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            Abstract
Calcitonin gene-related peptide (CGRP) is a widely expressed neuropeptide that has a major role in sensory neurotransmission. The CGRP receptor is a heterodimer of the calcitonin receptor-like receptor (CLR) class B G-protein-coupled receptor and a type 1 transmembrane domain protein, receptor activity-modifying protein 1 (RAMP1). Here we report the structure of the human CGRP receptor in complex with CGRP and the Gs-protein heterotrimer at 3.3 Å global resolution, determined by Volta phase-plate cryo-electron microscopy. The receptor activity-modifying protein transmembrane domain sits at the interface between transmembrane domains 3, 4 and 5 of CLR, and stabilizes CLR extracellular loop 2. RAMP1 makes only limited direct contact with CGRP, consistent with its function in allosteric modulation of CLR. Molecular dynamics simulations indicate that RAMP1 provides stability to the receptor complex, particularly in the positioning of the extracellular domain of CLR. This work provides insights into the control of G-protein-coupled receptor function.
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                    Fig. 1: The cryo-EM structure of CGRP–CLR–RAMP1–Gs reveals molecular details of the RAMP-receptor interface.[image: ]


Fig. 2: RAMP1 forms stable interactions with the CLR core and ECD.[image: ]


Fig. 3: The CGRP-binding site.[image: ]


Fig. 4: The CTR and CGRP receptor complexes display similar backbone conformations but have distinct conformations of the Gαs-Ras domain.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Amino acid sequences of the CGRP peptide, CLR and RAMP1 constructs used for determination of structure.
The sequences are annotated to denote the location of the haemagglutinin (HA) signal sequence (red highlight), 3C cleavage sites (grey highlight), Flag (dark olive-green highlight) and His tags (purple highlight). The substituted sequences of the native proteins are listed above the construct sequences and highlighted in blue. Transmembrane helical domains in CLR and RAMP1 are boxed and highlighted in green. Segments of the proteins that were not resolved in the cryo-EM map are highlighted in yellow. Amino acids for which backbone density was present but there was limited side-chain density were stubbed in the model; these are shown in bold red in the sequences.


Extended Data Fig. 2 CGRP receptor pharmacology and purification of the CGRP–CLR–RAMP1–Gs complex.
a, Pharmacology of untagged CLR–RAMP1 (wild-type (WT) CLR–RAMP1) and the purification construct (HA–Flag–CLR and Flag–RAMP1), in CGRP-mediated cAMP accumulation assays performed in transiently transfected COS-7 cells. n = 5 independent experiments with triplicate repeats; data are mean + s.e.m. b, Expression and purification strategy. c, Final size-exclusion chromatography elution profile of the complex. d, SDS–PAGE and Coomassie blue staining of the size-exclusion chromatography peak, demonstrating the presence of each of the components of the complex.


Extended Data Fig. 3 Volta phase-plate imaging of the CGRP–CLR–RAMP1–Gs complex.
a, Volta phase-plate micrograph of the complex (representative of 3,180 movies). High-contrast phase-plate imaging facilitates robust particle selection despite low defocus and tight packing of particles. b, RELION 2D class averages. c, Workflow for map refinement. d, Final 3D cryo-EM map calculated in RELION after auto-refinement and map sharpening. e, Gold standard Fourier shell correlation curve; the overall nominal resolution is 3.26 Å. f, Model overfitting was evaluated by randomly displacing all atoms by 0.5 Å and refined against one cryo-EM half map. Fourier shell correlation curves were calculated between the resulting model and the half map used for refinement (green); the resulting model and the other half map for cross validation (red), and the final refined model and the full map (blue). g, Potential lipid interaction with the base of TM4 and TM2 of CLR.


Extended Data Fig. 4 Atomic-resolution model of the CGRP–CLR–RAMP1–Gs complex in the cryo-EM density map.
Cryo-EM density map and model are shown for all seven transmembrane helices and H8 of the receptor, the CGRP peptide (excluding the Lys24-Asn25-Asn26 sequence that was not resolved in the map), the RAMP transmembrane domain and each of the RAMP ECD helices. There was only limited side-chain density for RAMP1 H1, with side chains modelled from rigid-body fitting of the RAMP1 ECD in PDB: 4RWG12. The N-terminal (αH1) and C-terminal (αH5) α-helices of the Gαs-Ras domain are also shown. Superscript P indicates residues of CGRP.


Extended Data Fig. 5 Alignment of modelled active complex and X-ray structure.
Backbone of the ECD of CLR (blue ribbon) and RAMP1 (orange ribbon) from the modelled, active complex, and the structure of the isolated CLR–RAMP1 ECD complex solved by X-ray crystallography12 (light grey ribbon). The structures were aligned on the RAMP1 ECD. The CLR loops (loops 1–5) are annotated. The CLR loop 1 and loop 5 sequences that were not resolved in the cryo-EM map are indicated by dotted black arrows. Differences in the backbone position of CLR loops 4 and 5 are indicated in blue (active complex) and grey (isolated ECD complex) dotted arrows. The location of the CGRP peptide is shown in dark red.


