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            Abstract
The physiology of N-methyl-d-aspartate (NMDA) receptors is fundamental to brain development and function. NMDA receptors are ionotropic glutamate receptors that function as heterotetramers composed mainly of GluN1 and GluN2 subunits. Activation of NMDA receptors requires binding of neurotransmitter agonists to a ligand-binding domain (LBD) and structural rearrangement of an amino-terminal domain (ATD). Recent crystal structures of GluN1â€“GluN2B NMDA receptors bound to agonists and an allosteric inhibitor, ifenprodil, represent the allosterically inhibited state. However, how the ATD and LBD move to activate the NMDA receptor ion channel remains unclear. Here we applied X-ray crystallography, single-particle electron cryomicroscopy and electrophysiology to rat NMDA receptors to show that, in the absence of ifenprodil, the bi-lobed structure of GluN2 ATD adopts an open conformation accompanied by rearrangement of the GluN1â€“GluN2 ATD heterodimeric interface, altering subunit orientation in the ATD and LBD and forming an active receptor conformation that gates the ion channel.
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                    Figure 1: Structures of GluN1bâ€“GluN2B ATD heterodimers.


Figure 2: Conformational trap identifies the apo-GluN1bâ€“GluN2B ATD structure as the â€˜activeâ€™ form.


Figure 3: Overall structures of the intact GluN1â€“GluN2B NMDA receptors at different conformational states.


Figure 4: Changes in conformation and heterotetrameric subunit arrangement in the ATD during ifenprodil inhibition and receptor activation.


Figure 5: Conformational changes at the LBD during ifenprodil inhibition and receptor activation.


Figure 6: Consorted movement of the ATD and LBD opens the gate.
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                Atomic coordinates and structure factor for the apo-GluN1bâ€“GluN2B ATD is deposited in the Protein Data Bank under the accession code 5B3J; the cryo-EM coordinates are deposited under the accession codes 5FXG, 5FXH, 5FXI, 5FXJ and 5FXK. The cryo-EM maps are deposited in EMDB under accession codes EMD-3352, EMD-3353, EMD-3354, EMD-3355 and EMD-3356.
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Extended data figures and tables

Extended Data Figure 1 Domain organization and constructs.
a, The construct design for GluN1b and GluN2B ATD used in this study. GluN1b from Xenopus laevis is combined with GluN2B from rat, as in the previous study on the ATD24. b, The construct design for the intact GluN1b/GluN2B NMDA receptors from rat. A similar construct was used in previous studies and shown to be fully functional22.


Extended Data Figure 2 Structure of the apo-GluN1bâ€“GluN2B ATD.
a, Representative 2Foâ€‰âˆ’â€‰Fc electron density map contoured at 1.2Ïƒ showing continuous density throughout GluN1b, GluN2B and Fab. The quality of the electron density map is at a sufficient level to model amino acid side chains (see lower panel). b, Crystal packing of GluN1bâ€“GluN2B ATDâ€“Fab showing that the packing is mediated robustly by Fab molecules (green). The colour coding for the ATD is the same as in Fig. 1. c, Comparison of the apo-GluN1bâ€“GluN2B ATD and ifenprodilâ€“GluN1bâ€“GluN2B ATD (grey) by stereo presentation. Colour coding for the apo-GluN1bâ€“GluN2B ATD is the same as in Fig. 1. Here the two structures are superimposed at GluN2B R1.


Extended Data Figure 3 Validation of the crystal structure by disulfide cross-linking.
a, Crystal structure of the apo-GluN1bâ€“GluN2B ATD showing locations of the mutated residues, GluN1b Phe113, GluN1b Gly331, GluN2B Ala107 and GluN2B Glu75 in spheres. b, Western blots using anti-GluN1 (left) and anti-GluN2B (right) antibodies on purified intact GluN1b/GluN2B NMDA receptor that lacks the CTD. Upper and lower panels are blots run in the absence and presence of Î²-mercaptoethanol (Î²ME), respectively. Bands highlighted by arrow 1 are consistent with the molecular weight of GluN1â€“GluN2B heterodimers, whereas those highlighted by arrows 2 and 3 are consistent with the molecular weights of monomers of GluN1â€“4b and GluN2B.


