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            Abstract
The olfactory system must recognize and discriminate amongst an enormous variety of chemicals in the environment. To contend with such diversity, insects have evolved a family of odorant-gated ion channels comprised of a highly conserved co-receptor (Orco) and a divergent odorant receptor (OR) that confers chemical specificity. Here, we present the single-particle cryo-electron microscopy structure of an Orco homomer from the parasitic fig wasp Apocrypta bakeri at 3.5 Å resolution, providing structural insight into this receptor family. Orco possesses a novel channel architecture, with four subunits symmetrically arranged around a central pore that diverges into four lateral conduits that open to the cytosol. The Orco tetramer has few inter-subunit interactions within the membrane and is bound together by a small cytoplasmic anchor domain. The minimal sequence conservation among ORs maps largely to the pore and anchor domain, shedding light on how the architecture of this receptor family accommodates its remarkable sequence diversity and facilitates the evolution of odour tuning.
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                    Fig. 1: Channel activity, cryo-EM density and model of the Orco–Fab complex.


Fig. 2: Architecture of the Orco homotetramer.


Fig. 3: The ion-permeation pathway.


Fig. 4: A hydrophobic gate contributes to ion selectivity.


Fig. 5: OR conservation maps to key interaction domains in Orco.
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Extended data figures and tables

Extended Data Fig. 1 Ligand-gated signalling of A. bakeri and A. gambiae Orcos.
a, Fluorescence changes in HEK293 cells transfected with a genetically encoded Ca2+ indicator, GCaMP6s, and Orco from A. bakeri (Abak; closed circles) or A. gambiae (Agam; open circles) alone, or with an A. gambiae OR. Dose–response curves were obtained by titrating with VUAA1 or the cognate odour of the OR. b, Average fitted Hill equation parameters from N number of independent replicates. EC50 is the concentration for half-maximal response and n is the Hill coefficient (both mean ± s.d.). 245-T is 2,4,5-trimethylthiazole.


Extended Data Fig. 2 Electrophysiological characterization of Orco.
a, Example VUAA1 dose–response curve using whole-cell current from a HEK293 cell expressing Orco. I/Imax is the measured current relative to the maximum current obtained at the highest concentration of VUAA1. The titration experiment was repeated using four independent cells with equivalent results. The average fitted Hill equation parameters are (mean ± s.d.): EC50 = 64 ± 7 μM, n = 3.5 ± 0.5. b, Inward whole-cell current for a subset of the VUAA1 concentrations used in a (held at –80 mV). c, VUAA1-evoked Orco currents recorded from an outside-out membrane patch from a HEK293 cell expressing Orco (held at –140 mV). Inset (0.9 s) highlights single channel openings. d, Amplitude histogram determined from the inset in c. Fitted Gaussian distributions for single-channel Orco current (red) and baseline current (black) are shown. e, Amplitude histograms were obtained at multiple voltages and the single-channel conductance of 10.6 ± 0.6 pS was determined from the slope of the current-voltage plot (mean ± s.d. for 2–6 data points per voltage from 9 patches). The specific numbers of replicates at each voltage were: 5 (–140 mV), 4 (–130 mV), 5 (–120 mV), 3 (–110 mV), 6 (–100 mV), 4 (–90 mV), 4 (–80 mV), 3 (–70 mV), 2 (–60 mV).


