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Abstract

AMPA-type glutamate receptors (AMPARs), central mediators of rapid neurotransmission and 

synaptic plasticity, predominantly exist as heteromers of the GluA1-4 subunits. Here we report 

first AMPAR heteromer structures, which deviate substantially from existing GluA2 homomers. 

Crystal structures of the GluA2/3 and GluA2/4 N-terminal domains reveal a novel compact 

conformation with an alternating arrangement of the four subunits around a central axis. This 

organization is confirmed by cysteine crosslinking in full-length receptors and permitted us to 

determine the structure of an intact GluA2/3 receptor by cryo-EM. Two models in the ligand-free 

state, at 8.25 Å and 10.3 Å resolution, exhibit a substantial vertical compression and close 

associations between domain layers, reminiscent of NMDA receptors. Model 1 resembles a resting 

state, model 2 a desensitized state, providing snapshots of gating transitions in the nominal 

absence of ligand. Our data reveal organizational features of heteromeric AMPARs and provide a 

framework to decipher AMPAR architecture and signaling.

Ionotropic glutamate receptors (iGluRs) are tetrameric cation channels that mediate fast 

excitatory signal transmission upon binding presynaptically released glutamate (1). They are 

essential for brain development and experience-dependent synaptic plasticity, which 

underlies learning. iGluR dysfunction is implicated in a number of neurological disorders 

including dementia, mood disorders and epilepsy (2). Three major subtypes, the α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid, N-methyl-D-aspartate and kainate receptors 

(AMPARs, NMDARs and KARs), each contribute a different component to the synaptic 

signal (1). AMPARs mediate the initial depolarization of the postsynaptic membrane, 

triggering NMDAR activation and the generation of an excitatory postsynaptic potential. 

The rapid kinetics of AMPARs permit moment-to-moment signaling and their trafficking to 

synapses is central to synaptic plasticity (3).

Gating kinetics, ion permeation and trafficking are set by the subunit stoichiometry and 

ultimately shape the synaptic response. AMPAR tetramers are composed of the GluA1-
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GluA4 subunits with the vast majority containing GluA2, which renders the channel Ca2+-

impermeable, lowers its conductance and alters its voltage dependence (1, 4).

Structures of GluA2 homomers have been instrumental in clarifying AMPAR modular 

architecture (5). The receptor is arranged in domain layers (Fig. 1A) - a two-fold 

symmetrical extracellular region (ECR), composed of the N-terminal domain (NTD) and 

ligand-binding domain (LBD), is attached to the transmembrane ion channel domain (TMD) 

of approximately four-fold symmetry (Fig. 1A), while a cytoplasmic tail mediates trafficking 

and anchorage at synapses. The four chains (A-D) in a tetramer are conformationally non-

equivalent and likely contribute differently to gating: the ‘AC’ pair is positioned closer to the 

ion conduction pore axis (at the level of the LBD and TMD; pore-proximal) than the ‘BD’ 

chains (pore-distal). In NMDARs, obligatory heteromers, the GluN2 subunits occupy the BD 

position (6, 7) and exert a greater pulling force on the gate (8). The domain architecture of 

heteromeric AMPARs is currently unknown, and their intersubunit arrangement has only 

been inferred from modeling studies (9).

Here we use X-ray crystallography and single-particle electron cryo-microscopy (cryo-EM), 

in combination with electrophysiology, biochemistry and coarse-grained simulations, to 

decipher the organization of GluA2-containing AMPAR heteromers.

Crystal structures and organization of the GluA2/3 and GluA2/4 NTD layers

Towards resolving the organization of AMPAR heteromers we first targeted the NTD layer 

for structural analysis. This membrane-distal domain encompasses 50% of the receptor mass 

and reaches midway into the synaptic cleft, where it forms a key platform for protein 

interactions and mediates AMPAR clustering (10, 11) (Fig. 1A). The bi-lobate NTD 

‘clamshell’ contributes powerful allosteric modulation in NMDARs and thus represents a 

key drug target (12).

