-miniGq (7DFL) structures. d, Structural comparison of the Gq proteins in the complexes of receptors 5-HT2AR (6WHA), B1R (7EIB), B2R (7F2O), ghrelin receptor (7F9Y), CCK1R (7MBY), CCK2R (7F8W), MRGPRX2 (7S8L), MRGPRX4 (7S8P), hM1R (6OIJ), hM3Dq, and H1R (7DFL). e, Sequence alignment of Î±5 helices of all GÎ± subunits. Residues involved in the interactions with TM5 of hM1R are indicated by the blue arrows. And two feature residues in Gq/11 subfamily are indicated by the red arrows.


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table
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MD simulation of hM3Râ€“iperoxo. The iperoxo and surrounding residues are coloured cyan and violet, respectively.
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MD simulation of hM3Dqâ€“iperoxo. The iperoxo and surrounding residues are coloured cyan and violet, respectively.


Video 3
ECL2 dynamics in the MD simulation of hM3Râ€“Apo. The top view of the hM3R simulations and CÎ± of T215 and F222 (used in the distance measurement) are shown in spheres.


Video 4
ECL2 dynamics in the MD simulation of hM3Dqâ€“iperoxo. The top view of the hM3Dqâ€“iperoxo simulations and CÎ± of T215 and F222 (used in the distance measurement) are shown in spheres.


Video 5
MD simulation of hM3R(A239G)â€“iperoxo. The iperoxo and surrounding residues are coloured cyan and violet, respectively.
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MD simulation of hM3Dq(G239A)â€“DCZ. The DCZ and surrounding residues are coloured cyan and violet, respectively.
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