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            Abstract
N-methyl-d-aspartate (NMDA) receptors are Hebbian-like coincidence detectors, requiring binding of glycine and glutamate in combination with the relief of voltage-dependent magnesium block to open an ion conductive pore across the membrane bilayer. Despite the importance of the NMDA receptor in the development and function of the brain, a molecular structure of an intact receptor has remained elusive. Here we present X-ray crystal structures of the Xenopus laevis GluN1–GluN2B NMDA receptor with the allosteric inhibitor, Ro25-6981, partial agonists and the ion channel blocker, MK-801. Receptor subunits are arranged in a 1-2-1-2 fashion, demonstrating extensive interactions between the amino-terminal and ligand-binding domains. The transmembrane domains harbour a closed-blocked ion channel, a pyramidal central vestibule lined by residues implicated in binding ion channel blockers and magnesium, and a ∼twofold symmetric arrangement of ion channel pore loops. These structures provide new insights into the architecture, allosteric coupling and ion channel function of NMDA receptors.
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                    Figure 1: Architecture, symmetry and domain organization of the GluN1–GluN2B NMDA receptor.[image: ]


Figure 2: ATD arrangement, cation binding sites and conformational mobility.[image: ]


Figure 3: LBD layer forms a ring-like structure.[image: ]


Figure 4: The ATDs participate in extensive contacts with the LBD layer.[image: ]


Figure 5: Transmembrane domain architecture, symmetry and coupling to LBD.[image: ]


Figure 6: Schematic of the NMDA receptor.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Summary of Xenopus laevis NMDA crystallization constructs.
a, b, Cartoon representation of amino-terminal domain (ATD), ligand binding domain (LBD) and transmembrane domain (TMD) for GluN1 Δ2 (a) and GluN2B Δ2 (b) subunit constructs. Location of point mutations are highlighted in white circles. Location of deletions are highlighted with a yellow wedge. Mutated glycosylation sites are not shown and are listed in Extended Data Table 1. c, d, Select amino acid sequences of constructs used in these studies compared to wild-type sequence to highlight mutations in GluN1 (c) and GluN2B (d). Mutations are numbered and the purpose of each is detailed in Extended Data Table 1.


Extended Data Figure 2 Electrophysiology and western blot analysis of (GluN1 Δ)–(GluN2B Δ) receptor combinations.
a–c, Representative TEVC currents recorded for oocytes expressing GluN1 Δ4 and GluN2B Δ1 (a) or GluN2B Δ3 (b, c) receptors in response to agonist (100 μM glycine and 100 μM glutamate, bars, 20 s) or agonist plus 1 mM MgCl2 (indicated) after soaking oocytes in the absence (a, b) or presence (c) of 5 mM DTT. d, Western blot analysis of oocytes demonstrating spontaneously crosslinking cysteines (Lys216Cys) introduced at the GluN2B Δ3 intersubunit interface. Oocytes were soaked in the absence (left lanes) or presence of 5 mM DTT (right lanes) before processing for western analysis using an anti-GluN2B antibody. Filled and open triangles indicate positions of crosslinked and monomeric GluN2B, respectively. e, Graph of mean agonist-induced inward currents from four reduced oocytes expressing GluN1 Δ4 and GluN2B Δ3 in the absence (G/G, −25 ± −4 nA) or presence of 1 mM MgCl2 (G/G/Mg2+, 8 ± 5 nA). Error bars represent s.e.m. The P value is <0.001 for the paired t-test (asterisk). f, Representative TEVC currents recorded in response to agonist (100 μM glycine and 100 μM glutamate bars, 10 s) or agonist plus 1 mM MgCl2 for oocytes expressing constructs similar to the (GluN1 Δ2)–(GluN2B Δ2) receptor combination with the following exceptions: GluN1 subunit, Asp 656 (wild type), Gly636Arg and Lys741Asp; and GluN2B subunit, Glu 654 (wild type), Glu 655 (wild type), and Lys 216 (wild type). g, Binding constants for the (GluN1 Δ2)–(GluN2B Δ2) construct.