This highly sequence-diverse domain also initiates iGluR assembly (13–15). Although 

structures for the obligatory heteromeric NMDAR and KAR NTDs exist (16, 17), AMPAR 

NTD heteromers have remained elusive due to their preferential rather than obligatory 

heteromeric nature (14, 18). AMPAR NTDs form tight homodimers (nanomolar Kd) (18), 

which have been crystallized previously (14, 15). Here we developed a strategy to crystallize 

AMPAR NTD heteromers from purified homomers (supplementary methods) and tested all 

combinations harboring the critical GluA2 subunit.

We obtained crystals of the GluA2/3 and GluA2/4 NTDs and determined their structures at 

2.1 Å and 2.5 Å resolution, respectively (Table S1). The overall structure of both 

heterodimers is similar to most AMPAR NTD homodimers (root mean square deviation 

[RMSD] ~ 1 Å) with upper lobe (UL) and lower lobe (LL) engaging a dimer interface of ~ 

1400 Å2 (Fig. 1B and fig. S1). By contrast, GluA3 NTD homodimers deviate substantially 

(average RMSD ~ 2.5 Å), being destabilized by like-charge repulsion between Arg163 in the 

LLs (fig. S1, B and C) (19). In GluA2/3, salt bridges between GluA3-Arg163 and GluA2-

Asp145 and H-bonds between GluA3-Arg184 and GluA2-Ala148 and GluA2-Glu149 zip up 

the heterodimer, readily explaining its higher affinity than GluA3 homodimers (fig. S1, A to 
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C) (18). The structures underscore that differences in the LL interface are key determinants 

of selective heteromerization; UL interactions are mostly conserved between AMPAR 

paralogs.

Both NTD heterodimers assemble into a novel tetrameric arrangement (Fig. 1C). While 

GluA2 homomers adopt a loose ‘N’-shape when viewed from the top (Fig. 1D) (5), a 

compact ‘O’-shape with the four subunits alternating around a central axis is seen in the 

heteromers (Fig. 1C), an arrangement reminiscent of NMDARs (6, 7). In both tetramers, 

GluA2 comes to lie at specific positions, resulting in a diagonal alignment of the GluA2 

loops that cap the dimer interface (Fig. 1C, yellow diamond).

The tetrameric interface harbors three major contact regions with most of the interactions 

mediated by the ULs (Fig. 1C and fig. S2). In region 1, the GluA2 back (helices J and K) 

engages the front face of the GluA3 and GluA4 NTDs (helix A, beta strand 2, loop after 

helix I), predominantly via polar and ionic contacts (Fig. 1C and fig. S2B). These are more 

extensive for GluA2/4 due to a more compact, near-parallel alignment of the two 

heterodimers along their vertical axis; in GluA2/3 the two dimers have separated at their 

LLs, resulting in a tilt angle of ~30° relative to GluA2/4 (fig. S3A). A key interface element 

is a loop emanating from helix I (‘Loop I’) in the non-GluA2 subunits, where an arginine 

(Arg265 in GluA3, Arg264 in GluA4) contacts a highly conserved glutamate (Glu288) on 

GluA2 helix J (Figs. 1C, fig. S2B). GluA2 helix K and the following hinge loop form 

additional ionic interactions with helix A and beta strand 2 in GluA3 and GluA4, which have 

been proposed to interact with N-cadherin in GluA2 (20). In region 2, diagonal contacts are 

mediated between the LLs of the non-GluA2 subunits via their helices F (fig. S2C), 

reminiscent of the GluN2B interactions in NMDARs (6, 7). Finally, in the more compact 

GluA2/4 heteromer, helix F interacts with GluA2 LL helix E (region 3). This alternative 

arrangement is expected to impact NTD interaction with synaptic proteins that mediate 

AMPAR clustering (10).