Extended Data Fig. 6 RMSF for CGRP and CLR taken from the three simulations.
Simulations of CLR–CGRP–RAMP1–Gαβγ–Nb35 (black, 2.4 μs), CLR–CGRP–RAMP1–Gα(371–394) (purple, 2 μs) and CLR–CGRP–Gα(371–394) (blue, 2 μs). a, The CLR ECD region. b, The CLR transmembrane region. c, CGRP (superposed on T6–S17, and therefore valid for the N-terminal half). In general, the missing segments in the cryo-EM density map correspond to regions of high RMSF, and indeed the difficulty of fitting the ECD as a whole is linked to its high RMSF (a; Supplementary Videos 2, 3). The segments missing from the ECD (D55ECD–V63ECD) and (Q107ECD–G109ECD) correspond to external loop regions furthest removed from the transmembrane domain. Despite their polar nature they displayed no persistent interactions during the molecular dynamics simulations; D55ECD–V63ECD displayed the largest backbone RMSF of 8 Å, whereas Q107ECD–G109ECD displayed a similarly high RMSF of 7.5 Å. The next-highest RMSF peaks around A79ECD–G81ECD and P115ECD–S117ECD are just a little lower, but are nonetheless resolved (a). Within the transmembrane domain, ICL3 (H324ICL3–S328ICL3) and ECL3 (P356ECL3–E362ECL3) both contain missing residues and have a high RMSF above 4.5 Å (b). This region displays no persistent interactions during the molecular dynamics simulations, although CGRP does interact with the proximal (non-missing) region of ECL3. The high RMSF values for ICL1 (3.6 Å) and ICL2 (3.6 Å) give rise to stubbed residues (K1672.40) and E248ICL2–Q250ICL2) but the backbone is resolved. For CGRP, the peak in the RMSF around residue 26 (c) corresponds to the three highly mobile external residues (Lys24-Asn25-Asn26) in the outward-facing loop that do not interact with CLR (Extended Data Fig. 8); these residues could not be placed from the electron density. These three CGRP residues form a hinge, enabling changes in the orientation of the CLR ECD, especially in the absence of RAMP1; the higher RMSF values C-terminal to this are an artefact of the superposition strategy and the two-domain nature of CLR, but their relative values still hold. The high mobility of some of the extracellular loops is visible in videos (Supplementary Videos 1–3).


Extended Data Fig. 7 RAMP1 makes extensive stable interactions with CLR.
a, Hydrogen bonds between RAMP1 and CLR during molecular dynamics simulations (6.4 μs). The total persistence is plotted onto the experimental structure according to a rainbow colour scale, with residues that are never involved in dark blue and residues that are highly involved in red. The receptor is shown as a bulky ribbon, RAMP1 as a thin coloured ribbon and the peptide as a thin white ribbon. Key side chains are shown, but for intermittent hydrogen bonds the rotameric state has been modified to show an interaction. Residues forming an interaction network are labelled with the same colour. Left, overall topology of the system. Right top, magnified view of the upper portion of the CLR transmembrane domain and ECD; right bottom, view rotated by 90° on the z axis. Hydrogen bonds involved in the RAMP1–CLR interaction, R112R–E47ECD and D113R–T288ECL2/H289ECL2 are notable because they link the transmembrane domain to the ECD, and for stabilizing ECL2. Other hydrogen bonds implicated in stabilizing the CLR and RAMP1 ECD interaction include S107R–E47ECD, R102R–D55ECD, H97R–Q50ECD, D90R–Y49ECD, D71R–R38ECD and E29R–R119ECD. Quantitative data on the persistence of hydrogen bonds during the simulations are reported in Supplementary Table 2. b, Contacts between RAMP1 and CLR during simulations (6.4 μs). The total persistence of a residue side chain is plotted onto the experimental structure according to a cyan–maroon colour scale, with residues that are never involved in cyan and residues that are highly involved in maroon. The peptide (italics, dashed line) is depicted as a thin ribbon, whereas the receptor (solid line) is shown as a bulky ribbon and transparent surface. Left, overall topology of the system. Top right, the most-persistent interactions involving RAMP residues and the CLR ECD, W59R, I63R, Y66R, H97R and I106R help to anchor αH3 and the C-terminal RAMP1 regions of αH2 to (residues M42ECD, T43ECD, Y46ECD, Y49ECD, Q50ECD and M53ECD of the CLR ECD). Bottom right, the most-persistent hydrophobic interactions between the transmembrane domains of RAMP1 and CLR, namely I123R, P126R, T130R, T134R and V137R (plus S141R) help to anchor the RAMP transmembrane helix to CLR (TM3–TM5; CLR residues Y277ECL2, H289ECL2, A3005.45, I2353.52, F2624.52, L2584.48 and W2544.44).


