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Abstract

Ionotropic glutamate receptors are ligand-gated ion channels that mediate excitatory synaptic 

transmission in the vertebrate brain. To better understand how structural changes gate ion flux 

across the membrane, we trapped AMPA and kainate receptor subtypes in their major functional 

states and analyzed the resulting structures using cryo-electron microscopy. We show that 

transition to the active state involves a corkscrew motion of the receptor assembly, driven by 

closure of the ligand binding domain. Desensitization is accompanied by disruption of the amino 

terminal domain tetramer in AMPA, but not kainate receptors, with a 2-fold to 4-fold symmetry 

transition in the ligand binding domains in both subtypes. The 7.6 Å structure of a desensitized 

kainate receptor shows how these changes accommodate channel closing. These findings integrate 

previous physiological, biochemical, and structural analyses of glutamate receptors and provide a 

molecular explanation for key steps in receptor gating.
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Introduction

Ionotropic glutamate receptors (iGluRs) are major mediators of excitatory synaptic 

transmission in the central nervous system and play a vital role in mediating memory and 

learning1,2. The AMPA, kainate and NMDA receptor subtypes work by opening a cation-

selective pore in response to ligand binding, a key step in intercellular communication in the 

nervous system. Channel opening is followed by receptor desensitization that closes the 

channel, with both sets of reactions occurring on a millisecond time scale3. High resolution 

crystallographic studies of isolated amino terminal domain (ATD) and ligand binding 

domain (LBD) dimers, coupled with decades of biochemical and functional studies, have 

provided important insights into the structure and function of these receptor components4,5, 

while crystallographic analysis of the closed state of a modified form of the AMPA receptor 

(GluA2cryst) has enabled delineation of domain organization and transmembrane (TM) 

structure in the context of the tetrameric receptor assembly in an antagonist-bound closed 

state6.

Understanding the structural basis of the transition from closed to active and desensitized 

conformations is central to deciphering iGluR function in health and in disease. However, no 

structures of either active or desensitized conformations have been reported. Given that a 

number of earlier studies provide hints of extensive conformational variability in closed, 

active, and desensitized states7–10, including the ability of subunits to move independently 

during the activation process11, it seems likely that trapping functionally relevant states of 

native receptors in the context of 3D crystals may be challenging12. Previous structural 

studies of a full-length kainate receptor (GluK2) at ~ 20 Å resolution using cryo-electron 

tomography and sub-volume averaging suggested that desensitization involves dramatic 

structural changes in the LBD, with minimal changes in the ATD13. These findings are in 

contrast to the extensive quaternary rearrangements of the ATD tetramer assembly observed 

in earlier single particle negative stain analyses on AMPA receptors at ~ 40 Å resolution7. 

However, neither of these analyses were at resolutions high enough to provide a molecular 

interpretation of the underlying domain movements involved. To determine how glutamate 

receptor ion channels accommodate the structural changes necessary for activation and 

desensitization, we carried out single particle cryo-electron microscopy (cryo-EM) of both 

the AMPA receptor GluA2 and the kainate receptor GluK2. By solving structures in 

multiple conformational states (summarized in Extended Data Table 1a), we address the 

extent and nature of structural changes that occur in AMPA receptors during activation and 

desensitization, and compare the results with structural analysis of the GluK2 desensitized 

state by single particle cryo-EM at ~ 7.6 Å resolution. Our results provide a detailed glimpse 

into the overall gating cycle of glutamate receptors, an evaluation of the similarities and 

differences in conformational changes observed in AMPA and kainate receptor families, and 

a molecular mechanism for the dramatic LBD movements that occur during the receptor 

gating cycle.

Cryo-EM structure of the GluA2 antagonist-bound closed state

To establish the feasibility of solving iGluR structures with single particle cryo-EM, we first 

pursued structural studies of fully glycosylated GluA2 with a wild type ATD-LBD linker 
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(referred to as GluA2em) trapped in the closed state with 0.3 mM ZK200775, a high-affinity 

competitive antagonist14. The 3D structure of GluA2em determined by single particle cryo-

EM at a resolution of ~ 10 Å, estimated by the gold standard 0.143 FSC criterion15, 

demonstrates an overall organization similar to that reported for GluA2cryst (Fig. 1 and 

Extended Data Fig. 1, 2). The 2-fold symmetric dimer of dimers arrangement of the ATD 

and LBD, and the domain swap across distal and proximal subunits, are all clearly observed. 