Mapping NTD interface contacts in full-length AMPAR heteromers

To validate this organization in intact AMPARs we introduced cysteines to crosslink region 

1. The mutations Asn292Cys in GluA2myc and Arg265Cys in GluA3flag (Arg264Cys in 

GluA4flag) are expected to spontaneously crosslink the O-shape (Fig. 2, A and B). Isolation 

of the heteromers by Flag-immunoprecipitation followed by Western blotting of the partner 

subunit on non-reducing SDS-PAGE revealed crosslinked dimers only when both cysteine 

mutant subunits were present (Fig. 2, C and D; lane 3 versus lane 2). Similarly, diagonal 

crosslinking of GluA4 helices F in region 2 (Ser172Cys, Gln175Cys) produced spontaneous 

crosslinks of purified GluA2/4 heteromers (fig. S3B). These results support formation of the 

compact O-arrangement in intact AMPAR heteromers.

While GluA2/4 NTDs solely crystallized in the O-shape, the GluA2/3 crystal lattice also 

contains N-tetramers (Fig. 2A). N-shaped GluA2 homotetramers can be crosslinked via the 

Val209Cys mutation (Fig. 2B) (5). Crosslinking of GluA2-Val209Cys/GluA3 wild-type (wt) 

receptors suggests that the N-arrangement can also occur in heteromers (Fig. 2C; lane 4), 

with GluA2 at the crosslinked NTD central position and GluA3 at the periphery. This 
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observation could be extended to the GluA2-V209Cys/GluA4-wt heteromer (Fig. 2D; lane 

4). Two possible mechanisms may underlie the O-arrangement: i) lateral interactions 

between N-shape receptors or ii) an alternative NTD tetramer configuration within receptors. 

To resolve this question we generated a GluA2 double mutant with cysteines in both the N 

and O tetrameric interfaces. When combining GluA2-Val209Cys/Asn292Cys with GluA3-

Arg265Cys, crosslinked dimers would appear if alternative conformers formed within 

receptors, whereas clustering of receptors through the O-shape arrangement would give rise 

to higher molecular weight aggregates. Consistent with the former, we observe crosslinked 

dimers, but not larger complexes, on SDS-PAGE (Fig. 2, C and D; lane 6) and tetramers on 

native-PAGE (fig. S3C), supporting the existence of alternative arrangements in the AMPAR 

NTD layer. Rearrangements of the NTD layer have been linked previously to the gating 

cycle (21–23).

N-crosslinked dimers migrate faster on SDS-PAGE than O dimers, permitting us to 

distinguish between the two (Fig. 2, C and D; lanes 3 and 4, purple and green arrowheads, 

respectively). The heteromer containing both mutations in GluA2 (permitting the N- or O-

crosslinks) migrated at the level of the O and not the N dimer, in both GluA2/3 and GluA2/4 

(Fig. 2, C and D; lane 6); this behavior may indicate that the O-arrangement forms 

preferentially.

Characterization of the O-shaped GluA2/3 receptor

Negative-stain single particle EM

To further validate this new conformation in intact GluA2/3, O-crosslinked heteromers 

(GluA2/3xlink) were isolated via tandem affinity purifications and subjected to negative-stain 

single-particle EM (fig. S4; supplementary methods). 3D-reconstruction yielded a map at ~ 

20 Å resolution with a compact O-shaped NTD layer; the GluA2/3 tetrameric crystal 

structure could be fitted into the EM density unambiguously (fig. S4C). Of note, a similar 

NTD organization was observed in 3D reconstructions of GluA2 homomers, although the 

rest of the receptor differed (24).

Agonist-induced desensitization triggers rearrangements in the LBD region (25). Recent 

AMPAR structures reveal complete rupture of both LBD dimers upon desensitization and 

imply that this is coupled to a rearrangement of the NTD layer (21–23). We likewise observe 

heterogeneity and rupture of the LBD layer in response to saturating L-glutamate, despite 

trapping the NTDs in the O-shape (fig. S5, A to C). Hence a compact NTD layer permits 

LBD dynamics and is compatible with gating transitions. Reducing the crosslinks with 10 

mM DTT prior to the glutamate pulse resulted in additional heterogeneity in the NTD layer 

as seen in 2D averages (fig. S5D), revealing that the receptor can transit from the O-shape.

