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            Abstract
The 5-HT3A serotonin receptor1, a cationic pentameric ligand-gated ion channel (pLGIC), is the clinical target for management of nausea and vomiting associated with radiation and chemotherapies2. Upon binding, serotonin induces a global conformational change that encompasses the ligand-binding extracellular domain (ECD), the transmembrane domain (TMD) and the intracellular domain (ICD), the molecular details of which are unclear. Here we present two serotonin-bound structures of the full-length 5-HT3A receptor in distinct conformations at 3.32Â Ã… and 3.89Â Ã… resolution that reveal the mechanism underlying channel activation. In comparison to the apo 5-HT3A receptor, serotonin-bound states underwent a large twisting motion in the ECD and TMD, leading to the opening of a 165Â Ã… permeation pathway. Notably, this motion results in theÂ creation of lateral portals for ion permeation at the interface of the TMD and ICD. Combined with molecular dynamics simulations, these structures provide novel insights into conformational coupling across domains and functional modulation.
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                    Fig. 1: Ion permeation pathway.[image: ]


Fig. 2: The serotonin-binding site and global conformational differences between the apo and serotonin-bound states.[image: ]


Fig. 3: Opening of the lateral portal for ion exit.[image: ]


Fig. 4: Molecular dynamics simulations of apo, state 1 and state 2 structures.[image: ]


Fig. 5: Functional characterization of mutations in pore-lining residues.[image: ]
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                Data availability

              
              Coordinates of the 5-HT3A receptor structures have been deposited at the PDB under accession codes 6DG7 (state 1) and 6DG8 (state 2). The cryo-EM map has been deposited in the Electron Microscopy Data Bank under accession code EMD-7882 (state 1) and EMD-7883 (state 2). All relevant data are available from the authors.
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Extended data figures and tables

Extended Data Fig. 1 Data processing workflow.
a, A representative micrograph of 5-HT3A receptor incubated with 100Â Î¼M serotonin in vitreous ice (top). Selected 2D classes showing various orientations (bottom). b, A schematic of the steps followed in data processing leading to 3.32Â Ã… and 3.89Â Ã… reconstructions of state 1 and state 2, respectively. Each subunit is shown in a different colour for clarity. Classes within the boxes represent two distinct conformations. Based on the number of particles for each state, it appears that state 1 is more populated than state 2 under our current conditions.


Extended Data Fig. 2 Estimation of resolution and validation of the models.
a, FSC curves before (red) and after (blue) the application of soft mask in RELION for state 1 (left) and state 2 (right). The dashed line represents FSC of 0.143. b, For cross validation, FSC curves of the refined model versus summed map (full dataset, blue), refined model versus half map 1 (used during refinement, cyan), and refined model versus half map 2 (not used during refinement, purple) were calculated for state 1 (left) and state 2 (right). c, Local resolution of state 1 (left) and state 2 (right) reconstructions were estimated using the ResMap program40.


Extended Data Fig. 3 Map correlation of state 1 and state 2.
Various regions of the model (shown as a cartoon) and corresponding density map (mesh) around the residues are shown to validate the final model. Residues are depicted as sticks. The depicted regions in state 1 and the corresponding contour levels: Cys loop (7.0Ïƒ), loop C (8.0Ïƒ), loop F (8.0Ïƒ), M2 (6.0Ïƒ), M2â€“M3 linker (7.0Ïƒ), M4 (6.5Ïƒ), MX helix (7.5Ïƒ) and MA helix (7.5Ïƒ). The depicted regions in state 2 and the corresponding contour levels: Cys loop (8.5Ïƒ), loop C (8.0Ïƒ), loop F (8.0Ïƒ), M2 (6.0Ïƒ), M2â€“M3 linker (7.0Ïƒ), M4 (7.0Ïƒ), MX helix (7.0Ïƒ) and MA helix (6.0Ïƒ).


Extended Data Fig. 4 Serotonin-induced conformational changes in the ECD and TMD.
a, A global alignment of the apo structure with state 1 (left) and state 2 (right). The top panel shows the ECD and the bottom panel shows the TMD, both viewed from the extracellular end. The arrows indicate the direction of rotation with respect to the apo state. State 1 and state 2 structures superimpose with the apo ECD with a root mean square deviation (r.m.s.d.) of 1.16 for state 1 and 1.41 for state 2 (residues 8â€“220). State 1, and particularly state 2, diverge markedly in the TMD and ICD (r.m.s.d. of 1.1 for state 1 and 4.24 for state 2 for residues 221â€“462). b, A side-view of the ECDs upon aligning state 1 and state 2 to the apo state. c, A top view of the TMDs when aligned with respect to the ECD. The arrows show relative displacements in different regions of state 1 and state 2 with respect to the apo structure.