In the transmembrane domain, similar to the X-ray structure of GluA2cryst
6, density for α-

helices pre-M1, M1, M3 and M4 are less well-resolved (Extended Data Fig. 2). To obtain a 

molecular interpretation of the cryo-EM density map, coordinates for two ATD dimers, two 

LBD dimers and the TM regions derived from GluA2cryst were fit as five independent rigid 

bodies (Fig. 1). This revealed excellent agreement with the crystal structure, but with an 

increase in separation between the ATD and LBD, which are ~ 8 Å further apart in GluA2em 

than in GluA2cryst (Extended Data Fig. 3). We also found a change in angle between LBD 

dimer pairs, from 139° in GluA2cryst to 144° in GluA2em, and an increase in separation 

between proximal AC subunits of ~ 5 Å as measured at the top of the LBD in GluA2em. We 

conclude that deletion of six residues in the ATD-LBD linker, perhaps coupled with crystal 

packing forces, result in subtle conformational changes, and creation of a buried interface in 

GluA2cryst that is absent in native AMPA receptors (Fig. 1f).

Structure of GluA2 in the active state

To determine structural changes that occur with transition to the active state, purified GluA2 

was pre-mixed with 0.5 mM LY451646, a potent allosteric modulator that prevents entry 

into the desensitized state16. After equilibration for 30 minutes, a saturating concentration of 

glutamate (100 mM) was added to activate ion channel gating, followed by immediate 

plunge freezing. Under these conditions there is very high occupancy of the open state17, 

and the activation of sub-conductance states which are prominent at low agonist 

concentrations is reduced18. Analysis of molecular images obtained from AMPA receptors 

in the active state revealed the presence of well-defined 2D class averages (Fig. 2a), 

allowing reconstruction of the structure to a resolution of ~ 12 Å with a set of images of 

similar size and quality to that used to obtain the structure of the closed state (Extended Data 

Fig. 4). The slightly lower resolution suggests that despite the presence of glutamate at a 

high concentration, the active state may be more conformationally variable than the closed 

state, perhaps due to the occurrence of sub-conductance states, or transient excursions to a 

closed state. Nevertheless, the ATD and LBD domains were fit without ambiguity (Fig. 2b) 

supported by identification of secondary structure elements (Extended Data Fig. 4). Because 

ATD and LBD crystal structures provide information at atomic resolution, combining this 

with the quaternary constraints provided by cryo-EM density maps allows interpretation of 

structural changes in the full-length receptor at resolutions higher than the nominal 

resolution of the density map. Although the TMD is not resolved with sufficient detail to 

allow interpretation of the conformation of TM helices, rigid body fits of ATD dimers and 

glutamate-bound LBD dimer crystal structures are sufficiently well-constrained by the 

density map to allow a molecular interpretation of the activation mechanism under 

conditions where GluA2 has a high open probability (Fig. 2b).

Meyerson et al. Page 3

Nature. Author manuscript; available in PMC 2015 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Comparison of the closed and active state density maps reveals LBD “clamshell” closure 

(Fig. 2c), as seen for isolated LBD dimers19. Furthermore, a ~ 7 Å vertical contraction of the 

ATD-LBD assembly is observed, measured as a downwards movement at the top of the 

ATD tetramer, as well as unanticipated movements in the LBD, in which the dimer pairs 

rotate about an axis offset from the local axis of 2-fold symmetry (Fig. 2d). The coordinate 

fits show unambiguous evidence for differential vertical displacement of the proximal A and 

C subunits, the upper lobes of which move down by ~ 10 Å, as compared to a ~ 4 Å 

movement of the distal B and D subunits (Fig. 2d). When viewed perpendicular to and into 

the plane of the membrane, the upper surface of the LBD tetramer assembly rotates counter 

clockwise, and the lower lobes separate (Fig. 2e). The net result of these movements is a 

novel corkscrew-like rotation that drives the transition from the closed to the active 

conformation (Supplementary Movie 1). In contrast to previously reported models for the 

active state that predicted a substantial decrease in separation of the proximal subunits at the 

top of the LBD tetramer assembly10,20, we find instead a small increase in proximal subunit 

separation that accompanies the corkscrew motion, and a 30° increase rather than a 

decrease10,20 or no change6 in the angle between dimer pairs (Extended Data Table 1b and 

Supplementary Movie 3).