Coarse-grained simulations

Transitions of the NTD layer between N and O conformations were also evident in coarse-

grained simulations using the anisotropic network model (ANM). The ANM calculates 

accessible conformational changes or global modes of motion, with the first modes 

describing the energetically most favorable motions (26) (supplementary methods). One low 
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energy mode of a GluA2 homomer (PDB 3KG2), previously shown to vertically compress 

the AMPAR to an NMDAR-like conformation (mode 4) (27), also enables a transition from 

the N-shaped to an O-like NTD arrangement (fig. S6, left, and Movie 1). Moreover, ANM 

analysis of the GluA2/3 NTD crystal structure revealed a pathway for the reverse transition 

from O to N (fig S6, right; Movie S1), further suggesting that AMPARs can populate both 

conformations.

Functional characterization

To test the functional impact of the O-shape we expressed GluA2/3 or GluA2/4 heteromers 

in HEK293T cells and recorded whole cell current responses to rapid glutamate application 

in oxidizing (copper phenanthroline; CuPhe) or reducing (dithiothreitol; DTT) conditions. 

Peak currents were similarly redox-sensitive in O-crosslink mutants and wt heteromers (Fig. 

2, E and F, and fig. S7, A, B and E). The near equality in peak amplitude ratio (ImaxDTT/

ImaxCuPhe) of mutants (crosslinked at either region 1 or region 2; Fig. 1C and fig. S3B) to 

wt heteromers suggests that the receptors trapped in this conformation remain functional.

Desensitization kinetics and recovery from desensitization showed no greater effect of the 

oxidizing/reducing treatment in the two O-crosslink heteromers compared to the respective 

wild types (Fig. 2E and figs. S7, C, D, F and G, and S8 and data not shown); together with 

the negative stain data (fig. S5), this suggests that rupture of the NTD layer (21–23) is not a 

prerequisite for desensitization.

Cryo-EM structure of a GluA2/3 AMPAR heteromer

Structure determination

To determine the molecular organization of GluA2/3, we recorded a cryo-EM dataset of 

GluA2/3xlink in a ligand-free (apo) state using a Titan Krios microscope equipped with a 

Gatan K2 Summit® electron detector (supplementary methods). The direct electron detector 

allowed us to collect individual sub-frames and correct for beam-induced motion, while 3D 

classification using maximum likelihood methods was instrumental for isolating different 

conformations of the sample (28, 29). 3D classification of 107,939 motion-corrected 

particles using RELION (30) resulted in three classes with O-shaped NTDs (73,885 

particles), one class (16,697 particles) resembling the classical Y-shaped receptor seen in 

GluA2 homomers (N-shaped when viewed from the top), and one class without AMPAR-

like features (fig. S9). While processing of Y-shape data did not yield a model of sufficient 

quality, additional steps of 3D classification improved the O-shaped classes, especially at the 

heterogeneous LBD layer, resulting in two final models: M1 and M2. These models differed 

in both the orientation of the NTD tetramer and the arrangement of the LBDs (Figs. 3 and 4 

and figs. S10 and S11). Refinement led to improved maps at 8.25 Å resolution for M1 and 

10.3 Å for M2, allowing us to identify individual domains and secondary structure elements, 

with clear density within for the NTD, LBD and most TMD helices (Fig. 3 and fig. S10B). 