Extended Data Fig. 8 Effect of alanine mutagenesis of CLR or RAMP1 on CGRP potency in cAMP accumulation assays.
a, ECD alanine mutations. b, CLR core alanine mutations. Residues that have been mutated are displayed in x-stick format. Mutated residues with no effect on signalling are coloured off-white. Residues that have significantly altered CGRP signalling12,23,28,30,31,32,34,37,38 are also highlighted in transparent CPK representation, coloured according to magnitude of effect. Yellow, <10 fold; dark orange, 10–100 fold; red, 100–1,000 fold; black, >1,000 fold. The backbones of CLR and RAMP (solid lines) are displayed in transparent, off-white coloured ribbon. The CGRP peptide (dashed lines) is represented in x-stick format with carbon atoms in dark red and polar atoms coloured in red or blue.


Extended Data Fig. 9 CGRP makes extensive stable interactions with CLR.
a–d, Distances between CGRP and CLR residues relevant to key hydrogen bonds. The x axis denotes sampling time for the 16 merged molecular dynamics replicas of the whole system (each replica is separated by a vertical dashed line). a, Distance between the peptide Asp3 carboxylic carbon and receptor R3556.59 guanidinium carbon. b, Distance between the peptide Thr6 side-chain oxygen atom and the receptor H2955.40 side-chain nitrogen atoms (for each frame, the closest nitrogen to Thr6 was considered). c, Distance between the peptide Arg11 guanidinium carbon and the receptor D3667.39 carboxylic carbon. d, Distance between peptide Arg18 guanidinium carbon and receptor D287ECL2 carboxylic carbon. In most cases, the distances corresponding to hydrogen-bond formation are slightly longer than the standard 2.8 Å. e, Hydrogen bonds between CGRP and CLR during molecular dynamics simulations (6.4 μs). The total persistence of a residue side chain is plotted onto the experimental structure according to a rainbow colour scale, with residues that are never involved in blue and residues that are highly involved in red. The peptide (italics, dashed line) is depicted as thin ribbon, whereas the receptor (solid line) is shown as bulky ribbon. Key side chains are shown, but for intermittent hydrogen bonds, the rotameric state has been modified to show an interaction. Residues forming an interaction network are labelled with the same colour. Bottom, hydrogen bonds between the CGRP N terminus and the transmembrane bundle of CLR. Top, hydrogen bonds between the CGRP C terminus and the ECD of CLR; quantitative data on the persistence of hydrogen bonds during the simulations are reported in Supplementary Table 3. f, Contacts between CGRP and CLR–RAMP1 during molecular dynamics simulations (6.4 μs). The total persistence of a residue side chain is plotted onto the experimental structure according to a cyan–maroon colour scale, with residues that are never involved in cyan and residues that are highly involved in maroon. The peptide (italics, dashed line) is depicted as a thin ribbon, while the receptor (solid line) is shown as a bulky ribbon and transparent surface. Left, contacts between the N terminus of CGRP and the transmembrane bundle of the CLR: highly persistent hydrophobic interactions characterize peptide residues Leu12, Leu16, His10 and receptor residues L1952.68, A1381.36 and H2955.40. Right, contacts between the C terminus of CGRP and the ECD of CLR; highly persistent contacts characterize peptide residues Val32, Thr30, Phe37 and receptor residues Q93ECD and W72ECD. RAMP1 residues F83R, W84R are mainly engaged by CGRP residue Phe37.


Extended Data Fig. 10 Class B GPCRs display similar active state conformations.
a, b, Alignment of the CGRP–CLR–RAMP1, sCT–CTR, ExP5–GLP-1R and GLP-1–GLP-1R structures (aligned on the transmembrane domains). Regions of divergence between CLR/CTR and GLP-1R are circled. In a, RAMP1 has been omitted for clarity. c, Position of the Gαs-Ras domain in the CTR (left), GLP-1R (GLP-1 bound; middle) and GLP-1R (ExP5 bound; right). The receptor transmembrane domains were aligned. Only the CLR (blue) and RAMP1 (orange) are displayed for clarity. d, The Gαs-Ras domain from each of the four structures, aligned to the Gαs-Ras of the CGRP receptor (CGRPR) complex.
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Reporting Summary

Video 1
The CGRP (grey), CLR (green), RAMP1 (orange), G-protein (α subunit in blue, β subunit in red and γ subunit in yellow), Nb35 (maroon) complex simulated during a 400 ns long MD replica. Water molecules, ions and the lipid bilayer have been removed for clarity.


Video 2
Details of the extracellular TMs bundle during a 500 ns long MD replica, performed on the CGRP-CLR-RAMP1-G-protein complex. The hydrogen bonds formed between CGRP (orange), and CLR (cyan), and between CGRP (orange) and RAMP1 (green) are highlighted as dotted lines throughout the simulation.


Video 3
Comparison between two different 500 ns long MD simulations performed on: Left, CGRP (orange), CLR (green ribbon and transparent surface), RAMP1 (magenta ribbon and transparent surface), G-protein (371-394) complex. Right, CGRP (orange), CLR (green ribbon and transparent surface), G-protein (371-394) complex.
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