Extended Data Fig. 3 Stoichiometry and ligand binding of the Orco homotetramer.
a, Western blot of cross-linked Orco in transfected HEK293 cells. SDS–PAGE showing a ladder of four bands that appears with both GFP-tagged and untagged Orco after treatment with increasing concentration of the amine cross-linker disuccinimidyl suberate (DSS). Monomer (m) and tetramer (t) bands are indicated. DSS concentrations were (μM): 0, 25, 75, 125, 250, 2,500. b, Western blot of a Blue Native (BN)-PAGE63 gel of the same samples as in a showing that tetrameric Orco is present in all samples and higher-order aggregates are not induced by cross-linking. c, d, Western blot of Orco extracted with increasing concentrations of detergent (LMNG) showed gradual loss of the tetrameric species. Addition of CHS (c), porcine brain polar lipid extract (d) (BPL; Anatrace) or the combination of the two stabilized the Orco tetramer. LMNG concentrations were (% w/v): 0.01, 0.05, 0.1, 0.25, 0.5, 1. Concentration of CHS, BPL and the sum of CHS + BPL were added at one-fifth that of LMNG. GFP-labelled Orai (55 kDa)64 was used as a molecular weight marker as it is a hexamer with a similar total size as the Orco–GFP tetramer (340 kDa). The larger apparent molecular weights observed in BN-PAGE gels (b–d) reflect the additional mass of the micelle. Primary antibodies used were: anti-Orco clone 20F7 and anti-GFP (Life Technologies). Each experiment in this figure was repeated three times with similar results. The molecular weight markers on the native gels are approximate: they are from a separate gel run under the same conditions (see Supplementary Data). e, f, Representative baseline-corrected isothermal titration calorimetry (ITC) data for Orco (e, 11 μM) and Orco–Fab complex (f, 10 μM) titrated with VUAA1. Integrated heats and fitted single-site binding isotherms are shown at the bottom. The number of binding sites per monomer was fixed at 1 and the dissociation constant (Kd), enthalpy of binding (ΔH), and heat associated with sample dilution (ΔQdil) were fit. The experiments were repeated three times each using Orco samples obtained from independent purifications. The average fitted thermodynamic parameters are as follows (mean ± s.d.). Orco: Kd = 13 ± 1 μM, ΔH = –8.3 ± 0.6 kcal/mol, ΔQdil = –1.0 ± 0.1 kcal/mol. Orco–Fab: Kd = 18 ± 2 μM, ΔH = –9.7 ± 0.4 kcal/mol, ΔQdil = –1.0 ± 0.2 kcal/mol.


Extended Data Fig. 4 Cryo-EM data analysis.
a, A representative motion-corrected micrograph showing the distribution of Orco–Fab single particles (three particles are circled). Scale bar, 50 nm. b, 2D averages of classes selected for further processing. c, Initial density map from 3D refinement in RELION using all of the particles in b with C4 symmetry imposed. d, Soft mask and final density map after refinement in Frealign. e, Fourier shell correlation (FSC) curves for the final cryo-EM density maps. The horizontal dashed line represents the 0.143 cutoff value. f, Orientation distribution of the particles included in the final 3D map of the Orco–Fab complex in d (as reported by RELION). g, Approximate local resolution of the entire Orco–Fab density map (left) and only Orco (right). h, Cryo-EM densities for the modelled regions are shown as grey mesh. Orco models are drawn as sticks with carbon atoms coloured according to Fig. 2, and oxygen, nitrogen and sulfur atoms coloured red, blue and yellow, respectively.


Extended Data Fig. 5 Potential extracellular facing odour-binding pocket.
a, Side view of Orco highlighting the location of residues in Orco or ORs that, when mutated, alter ligand-binding specificity. Orco residues that are equivalent to point mutations that alter odour specificity in Helicoverpa assaulta OR14b24, A. gambiae OR1525, D. melanogaster OR85b26 or Ostrinia furnacalis OR327 are shown as red spheres. Residues required for VUAA1 sensitivity in Orco23 are shown as blue spheres. In Orco, the S3–S4 extracellular loop is positioned above the pocket. b, A 15 Å cross-section through the pocket from a.