Our initial discussion focuses on M1.
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Overall architecture of GluA2/3 (M1)

Contrary to GluA2 homomers, the heteromer is strikingly contracted along its vertical axis 

(Fig. 3B and 5). A compact NTD assembly closely nests between widely separated LBD 

dimers, deviating from the loosely arranged (Y-shaped) GluA2 homomer (5) and 

approaching an NMDAR-like architecture (6, 7) (Fig. 5B). We performed rigid-body fitting 

of nine independent crystal structures into the M1 density, resulting in a model composed of 

two GluA2 NTD protomers, two GluA3 NTD protomers, four LBD protomers and the TMD 

of GluA2 (PDB 3KG2) (Fig. 3, C to E, and fig. S10). Although the NTD protomers were 

fitted independently, the resulting tetramer closely resembles our NTD crystal structure 

(RMSD ~ 3 Å). The distance between the Cβ of GluA2 Asn292 and GluA3 Arg265 is ~ 6 Å, 

thus marking the position of the introduced disulfide bond. Importantly, we observed clear 

density for the GluA3-specific N-glycosylation site at Asn35 (fig. S10, A and B), confirming 

the positioning of the GluA2 and GluA3 subunits in the receptor in agreement with the NTD 

crystal structure (Fig. 1C).

The diagonal subunit pairs in GluA2 homomers, AC and BD, are conformationally distinct 

(Figs. 1A and 5A), which is expected to be of functional consequence (5). In particular, the 

linker connecting the LBD to TM3 in the BD pair is predicted to have a greater influence on 

gating (5, 31). In our structure, GluA2 occupies the AC and GluA3 the BD position. As a 

consequence, GluA3 is placed pore-distal at the level of the LBD and TMD while GluA2 is 

pore-proximal (Fig. 5A). This positioning appears not to be strict in AMPARs as GluA2 can 

also locate to the BD position according to the GluA2/3 crystal lattice (Fig. 2A) and the 

crosslinking data (Fig. 2C). Hence, rules underlying subunit placement in preferential iGluR 

heteromers may be relaxed (14), contrary to obligatory heteromers (6, 7, 17).

NTD-LBD contacts are apparent in the compact heteromer

One of the most striking features of the heteromer is the vertical compression relative to 

existing AMPAR homomer structures (Fig. 5, A and B). To describe this difference in M1 

we used the center of mass (COM) distance between the NTD layer and the gate residue 

Thr625 within TM3 as a metric (21). This distance was reduced by 21 Å when comparing 

GluA2/3 M1 (76 Å) to the antagonist-bound GluA2 cryo-EM structure (97 Å; Fig. 5B) (22). 

The two LBD dimers of the heteromer are splayed apart to accommodate the compact NTD 

assembly, which partially fills the inter-layer cavity characteristic of GluA2 homomers.

The compression gives rise to novel interfaces between the NTD and LBD layers (Fig. 5C), 

a region pivotal to allosteric signal transmission in NMDARs, triggered by NTD ligands (6, 
7, 12). The inter-layer contact points are approximately equidistant in all chains of M1 (Fig. 

5, B and C) but are more extensive in the BD chains (GluA3). In GluA2, a loop (Ile444-

Gly462) in the LBD projects towards helices D and E at the backside of the NTD. The 

GluA3 NTDs wedge into the LBD inter-dimer interface, with NTD helix H contacting LBD 

helix B. These GluA3 contacts are also seen in M2, where GluA2 interactions are lost (Fig. 

4A and fig. S11). By contrast, complete separation of the ECR layers is apparent in GluA2 

cryo-EM structures (22) (Fig. 5B) and in a crystal structure of a GluA2-snail toxin complex, 

where the toxin pushes the NTD away (31). Such a separation between the NTD and LBD 

layers may also occur in the O-shaped receptors as revealed by ANM mode 6 of GluA2/3 
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M1 (fig. S12 and Movie S2), further highlighting the flexible nature of the AMPAR ECR. 

These interlayer dynamics may alter AMPAR interactions at synapses and enable allosteric 

modulation by the NTD akin to NMDARs.