The off-axis LBD dimer assembly movements described above trigger asymmetric 

rearrangements of the LBD-TM linkers also not revealed in models generated previously 

either by replacement of LBD dimers in GluA2cryst with glutamate-bound LBD dimer 

assemblies6, or by generating tetramer assemblies using crystallographic symmetry 

operations for LBD dimer structures10,20. The largest conformational change occurs at the 

end of the M3-S2 linker, for which there is a 33° counter clockwise rotation of the proximal 

AC subunits, coupled with a clockwise rotation by 20° of the distal BD subunits viewed 

perpendicular to the plane of the membrane. In addition to the large increase in separation of 

the M3-S2 linkers within each dimer pair, as first predicted by crystallographic studies on 

isolated iGluR LBD dimer assemblies19, we find also substantial vertical movements of the 

M3-S2 and S2-M4 but not S1-M1 linkers, accompanied by a decrease in separation of the 

AC and BD subunit dimer assemblies for all three sets of linkers (Fig. 2f). For the S1-M1 

linker, the dimensions of the twisted parallelepiped connecting the four subunits changes 

from 30 × 38 Å in the closed state, to 40 × 34 Å in the active state, with minimal vertical 

movements. For the M3-S2 linker, there is a ~ 6 Å downwards movement of the distal but 

not proximal subunits, with a change in parallelepiped dimensions from 14 × 40 Å in closed 

state, to 29 × 36 Å in the active state (Fig. 2f). The S2-M4 linker also undergoes 8 Å and 3 

Å downward translations for the proximal and distal subunits, accompanied by a change in 

parallelepiped dimensions from 40 × 47 Å in closed state, to 38 × 41 Å in the active state. 

By contrast, in prior models for AMPA receptor active states generated using 

crystallographic symmetry operations for isolated LBDs10,20, vectors connecting the LBD-

ion channel linkers are arranged as planar arrays, without the characteristic twist observed in 

the activate state EM structure and in the open state model based on GluA2cryst
6,12 (see 

detailed comparison in Extended Data Table 1b and Supplementary Movie 3). Overall, 

analysis of the GluA2em map reinforces the idea that glutamate triggered movement of the 

M3-S2 linker unwinds the M3 helix bundle, suggesting how the overall quaternary structural 

changes enable opening of the ion channel.
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GluA2 desensitization mechanism

AMPA and kainate receptors exhibit rapid and nearly complete desensitization of ion flux 

within milliseconds after glutamate binding21. To trap GluA2em in the desensitized state, we 

incubated the purified protein with 1 mM quisqualate, a full agonist with a Kd of ~ 20 nM 

and 10-fold higher affinity than glutamate22. Analysis of cryo-electron microscopic images 

revealed evidence of substantial conformational heterogeneity (Fig. 3a) precluding 

determination of a single desensitized state 3D structure. Three-dimensional classification 

enabled separation of three dominant classes at nominal resolutions of 21 Å, 23 Å and 26 Å, 

with variable degrees of displacement between ATD dimers compared to the closed and 

active states (Fig. 3b and Extended Data Fig. 5). In all three classes, the LBD layer separates 

into four lobes of density, with different degrees of separation between the proximal and 

distal LBD subunits, strikingly different from the “dimer-of-dimers” structure found in the 

closed and active states. This variability in ATD and LBD conformation is further illustrated 

in top views that capture the extent of the quaternary structural change in the three 

desensitized states as compared to the active state (Fig. 3c). It is likely that the three 

desensitized states are subsets of an even larger spectrum that includes additional weakly 

populated conformational variants. Nevertheless, our findings establish that desensitization 

results in separation of the LBD dimers into a quasi 4-fold arrangement, coupled with 

conformational heterogeneity in the ATD layer not observed for either the closed or active 

states.

To determine whether conformational variability observed for quisqualate-GluA2em 

complexes reflects the properties of functional receptors, we tested whether subsequent 

addition of 0.5 mM LY451646 to the same preparation used for cryo-EM analysis of the 

desensitized state would restore a homogeneous active state conformation. Structural 

analysis at ~ 16 Å resolution of GluA2em receptor suspensions treated this way demonstrates 

that the active conformation is indeed restored (Fig. 3c and Extended Data Fig. 6). Our 

experiments thus establish that in the desensitized state, quisqualate-bound GluA2 is fully 

functional and capable of undergoing conversion to the active state.

