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            Abstract
Fast excitatory neurotransmission in the mammalian central nervous system is largely carried out by AMPA-sensitive ionotropic glutamate receptors1. Localized within the postsynaptic density of glutamatergic spines, AMPA receptors are composed of heterotetrameric receptor assemblies associated with auxiliary subunits, the most common of which are transmembrane AMPA receptor regulatory proteins (TARPs). The association of TARPs with AMPA receptors modulates receptor trafficking and the kinetics of receptor gating and pharmacology2. Here we report the cryo-electron microscopy (cryo-EM) structure of the homomeric rat GluA2 AMPA receptor saturated with TARP γ2 subunits, which shows how the TARPs are arranged with four-fold symmetry around the ion channel domain and make extensive interactions with the M1, M2 and M4 transmembrane helices. Poised like partially opened ‘hands’ underneath the two-fold symmetric ligand-binding domain (LBD) ‘clamshells’, one pair of TARPs is juxtaposed near the LBD dimer interface, whereas the other pair is near the LBD dimer–dimer interface. The extracellular ‘domains’ of TARP are positioned to not only modulate LBD clamshell closure, but also affect conformational rearrangements of the LBD layer associated with receptor activation and desensitization, while the TARP transmembrane domains buttress the ion channel pore.
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                    Figure 1: Function and reconstruction of GluA2–TARP γ2 complex.[image: ]


Figure 2: Structure of GluA2 receptor in complex with TARP γ2.[image: ]


Figure 3: Interactions between GluA2 receptor and TARP γ2.[image: ]


Figure 4: Mechanism for TARP γ2 modulation of receptor gating.[image: ]
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                The three-dimensional cryo-EM density map and the coordinates for the structure of the GluA2–TARP γ2 complex have been deposited in the Electron Microscopy Data Bank and Protein Data Bank under the accession codes EMD- 8256 and 5KK2, respectively.
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Extended data figures and tables

Extended Data Figure 1 Digitonin is a suitable detergent for the purification of GluA2 receptor–TARP γ2 complex.
a, The receptor–TARP complex in digitonin disassociates when diluted into DDM. A complex composed of the GluA2 receptor and GFP-tagged TARP γ2 was diluted in digitonin (green) or DDM (red) before being subjected to GFP-tuned FSEC analysis. b, Coomassie-blue-stained SDS–PAGE gel of the purified complex. c, Tryptophan-tuned FSEC profile of the purified complex was comprised of a major peak containing the tetrameric complex and a minor shoulder, the latter suggestive of either incompletely assembled or partially dissociated complexes. Only the full-size tetrameric species was used for single-particle cryo-EM analysis. d, A representative, motion-corrected micrograph of the GluA2 receptor–TARP γ2 complex is shown. A few distinct complexes with the characteristic capital Y shape of the non-desensitized state of the AMPA receptor are circled. e, Representative 2D class averages showing a range of projections of the receptor–TARP γ2 complex.


Extended Data Figure 2 The work-flow of cryo-EM data processing.
The raw data set used in this study was composed of 2,675 micrographs. Particles (257,378) were picked from motion-corrected and contrast transfer function (CTF)-estimated micrographs for subsequent classifications. After multiple rounds of 2D classification, the remaining 61,539 particles were subjected to several rounds of 3D classification. Initial 3D classification yielded four major classes, where the most populated one contained 49% of total particles. An initial 3D reconstruction without imposed symmetry resulted in a moderate resolution at 9.6 Å. With C2 symmetry imposed, subsequent 3D refinement focused on the LBD and TMD layer improved the density map, allowing a reconstruction at 7.6 Å resolution. An additional two iterations of 3D classification and refinement using updated map as the reference further improved the reconstruction. The resolution of the final cryo-EM density map was estimated to be 7.3 Å.


Extended Data Figure 3 Statistics for the cryo-EM reconstruction.
a, Euler angular distribution of all particles included in the final 3D reconstruction. The number of particles viewed from each specific orientation was indicated by the size of the corresponding sphere. b, Gold-standard Fourier shell correlation (FSC) curves calculated between two independently refined half-maps before (red) and after (blue) post-processing, overlaid with FSC curve calculated between cryo-EM density map and structural model. c, RESMAP48 analysis of the unfiltered and unsharpened EM density map indicating the range of local resolution by colour code.


Extended Data Figure 4 Structures of the TARP γ2 subunits in the context of the respective cryo-EM density map.
a, Sequence alignment between TARP γ2 and claudin-19 calculated using Clustal omega. Also shown above the alignments are the secondary structure elements of TARP γ2 based on the model reported here, and below the aligned sequences are the secondary structure elements derived from the claudin-19 crystal structure. The ECD region rich in negative charges is conserved throughout the TARP family and highlighted in red. b, EM density for B' TARP and pseudo-atoms placed by SSEhunter, each coloured according to a calculated secondary structure score. Positive and negative scores indicate α-helix and β-sheet propensity, respectively. Dashed-line circles a map region where high scores were found, suggesting the presence of helical structure. A scale bar ranging from a maximum positive value (α-helix) to the minimum negative score (β-strand) is shown. c, The A' TARP of the A'–C' pair. d, The B' TARP of the B'–D' pair. The first and last visible residues Arg6 and Thr215 were labelled. Secondary structure elements were colour-coded as in a.


Extended Data Figure 5 Structural comparison between TARP γ2 and claudin-19.
A superimposition of the TARP γ2 structure (in blue) derived from this study and claudin-19 (in grey) is consistent in the conserved overall fold, with the exception that there is a short α1 helix present only in TARP γ2.


Extended Data Figure 6 Cryo-EM density map for the pore-helix of the GluA2 receptor.
Clear density (blue mesh) is present for the pore-lining M2 helices, secondary structure elements that are weak or absent in all previous crystal structures. The N terminus of each pore helix is involved in extensive interactions with TM4 from TARP subunits and we suggest that interactions of receptor TM helices that include M2, with TARP TM helices, stabilize the ion channel pore.


Extended Data Figure 7 Possible interaction between receptor LBD and TARP in an active state.
Shown on the left is a ‘top-down view’ of MPQX-bound receptor–TARP complex structure (in colour) superimposed with the crystal structure of an active state GluA2 receptor (in grey) in complex with a partial agonist, fluorowillardiine (FW) and a positive allosteric modulator, (R, R)-2b, using the central M3 helices as a reference. ATDs and LBDs were omitted for clarity. The modelled pseudo-complex consisting of TARPs and the active state receptor illustrates a possible mechanism for how TARP interacts with receptor LBD during activation. Enlarged views of the MPQX-bound complex structure and FW–(R, R)-2b-bound complex model were shown side by side at both D' and A' TARP positions. LBD helices and a S2–M4 linker were labelled according to convention.


Extended Data Table 1 Statistics of cryo-EM data collection, 3D reconstruction and model buildingFull size table
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        Editorial Summary
AMPA receptor gating modulated by TARP γ2
The bulk of the fast excitatory neurotransmission taking place in the mammalian central nervous system involves AMPA-sensitive ionotropic glutamate receptors. AMPA receptors are composed of heterotetrameric receptor assemblies associated with auxiliary subunits, the most common of which are transmembrane AMPA-receptor regulatory proteins (TARPs). Eric Gouaux and colleagues report the cryo-electron microscopy structure of the homomeric GluA2 AMPA receptor in the presence of TARP γ2 subunits. The structure reveals that TARPs are arranged with four-fold symmetry around the ion channel domain, making extensive interactions with the M1, M2 and M4 transmembrane helices. The authors propose a mechanism by which TARP γ2 modulates the gating of the AMPA receptor.
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