GluA2/3 in a desensitized state (M2)

Glutamate binding to the LBD (Fig. 1A, star) triggers conformational changes that result in 

activation and desensitization. Individual LBDs can gate the receptor in response to agonist 

and occupation of a single subunit triggers desensitization (32, 33). The two loosely 

associated, back-to-back dimers rupture upon desensitization in AMPARs and KARs (22, 
25, 34). This dynamic architecture underlies the speed of AMPAR gating (25, 35).

Heterogeneity in our O-shape classes largely results from mobility of the LBD layer. 

Dramatic rearrangements of the LBD layer are apparent in M2; the BC dimer has 

completely ruptured whereas the AD dimer remains intact, characteristic of the resting/non-

desensitized state (Fig. 4 and fig. S11). The structure mimics agonist-bound, desensitized 

GluA2 (21) and provides structural evidence that the receptor can transit into desensitized-

like states in the nominal absence of agonist (32, 35, 36). Consistent with this, M1 could be 

fitted best with agonist-free, open-cleft LBD conformations (PDB 1FTO and 3UA8; fig. 

S10C).

Rearrangements of the LBD gating machinery in M1

Rearrangements in the GluA2/3 LBD layer are also seen in M1, which exhibits intact dimers 

(Fig. 6, A and B, and fig. S11D). The interaction between LBD dimers changes during 

gating and their tilting apart has been linked to activation (Fig. 6A) (21, 22). In GluA2/3 M1, 

the angle between the LBD dimers has opened, substantially deviating from the GluA2 

ligand-free receptor and surpassing the activated-state conformation (by 15°) (Fig. 6A). 

ANM-based simulations suggest that this separation is associated with ‘NTD sinking’ (M1 

mode 6) (fig. S12 and Movie S2). Together, these data raise the possibility that NTD-LBD 

interlayer dynamics impact the gating machinery.

When viewing the LBD layer from the top we see an entirely new arrangement. The 

channel-active state has been suggested to be accompanied by an iris-like opening of the 

LBD tetramer interface, formed between helices G of chains A and C (21, 22). These 

helices, which are arranged ‘head-on’ in the activated (and resting) states of GluA2 

homomers, come to lie parallel in GluA2/3 M1, essentially closing the ‘LBD gating ring’ 

(Fig. 6B and Movie 2). This suggests that the receptor can access a multitude of 

conformations with both a separation of the LBD dimers and an open gating ring required 

for activation.

Conclusion

Here we present the first view of AMPAR heteromers containing the GluA2 subunit, the 

prevailing variety in the brain. We delineate the most sequence-diverse subunit interface at 

atomic resolution and show that heterodimers associate to form a tetramer with the four 

subunits alternating around the pore axis. Although GluA2 occupies the pore-proximal (AC) 

position, subunit placement does not appear to follow strict rules, contrasting with obligatory 
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iGluR heteromers (6, 7, 17). Whether and how these ‘relaxed’ assembly rules impact 

signaling in preferential heteromeric iGluRs (AMPARs and low-affinity KARs) is now an 

open question.

Ligand-free GluA2/3 was captured in resting (M1) and desensitized (M2) conformations, 

providing structural evidence that the apo receptor can transit between states. Overall, its 

architecture departs from the classic Y-shape and approximates NMDARs. In conjunction 

with ANM simulations we describe a conformational trajectory, with the NTDs transiting 

from an N-shape into a compact O-assembly, which is associated with a vertical 

compression (Fig. 6C and Movie 1). This receptor conformation could be of functional 

consequence. First, the interfaces resulting from approximation of the NTD and LBD could 

permit allosteric coupling within the ECR and provide a novel substrate for AMPAR 

therapeutics, analogous to NMDARs (12). Second, since the NTD mediates AMPAR 

clustering at synapses and dendritic spine dynamics (11, 20), transition from N to O will 

alter a strategic docking platform for synaptic interaction partners, including pentraxins (11) 

and AMPAR auxiliary subunits (37). The GluA2/3 structure opens avenues to further 

understanding of AMPAR signal transmission.