Extended Data Figure 3 2Fo-Fcelectron density maps of the GluN1–GluN2B NMDA structure.
a–d, The electron densities associated with the GluN1 ATD (chain A) contoured at 1.7 σ (a), the GluN1 LBD (chain A) contoured at 1.6 σ (b), the TMD of the entire tetrameric receptor contoured at 1.0 σ (c) and the TMD of a single GluN2B subunit (chain D), showing the pore loop, also contoured at 1.0 σ (d). Electron density maps and structures were derived from data set 1/structure 1 for panels a and b and from data set 2/structure 2 for panels c and d (see Extended Data Table 2).


Extended Data Figure 4 Analysis of spontaneous crosslinking of single cysteine point mutants introduced in the GluN2B ATD of the GluN1–GluN2B receptor complex.
a, Western blot analysis of single cysteine mutants in the α5 helix of the GluN2B subunit. Solubilized extracts of HEK293S GnTI− cells expressing a C-terminal GFP-StrepII tag GluN2B construct (GluN2B Δ1) containing mutants as indicated with untagged GluN1 (GluN1 Δ1) were analysed by western blot using an anti-GFP polyclonal antibody. The open and filled arrows correspond to monomeric and dimeric GluN2B bands, respectively. b, Coomassie stained SDS–PAGE analysis of spontaneous crosslinking of GluN2B K216C containing receptor. Left and right lanes illustrate samples with different concentrations of protein for GluN1–GluN2B and GluN1–GluN2B K216C receptors. The asterisk indicates GluN1 monomer and the open and filled arrows correspond to monomeric and dimeric GluN2B bands, respectively.


Extended Data Figure 5 Structural analyses and electron density maps of GluN1–GluN2B ATD heterodimer in the full-length NMDA structure.
a, Intersubunit distance between the indicated marker atoms and angle of domain closure in the soluble ATD structure (PDB 3QEM, left panel) or full-length ATD structure (right panel). b, Superposition of the full-length GluN1 (blue)–GluN2B (orange) ATD heterodimer onto the soluble heterodimer structure (PDB 3QEM, light grey) by aligning the indicated helices (green) in the R1 lobe of GluN2B. c, Fo-Fc omit electron density map for Ro25-6981 bound at the GluN1–GluN2B ATD heterodimer interface (chains A and B), contoured at 3 σ (data set 1/structure 1). d, Anomalous difference electron density of Tb3+ (blue mesh) near the R1–R2 hinge of a single GluN2B ATD (chain B, data set 3), contoured at 3.5 σ. e, Superposition of the LBD layer of the low resolution GluN1–GluN2B receptor (light blue, data set 4/structure 4) onto the LBD layer of the high resolution K216C receptor (magenta, data set 1/structure 1) illustrates the relative difference in ATD conformations between the two receptor structures (see Extended Data Table 2). Shown is the most open conformation of the ATDs derived from one of the two independent receptors in the asymmetric unit of data set 4/structure 4.


Extended Data Figure 6 LBD ligand electron densities and conformations.
a, b, Fo-Fc omit electron density maps for ACPC bound to GluN1 LBD (chain A) (a) and t-ACBD bound to GluN2B LBD (chain D) (b), contoured at 3 σ and 2.5 σ, respectively (data set 1/structure 1). c–e, Comparison of LBD in the full-length GluN1–GluN2B structure to isolated structures by aligning the D1 lobe. The angle of rotation relative to beta strand 10 is indicated for each. c, The ACPC-bound GluN1 LBD of the full-length structure (chain A, blue) is more open than the ACPC-bound isolated GluN1 LBD structure (PDB 1Y20, grey). d, The ACPC-bound GluN1 LBD of the full-length structure (chain A, blue) is more open than the glycine-bound isolated GluN1 LBD structure (PDB 2A5T, chain A, grey). e, The t-ACBD-bound GluN2B LBD of the full-length structure (chain D, orange) has a similar domain closure to the glutamate-bound isolated GluN2B LBD (PDB 2A5T, chain B, grey). f, GluN1–GluN2B LBD heterodimer (chains A and D) from the full-length receptor structure showing the separation of the D2 lobes, measured using the α-carbon atoms of residues Gly 664 and Gly 662, respectively. g, A similar measurement as in f using the equivalent residues in the context of the rat glycine/glutamate bound isolated GluN1–GluN2A LBDs (PDB 2A5T). h, The same measurement as in g, except in the GluN1 antagonist/Glu2A glutamate-bound conformation (PDB 4NF4). Structures shown in panels c–f were derived from data set 1/structure 1 and are similar in conformation to the related domains derived from data set 2/structure 2 (see Extended Data Table 2).