GluK2 desensitized state at sub-nanometer resolution

The GluK2 desensitized state map we reported previously, using cryo-electron tomography 

and sub-volume averaging13, was not at sufficiently high resolution to delineate the 

structural changes that underlie desensitization. Further, the analysis presented above 

indicates that obtaining a high-resolution structure of the desensitized state of GluA2 is 

likely to be technically challenging owing to the intrinsic conformational mobility of the 

ATD and LBD. GluK2, however, seemed like a more promising candidate given that sub-

volume classification of the tomographic data suggested a high degree of conformational 

homogeneity13, consistent with the 100-fold greater stability of the GluK2 desensitized state 

revealed by electrophysiological analysis21. We therefore carried out single particle cryo-

EM analysis of GluK2 stabilized in the desensitized state by incubation with 2S,4R-4-

methylglutamate, a full agonist that binds with 100-fold higher affinity than glutamate23.

In the structure of the GluK2 desensitized state, determined at ~ 7.6 Å resolution (Fig. 4a, 

Extended Data Fig. 7 and 8), density was resolved for all α-helices in the ATD and LBD 
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assemblies, and also for the M3 helix bundle, the upper segment of M1 and the pre-M1 cuff 

helix in the ion channel (Fig. 4b). The density map reveals preservation of 2-fold symmetry 

in the ATD layer while the LBD layer adopts a quasi 4-fold symmetric arrangement (Fig. 

4c). To obtain a molecular model for the desensitized state, we fitted two copies of GluK2 

ATD dimer assemblies (PDB ID: 3H6G) and four copies of a GluK2 subunit LBD glutamate 

complex (PDB ID: 3G3F). The resolution of our map is adequate to unambiguously show 

that in the desensitized state the ion channel adopts a closed conformation (Fig. 4b, panel 

vii) in which the M3 helices form a crossed bundle assembly with the pre-M1 helices 

wrapped around the outside of the channel, similar to that seen for GluA2cryst in its 

antagonist-bound closed state.

To describe the nature and extent of the conformational changes that occur in the transition 

from the active to desensitized conformations, we constructed a homology model for the 

GluK2 active state based on the cryo-EM structure of the GluA2 active state. Comparison of 

subunit orientations in ligand binding domain dimer assemblies for the GluK2 active state 

(Fig. 4d left) with those in the desensitized state (Fig. 4d right), reveals that the distal 

subunits swing clockwise by ~ 125° in the horizontal plane, while the proximal subunits 

rotate by only ~ 13°. In the vertical plane the distal and proximal subunits tilt 11° and 6° 

away from the global axis of symmetry. As a result, in the GluK2 desensitized state the LBD 

layer resembles an inverted pyramid in which the four subunits are arranged with quasi 4-

fold symmetry. The ATD-LBD linkers which mediate the 2-fold to 4-fold symmetry 

transition easily support these large movements, with less than a 1 Å increase in distance 

between the Ca atoms of Met 382 and Leu 402 which connect the ATD and LBD for the A 

and C subunits, and a 5–6 Å decrease in separation for the B and D subunits. Rupture of 

LBD dimer assemblies, in which the distance between the Lys 500 Ca atoms at the location 

of a conserved intermolecular salt bridge in the upper lobe increases by 40 Å in the 

desensitized state, is in good agreement with both surface accessibility measurements in 

GluA224, and the effect on the kinetics of desensitization of mutations that alter the Kd for 

the GluK2 LBD dimer assembly25,26.

Visualization of the probable trajectory of the distal subunit along the arc that it sweeps to 

transition from the active to desensitized states (Supplementary Movie 2) suggests an 

explanation both for the previously reported crystal structures of cross-linked GluA2 

dimers24, and for the heterogeneous conformations observed for the GluA2 desensitized 

state (Fig. 3). Superposition of a proximal subunit of the GluK2 desensitized state tetramer 

with the proximal subunit from each of the three GluA2 disulfide cross linked dimer 

assemblies (previously proposed to represent the desensitized conformation24) suggests that 

that these crystallized conformations are structural intermediates where further movement is 

prevented by disulfide cross links. Taken together, these observations reinforce the idea that 

AMPA and kainate receptors desensitize by a conserved mechanism. Notably, due to the 

substantial reorganization of the LBD, residues in α-helix G, but from different subunit 

combinations, are in close proximity in both closed and desensitized states, providing an 

explanation for recent biochemical cross-linking studies on GluA2 that failed to detect state 

dependent trapping at these positions10.
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How does this rearrangement of the LBD impact the ion channel? In both the desensitized 

state and the antagonist-bound state the ion channel has a closed conformation. However, in 

the desensitized state the linkers connecting the LBD to the channel adopt ~ 4-fold 

symmetric arrangements, with changes in dimensions of the parallelograms formed by the 