One sentence summary: 3D structures of a GluA2/3 AMPA receptor heteromer

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Structure and organization of the GluA2/3 and GluA2/4 NTD layer. (A) Overall organization 

of an iGluR, showing the typical layered architecture (TMD, LBD, NTD) and quaternary 

arrangement (the pore-proximal, AC and pore-distal, BD chains are depicted). The 

cytoplasmic tails are omitted for simplicity. The yellow star indicates L-glutamate in the 

LBD cleft. (B) GluA2/3 NTD heterodimer in front view (GluA2, blue; GluA3, red). The 

upper lobe (UL) and lower lobe (LL) are separated by a stippled line; helices are labelled 

αA-αK. The subunits face opposite directions providing a view of the GluA2 back and the 
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GluA3 cleft (indicated by yellow ellipse). (C) O-shape tetrameric arrangement of the 

GluA2/3 (upper panels) and GluA2/4 (lower panels) in lateral (left) and top views (right). A 

black diamond marks the GluA2-A2 contact point. A schematic of the O-shape in top view 

is shown on the extreme right, with the four chains (A-D) indicated. GluA2, GluA3 and 

GluA4 are colored blue, red and green respectively. Tetrameric assembly regions 1-3 are 

boxed. (D) Top view of the classical N-shape arrangement found in GluA2 homomers (PDB 

code 3KG2). Two shades of blue are used to distinguish the different positions, according to 

panel (A).
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Fig. 2. 
Probing the O-shape in full-length AMPARs with cysteine-crosslinking and 

electrophysiology. (A) The O- and N-shape arrangements coexist in the GluA2/3 crystal 

lattice with GluA2 in blue and GluA3 in red. N- and O-tetramers are highlighted in the 

schematic, their interfaces are depicted with stars. (B) Zooms of the boxed regions in A with 

cysteines introduced into the two tetrameric interfaces shown as spheres to mark the 

positions used for crosslinking. (C-D) Western blots showing crosslinked dimers for 

GluA2/3 (C) and GluA2/4 (D) on non-reducing SDS-PAGE (left panels). Green and purple 
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arrowheads indicate N and O dimers. These disappear in the presence of DTT, non-specific 

dimers remain (right panels). Lanes 1 and 2: negative controls; lane 3: O-shape crosslinks; 

lane 4: N-shape crosslink, lane 5: N-shape crosslink control, and lane 6: combined N- and 

O-shape crosslinks. (E) Example traces showing AMPAR currents from HEK293T cells 

expressing GluA2/3 wt/wt (top) or N292C/R265C (bottom). Responses to 100 ms 

application of 10 mM glutamate were recorded in oxidizing (CuPhe; red) and reducing 

(DTT; black) conditions. (F) The peak current ratio between CuPhe and DTT for GluA2/3 

wt/wt and N292C/R265C. No significant difference was found (P = 0.4883; unpaired t-test).
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Fig. 3. 
Cryo-EM structure of GluA2/3x-link. (A) Sample micrograph at 3.5 μm defocus and a 

nominal magnification of 28,409x with representative 2D class averages shown below. (B) 
8.25 Å resolution map of GluA2/3 M1 with GluA3 red, GluA2 blue, and micelle white. (C) 
Sample fitting of the NTD bottom (left) showing individual density for secondary structure 

elements. The front view (right) shows a zoom onto the GluA3 NTD lower lobe front face 

(αF-H). Individual protomers were fitted (GluA2: PDB 3HSY chain B; GluA3: PDB 3O21 

chain D). (D) Sample fitting of the individual LBD protomers (GluA2: PDB 1FTO chain B; 

GluA3: PDB 3UA8). (E) Fitting of the TMD from a GluA2 homomer (PDB 3KG2). Good 

density was obtained for the gate helices but not for the re-entrant pore loops, which were 

omitted.
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Fig. 4. 
Ligand-free GluA2/3 in ‘resting’ and ‘desensitized’ conformations. (A) Model 1 (M1) of 

GluA2/3xlink with a view onto an LBD dimer and the NTD inter-dimer interface (left panel). 