Extended Data Figure 7 Structural analyses of the transmembrane domain of NMDA receptor.
a, Alpha-carbon superposition of the M3 helices of the GluN1–GluN2B NMDA receptor (data set 2/structure 2) onto the corresponding M3 regions of GluA2 receptor (PDB 3KG2; grey). The r.m.s.d. is 1.89 Å for 144 aligned α-carbon atoms. The GluN1 subunits are blue and the GluN2B subunits are yellow. b, Amino acid sequence alignment of the NMDA receptor and the KcsA channel in the M2 and M3 regions using Promals3D (http://prodata.swmed.edu/promals3d/promals3d.php). c, Superposition of the four M2 helices of the NMDA receptor onto the corresponding four M2 regions of the KcsA channel (PDB 1K4C; residues 61–75). The r.m.s.d. is 1.86 Å. Only chains B and D of the NMDA GluN2B subunits are shown. d, Residual electron density in the central vestibule. Fo-Fc electron density in the central vestibule is shown for the GluN1–GluN2B receptor from data set 2/structure 2. For clarity, chain C is removed. e, Fo-Fc electron density map in the central vestibule derived from data set 1/structure 1. For clarity, chain B is removed. f, The same electron density map as shown in panel e except that the structure has been rotated by ∼90° around the pore axis and chain C of the GluN1 subunit has been removed for clarity. All maps are contoured at 2.8 σ.


Extended Data Figure 8 Comparison of LBD layers and LBD–TMD linkers between the NMDA receptor and the GluA2 receptor structures.
a, View from the extracellular side of the membrane of the connections between the TMD and LBD domains of the GluN1–GluN2B structure and of the GluA2 structure (PDB 3KG2), showing the relative rotation of GluA2 layer by ∼35°. The S2 segment resides within the LBD. The LBD-M3 linkers are highlighted. b, The LBD-M1 linkers are highlighted. c, The LBD-M4 linkers are highlighted. Shown in all panels are structures derived from data set 1/structure 1.


Extended Data Table 1 Constructs and mutationsFull size table


Extended Data Table 2 Crystallographic and structure refinement statisticsFull size table


Extended Data Table 3 ATD and LBD r.m.s.d.Full size table
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Glutamate is the primary excitatory neurotransmitter in the central nervous system, acting at ionotropic and metabotropic glutamate receptors. Ionotropic glutamate receptors function by opening a transmembrane ion channel upon binding of glutamate. Eric Gouaux and colleagues report the X-ray crystal structure of the GluN1–GluN2B N-methyl-D-aspartate (NMDA) receptor, a heterotetrameric complex comprised of a glycine-binding GluN1 subunit and a glutamate-binding GluN2 subunit. Activation of the receptor opens a cation-selective, calcium-permeable channel, thereby causing further depolarization of the cell membrane and influx of calcium. The structure of this membrane protein was obtained in complex with the allosteric inhibitor Ro25-6981, the channel blocker MK-801, and with two partial agonists. The overall structure of this membrane protein is mushroom-like, with the GluN1 and GluN2B subunits arranged as a dimer-of-dimers in a 1-2-1-2 fashion.
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