Extended Data Figure 4 Conformational trap shows the apo-GluN1bâ€“GluN2B ATD structure to represent â€˜activeâ€™ form-II.
a, Location of engineered cysteines in the crystal structure of the apo-GluN1bâ€“GluN2B ATD. The cysteine mutant pairs, GluN1â€“4b(Ala175Cys)/GluN2B(Gln180Cys) (green spheres) and GluN1â€“4b(Lys178Cys)/GluN2B(Asn184Cys) (blue spheres) are co-expressed in Xenopus oocytes and cross-linked by bifunctional MTS with different linker lengths (M2M, M4M and M8M). b, Application of 200â€‰Î¼M M4M in the presence or absence of 100â€‰Î¼M agonists (glycine (gly)/glutamate (glut)) potentiates the macroscopic current measured at the holding potential of âˆ’60â€‰mV by two-electrode voltage clamp. No potentiation was observed when M4M was applied in the presence of ifenprodil (ifen). Shown here are the representative recording profiles for the GluN1â€“4b(Lys178Cys)/GluN2B(Asn184Cys) pair.


Extended Data Figure 5 Effect of bi-MTAs on cysteine mutants.
a, b, M4M specifically traps the active conformation at the engineered cysteines. Representative electrophysiological traces for the mutant pairs, GluN1â€“4b(Ala175Cys)/GluN2B(Gln180Cys) (green spheres) and GluN1â€“4b(Lys178Cys)/GluN2B(Asn184Cys) as well as mutant and wild-type pairs. The experiments were conducted by two-electrode voltage clamp as in Fig. 2. The potentiation by M4M (represented by IMTS/Io) is only observed when both GluN1 and GluN2B cysteine mutants are co-expressed. No potentiation was observed when the cysteine mutant of one subunit is combined with the wild type of the other, indicating that the effect of M4M modification is specific and validating the relevance of the experiments. c, d, Bar graphs presenting the degree of potentiation from the recordings in a and b. Error bars represent Â±s.d. for data obtained from five different oocytes per mutant combination. eâ€“g, M2M but not M8M potentiates the mutant GluN1bâ€“GluN2B NMDA receptor. The same experiment as above or in Fig. 2 was conducted using M2M or M8M on GluN1â€“4b(Ala175Cys)/GluN2B(Gln180Cys) (e) GluN1â€“4b(Lys178Cys)/GluN2B(Asn184Cys) (f), and wild-type GluN1â€“4b/GluN2B (g). Shown are representative electrophysiological recordings used to estimate the degree of bi-MTS potentiation presented in Fig. 2c.


Extended Data Figure 6 Cryo-EM analysis on GluN1b/GluN2B NMDA receptors.
a, Representative motion-corrected image collected at 22,500 magnification. b, Two-dimensional class averages. c, d, Fourier shell correlation curves for unmasked data (c) and model versus electron microscopy map (d). Class X and Y are similar to â€˜non-active 2â€™ and were not further analysed. e, Orientation plots for each class, plotting the distribution of Euler angles assigned to all particles contributing to that class with an occupancy of at least 80%. For each class, the number of particles which have that class as their highest occupancy value is also shown.


Extended Data Figure 7 Representative cryo-EM density, model fit and structural comparison of the ATD in inhibited and active conformations of cryo-EM structures.
aâ€“e, Here, the cryo-EM maps for non-active 2 and active 3D classes are shown along with the refined models. Densities are shown at the ATD and LBD (aâ€“d) for both of the 3D classes and at the TMD (e) for non-active 2. f, g, Superimposition of R1 lobes of GluN1b (f) and GluN2B (g) illustrates the relative â€˜openingâ€™ between R1 and R2 lobes in the inhibited and active forms of intact NMDA receptors. The extent of GluN2B ATD opening is similar to that observed between the crystal structures of the ifenprodilâ€“GluN1bâ€“GluN2B ATD and the apo-GluN1bâ€“GluN2B ATD as in Fig. 1. GluN1b and GluN2B ATDs are shown in grey and yellow for the inhibited and active states, respectively. h, Comparison of the GluN1bâ€“GluN2B ATD heterodimers between ifenprodil inhibited and active cryo-EM structures. Superimposition of the GluN2B R1 lobes reveals an ~12Â° rotation of the GluN1b ATD relative to the GluN2B ATD in the similar manner to the crystal structure of the apo-GluN1bâ€“GluN2B ATD as in Fig. 1. The black rods indicate the axis of rotation between the two cryo-EM structures. The distance of the R2 lobes in the GluN1bâ€“GluN2B heterodimers is measured between CÎ± atoms of GluN1b(Lys178) and GluN2B(Asn184) (green spheres).