Extended Data Fig. 5 Inter-subunit interaction at the ECDâ€“TMDâ€“ICD interface.
a, Inter-subunit interactions at the ECDâ€“TMD interface in the apo state, state 1 and state 2. b, Inter-subunit interactions at the TMDâ€“ICD interface in the three states. The potential interactions were predicted as polar contacts in PyMOL. Interacting residues are shown as sticks. Residue labels are colour-coded based on their location. The apo state has the largest buried surface area (31,610Â Ã…2) which progressively decreases in state 1 (30,960Â Ã…2) and then state 2 (25,340Â Ã…2).


Extended Data Fig. 6 The intracellular domain of state 2.
a, A detailed view of the ICD with key residues shown in stick representation. Only two adjacent subunits are shown for clarity. The solvent-accessible vestibule in the ICD calculated using Caver3.047 with a minimum cavity radius of 2.8Â Ã… is shown as dark-cyan spheres. The positively charged residues lining the portal are shown as blue sticks. The negatively charged residues in the vicinity are shown in red-brown. Residues that form the hydrophobic patch at the N-terminal end of the MA helix are shown as green sticks. Residues His309 (post-M3 loop) and Glu250 (M2) are in a potential interaction and are shown in magenta. b, A zoomed view of the ICD to highlight the break in MAâ€“M4 helices (highlighted in magenta) at Gly430. Glycine-mediated transmembrane-helix distortion at the iâˆ’3 position is well-studied58, and Gly430 may have a dynamic role at the hinge point between MA and M4 helices. A similar bend in the MAâ€“M4 helix was previously observed in the Torpedo marmorata nAChR structure even in the absence of glycine at the equivalent position3.


Extended Data Fig. 7 Molecular dynamics simulations of state 1.
a, Trajectories of water and Na+ ion coordinates within 5Â Ã… of the channel axis inside the pore over 100Â ns with a 0.2-V transmembrane potential difference, with the cytoplasmic side having a positive potential. Stretches of white regions indicate areas devoid of water or ions. b, Time-averaged radii along the central pore axis of the state 1 structure during two 10-ns fractions of the simulation (within the boxed region of a) (top). The orange arrows indicate positions of Leu260. The dashed line indicates the approximate radius of a hydrated Na+ ion. Free-energy profile of a water molecule along the central pore axis during the 10-ns window (bottom). The barrier at the Leu260 position disappears in the 45â€“55-ns time frame. c, Snapshots of pore conformation around Leu260 (shown in stick representation) during the corresponding time window. The widening of the pore radii and the disappearance of the barrier for water permeation is associated with the rotameric reorientation of the Leu260 sideÂ chain (indicated by the arrow). d, An overlay of the pore radii from the two time windows. Changes at position Leu260 are marked by the arrow. e, Snapshot of pore conformation around Leu260 as a Na+ ion (purple) is passing through, with two Leu260 sideÂ chains rotated away (indicated by *). Three independent simulations were run.


Extended Data Fig. 8 Snapshots of the state 1 pore conformation from the molecular dynamics simulation.
a, Side-chain orientations of Leu260 and Glu250 at different points during the simulation (indicated in Extended Data Fig.Â 7). b, The corresponding pore radius profiles. The positions of Glu250 and Leu260 are highlighted.


Extended Data Fig. 9 Comparison of pLGIC pore profiles.
Pore profiles calculated using the HOLE program46 for the M2 region of nAChR (PDB ID: 5KXI)4, GABAA receptor Î²3 homopentamer (PDB ID: 4COF)7, glutamate-gated chloride channel (GluCl) (apo structure, PDB ID: 4TNV59; ivermectin-bound, PDB ID: 3RHW60), glycine receptor (GlyR) (strychnine-bound, PDB ID: 3JAD; glycine-bound, PDB ID: 3JAE; glycine- and ivermectin-bound, PDB ID: 3JAF)5 and 5-HT3A receptor (apo structure, PDB ID: 6BE111; state 1, PDB ID: 6DG7; state 2, PDB ID: 6DG8). Only two M2 helices are shown as ribbon, for clarity. Pore-facing residues are shown as stick representation. Green and magenta spheres define radii of 1.8â€“3.3Â Ã… and >3.3Â Ã…, respectively.


Extended Data Table 1 Sequence of mouse 5-HT3A receptor used in the cryo-EM study and the data on cryo-EM and refinementFull size table





Supplementary information
Reporting Summary

Video 1: Ion permeation in State 2
Trajectory of a single hydrated Na+ ion (purple) entering from the ECD and exiting through the ICD portals (-200 mV). The video corresponds to 35 ns of a 100 ns simulation. Periodic boundaries of the simulation cell are indicated by the solid frame. The Na+ ion and surrounding water molecules (blue) within 4 Ã… of it are shown. Other ions and water molecules are omitted for clarity. Leu260 is coloured red. Ions passage through the lateral gates were observed in multiple simulations (100 ns replicates at 0.7 M NaCl, 200 mV). In all 23 events where we see a full (i.e. bulk to bulk) conductance event, the ion passes through the lateral gates.
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