The LBD dimer interface is intact and is mediated by the backs of the LBD upper lobes 

(boxed). In an equivalent view onto M2 (right panel), one LBD dimer has ruptured (chains B 

and C; boxed), adopting a state seen in desensitized structures (21). (B) Top views onto the 

LBD layers of M1 (left) and M2 (right). In M1 both LBD dimers are intact, ‘resting’ (R). In 

M2, chains A and D form an R dimer and chains B and C are ‘desensitized’ (D).
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Fig. 5. 
Architecture of GluA2/3 M1. (A) Distinct conformations of the non-equivalent chain pairs 

(AC and BD) in the Y-shaped GluA2 homomer (PDB 4UQJ; left) and the O-shaped GluA2/3 

heteromer (right). (B) The GluA2/3 heteromer (middle) exhibits a substantial vertical 

compression relative to GluA2 homomers (PDB 4UQJ; left), akin to NMDARs (PDB 4PE5; 

right). Compression of the GluA2/3 ECR is indicated by the center of mass distance between 

the NTD and Thr625 (vertical lines on the right). (C) NTD-LBD contact regions for GluA2 

and GluA3 are shown in white (boxed in panel B). The protein backbone is depicted in 
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cartoon representation within a transparent surface. Right panel: surface view of the inter-

layer interface; contacts formed between the NTD and LBD are shown in white.
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Fig. 6. 
Novel conformation of the LBD layer in GluA2/3 M1. (A) Front view onto the GluA2/3 

LBD and TMD layers (left), which is more open and reaches down towards the TMD as 

compared to the ligand-free and agonist-bound GluA2 crystal structures (PDB 4U2P, middle 

and 4U2Q, right). The roll angle, measured between the two-fold pseudosymmetry axes of 

the two LBD dimers, is indicated. (B) Top view onto the two LBD dimers reveals a novel, 

parallel approximation of helices G (orange) in chains A and C of GluA2 (blue subunit). In 

contrast, the ligand-free (apo) homomer (PDB 4U2P) exhibits a head-to-head placement of 
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these helices forming a ‘gating ring’, which opens further in the agonist-bound structure 

(PDB 4U2Q). This ring is closed in GluA2/3. (C) Models of an AMPAR Y-shape (left) 

characteristic of GluA2 homomers and an O-shape (right) as seen for GluA2/3xlink. Double, 

grey arrows indicate transition between the Y-shape and O-shape receptors, as also 

suggested by the ANM simulations. Yellow arrows show potential movements permitting 

this interconversion: horizontal arrows compact the NTD layer towards an O-shape, while 

vertical arrows indicate vertical compression of the receptor tetramer. Vertical heights of the 

receptors are indicated on their right sides.
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Refer to Web version on PubMed Central for supplementary material.

Movie 1. 
ANM mode 4 of a GluA2 homomer showing an N to O transition.

Formation of a compact NTD arrangement resembling the GluA2/3 heteromer is observed in 

a simulation of a GluA2 homomer (PDB 3KG2); this is accompanied by a separation of the 

LBD dimers and a vertical compression of the receptor towards an c (27). The anisotropic 

network model creates springs between interacting residues (Cα within 15 Å) and therefore 

the lower lobe inter-dimer interface contacts are maintained. Strain within this interface is 

apparent and rearrangement of this region likely follows (see Movie S1).
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Refer to Web version on PubMed Central for supplementary material.

Movie 2. 
Morph showing conformational changes in the LBD layer revealed by GluA2/3 model 1.

The morph command in PyMOL was used to generate a series of intermediate 

conformations between the LBD layer of a GluA2 homomer (PDB 4U2P) and that of 

GluA2/3 model 1. A rotation of the two dimers about the inter-dimer interface is apparent 

resulting in an approximation of helices G in chains A and C (orange). This is accompanied 

by an opening of the roll angle between the LBDs.
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