Extended Data Figure 8 Structural comparison of the GluN1â€“GluN2B LBD in non-active and active conformations to the GluA2 LBD in pre-open state.
aâ€“d, The crystal structure of GluA2 AMPA receptor in the pre-open state (PDB ID, 4U1W; shown in green) aligned with the structures of GluN1â€“GluN2B in the non-active 2 (blue) (a, b) and active conformation (yellow) (c, d) by superimposing the LBDs of GluN2B onto GluA2. eâ€“h, The equivalent superimposition with the cryo-EM structure of GluA2 AMPA receptor in the pre-open state (PDB ID, 4UQ6; shown in green). The overlaid structures are viewed through the LBD heterodimer interface (a, c or e, g) and the dimer of heterodimer interface (b, d or f, h). Here, the GluN2B LBD of the GluN1bâ€“GluN2B NMDA receptor is superimposed onto the LBD of the GluA2 AMPA receptor and the shift of the GluN1 LBD is measured with respect to the other GluA2 LBD. The homodimeric arrangement of GluA2 AMPA receptor in the pre-open state is similar to the heterodimeric arrangements of GluN1bâ€“GluN2B NMDA receptors in both non-active 2 and active states (a, c or e, g). However, when the dimer of homodimer arrangement of GluA2 AMPA receptor is compared to the dimer of heterodimers arrangement of the GluN1bâ€“GluN2B NMDA receptor, a greater difference is observed for the active NMDA receptor (d, h) than for the non-active 2 NMDA receptor (b, f). Here, the non-active 2 NMDA receptor as in Fig. 3 is subjected to superimposition. The non-active 1 and non-active 2 NMDA receptors have similar subunit arrangements in the LBD. The numbers in each panel represent degrees of rotations and translations.


Extended Data Table 1 Data collection and refinement statistics for X-ray crystallographyFull size table


Extended Data Table 2 Refinement statistics for the cryo-EM structuresFull size table





Supplementary information
Conformational transition of GluN1b-GluN2B NMDA receptors during activation
This video shows a morph of the GluN1b-GluN2B NMDA receptor structure from â€˜non-active state 2â€™ to â€˜active stateâ€™ as viewed from the top (left) and side (right). The linkers between the LBD and the TMD except the LBD-M3 linkers are omitted for clarity. The GluN1 (Î±), GluN1 (Î²), GluN2B (Î±) and GluN2B (Î²) subunits are colored in red, orange, blue and cyan, respectively. The first ordered residues on the linker between the M3 helices on TMD and the LBD in the active state structure (GluN1b Arg 684 and GluN2B Glu 658) are shown as spheres. Note that the TMD of GluN1b-GluN2B NMDA receptor in the â€˜activeâ€™ state was not well resolved, and that the TMD shown in this video is that of GluN1b-GluN2B NMDA receptor in â€˜non-active state 2.â€™ (MOV 648 kb)


Conformational transition of GluN1b-GluN2B NMDA receptors during ifenprodil inhibition
This video shows a morph of the GluN1b-GluN2B NMDA receptor structure from the â€˜non-active state 2â€™ to the â€˜inhibitedâ€™ state by ifenprodil (PDB ID: 4PE5) as viewed from the top (left) and side (right). The GluN1 (Î±), GluN1 (Î²), GluN2B (Î±) and GluN2B (Î²) subunits are colored in red, orange, blue and cyan, respectively. TMD of the GluN1b-GluN2B NMDA receptor in the â€˜inhibitedâ€™ state was replaced with the TMD of the GluN1b-GluN2B NMDA receptor in the â€˜non-active 2â€™ state. Ifenprodil is shown as green spheres. (MOV 617 kb)
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        Editorial Summary
Conformational alterations of NMDA receptor activation
NMDA (N-methyl-D-aspartate) receptors are ionotropic glutamate receptors that are involved in brain development and function, including learning and memory formation, and dysfunctional NMDA receptors are associated with various neurological diseases and disorders. These membrane proteins are heterotetramers, comprising two copies each of the GluN1 and GluN2 subunits, which bind glycine and L-glutamate, respectively. Hiro Furukawa and colleagues use X-ray crystallography, single-particle electron cryomicroscopy and electrophysiology to study the conformational changes that take place during the activation and inhibition of rat NMDA receptors. In the absence of the allosteric inhibitor ifenprodil, the bi-lobed structure of GluN2 amino-terminal domain adopts an open conformation accompanied by rearrangement of the GluN1â€“GluN2 amino-terminal domain heterodimeric interface, altering subunit orientation in the ligand-binding and amino-terminal domains to form an active receptor conformation that gates the ion channel.
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