Extended Data Fig. 6 Inter-subunit interactions in Orco and Kv channels.
a, Top views of Orco (left) and Kv10.1 (Eag1)65 (right) highlighting the overall organization of these tetrameric cation channels. In this Kv channel, the pore and voltage-domains are not domain-swapped and so it more closely resembles the quaternary structure of Orco compared to other Kv channels. b, c, Top (b) and side (c) views showing inter-subunit interactions. Residues within 5 Å of a different subunit within the transmembrane region are shown as coloured spheres (16 residues in Orco, 58 residues in Kv10.1). In Orco, residues at subunit interfaces in the anchor domain are grey spheres (35 residues). The extracellular and intracellular domains of Kv10.1 are not shown.


Extended Data Fig. 7 Reversal potentials and ion-permeability ratios.
a, b, VUAA1-evoked whole-cell current from HEK293 cells expressing Orco with 150 mM intracellular CsCl and 150 mM extracellular NaCl (a, blue), or 100 mM extracellular CaCl2 (b, red). c, Summary of reversal potentials (Erev) and permeability ratios (Pion/PCs) for wild-type and mutant Orco and Orco–OR complexes measured under bi-ionic conditions (mean ± s.d.). Erev were measured using N independent cells and corrected for the measured junction potential. Pion/PCs were calculated from Erev using Goldman–Hodgkin–Katz equations (see Methods) with their errors determined by propagation of the standard deviations. Three one-way ANOVA tests were performed using these Erev data followed by Tukey–Kramer multiple comparison tests. (1) Orco selectivity of Na+, K+, Ca2+ and Mg2+ (P values are from comparisons to Na+ Erev). (2) Wild-type and mutant Orco Na+ and Ca2+ selectivity (P values are from comparisons to wild-type Orco with the same ion, Na+ or Ca2+, as appropriate). (3) Orco homomer and Orco–OR heteromer Na+ and Ca2+ selectivity (P values are from comparisons to the Orco homomer with the same ion, Na+ or Ca2+, as appropriate). 245-T is 2,4,5-trimethylthiazole.


Extended Data Fig. 8 Cell-based GCaMP assay.
a, b, Relative fluorescence changes in HEK293 cells transfected with GCaMP plus wild-type (WT) or mutant Orco alone (a, titrated with VUAA1) or in the presence of A. gambiae OR65 (b, titrated with eugenol). Plots using the same symbols were collected on the same day. c, d, Fitted Hill equation parameters for Orco and Orco–OR65 (mean ± s.d.). The assays were repeated N independent times to obtain the maximum ΔF/Fo response, concentration for half-maximal response (EC50) and Hill coefficient (n). (ΔF/Fo)norm is the fitted maximum ΔF/Fo response relative to a wild-type control Orco or Orco–OR65 experiment from the same plate (for mutations that could not be accurately fit, the measured maximum ΔF/Fo response was used). Two one-way ANOVA tests were performed using these EC50 data followed by Tukey–Kramer multiple comparison tests. (1) Wild-type and mutant Orco homomers (P values are from comparisons to wild-type Orco). (2) Wild-type and mutant Orco co-transfected with OR65 (P values are from comparisons to wild-type Orco with OR65). *Fitted parameters for Orco T465A or S458A homomers + VUAA1 could not be obtained as the dose–response curves did not saturate: a lower-bound estimate for their EC50 is approximately 3 × 10−4 M. **No binding was observed for Orco Y466A in the presence of OR65.


Extended Data Fig. 9 Conservation of Orco and OR sequences.
a, Orco (left) and OR (right) conservation scores mapped onto the structure of Orco. b, Consensus sequences from Orco and OR amino-acid alignments (see Supplementary Data) are aligned to A. bakeri Orco. In total, 176 Orco sequences and 361 OR sequences were used in the alignments. The per cent identities (bar height) and ConSurf62 conservation scores (bar colour) are plotted for each consensus sequence. Only residues that align to A. bakeri Orco are included.


Extended Data Table 1 Cryo-EM data collection, refinement and model validation statisticsFull size table
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Supplementary Data 1
Sequence alignment of Orco proteins.


Supplementary Data 2
Sequence alignment of OR proteins.
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