S1-M1, M3-S2 and S2-M4 linkers from 41 × 25 Å, 43 × 15 Å, and 46 × 36 Å in the active 

state, to nearly symmetric values of 34 × 37 Å, 24 × 26 Å and 60 × 56 Å, respectively, in the 

desensitized state (Fig. 4e). Most notably, the origin of rotation for the four subunits in the 

transition from the active to desensitized state is located close to the S1-M1 linker, such that 

the M3-S2 and S2-M4 linkers rotate clockwise around S1-M1, with a much larger radial 

sweep for the distal versus proximal subunits. In the vertical plane, the three TM linkers for 

the distal subunits move upwards by 5, 10 and 7 Å (Fig. 4e) relieving the downwards 

movements that occur in the transition from the closed to the active state (Fig. 2f). However, 

in the desensitized state the linkers adapt a planar arrangement, strikingly different from the 

closed state in which the TM linkers form twisted parallelepipeds6. Despite these large 

movements, measurement of the change in distance between the Ca atoms of Arg512 and 

Val521, Val630 and Asp638, and Gly772 and Val786, reveals that in the desensitized state 

the S1-M1, M3-S2 and S2-M4 linkers increase in length by only 4–5 Å for the proximal A/C 

subunits, while for the distal B/D subunits the M3-S2 and S2-M4 linker length decreases by 

3 Å.

Molecular mechanism of receptor gating

AMPA and kainate receptors are widely regarded as functionally and structurally related 

families. Our study exploited the availability of unique AMPA receptor allosteric 

modulators to trap GluA2 in the active state, while the greater thermodynamic stability of 

the GluK2 desensitized state yielded a higher resolution structure than could be achieved for 

GluA2em. Based on the similarity observed in the LBD layer in the desensitized states of 

both GluA2em and GluK2, we conclude that transition to quasi 4-fold symmetry in the LBD 

layer is a key structural signature of desensitization in these iGluR families. Based on these 

similarities, we propose a unified description of the structural changes that occur during the 

gating cycle of receptors in the iGluR family (Fig. 5). Several lines of evidence justify this 

approach: after genetic removal of the ATD, both GluA2 and GluK2 display gating 

properties that are similar to those of the parent receptors27–29, with activation and 

desensitization on the millisecond time scale, indicating that the conformational change 

underlying activation and desensitization occurs primarily in the LBD and ion channel 

assemblies, independent of conformational variability in the ATD. Consistent with this 

observation, numerous crystallographic studies of soluble GluA2 and GluK2 LBDs have 

established essentially identical sets of structures and extents of movement for complexes 

with agonists and antagonists30. In the ion channel domain, GluA2 and GluK2 share 73% 

amino acid sequence similarity, and exhibit common functional properties including 

prominent sub-conductance states1, similar relative permeability to sodium and calcium 

ions31, and channel block by cytoplasmic polyamines32.

Binding of glutamate triggers both clamshell closure and a rotation of LBD dimer 

assemblies; this necessitates compensatory movement elsewhere in the protein. As a result, 

the upper lobes of the LBD pull “down” the ATD layer, while the lower lobes of the LBD 
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exert both lateral and upward forces to open the channel. Strain in the open state is released 

by transition to a desensitized state in which the channel closes with the LBD remaining in 

the closed-cleft, glutamate-bound conformation. How does the receptor, in its desensitized 

state, simultaneously accommodate both a closed cleft, which introduces molecular tension, 

and a closed channel, which requires release of tension? We answer this puzzle by showing 

that in the desensitized state, the LBD layer undergoes a dramatic rearrangement featuring a 

2-fold to 4-fold symmetry change. The resulting 4-fold symmetry in the LBD layer matches 

that of the ion channel in its non-conducting state, and thereby permits the channel to adopt 

a low energy conformation. In this way, ligand dissociation kinetics are decoupled from 

channel activation and deactivation.

It is notable that while both AMPA and kainate receptors adopt 4-fold symmetry in their 

desensitized LBD layers, AMPA receptor desensitization also causes a disruption of the 

ATD layer. This result can be understood by considering symmetry mismatch within the 

receptor, and changes in symmetry during the gating cycle. In the closed and open states, 

both the ATD and LBD layers have 2-fold symmetry. The strain resulting from agonist 

binding to the LBD is centered near the LBD-TM interface and is sufficient to open the 

channel. In the desensitization step, the LBD layer shifts from 2-fold to 4-fold symmetry, 

matching the 4-fold symmetry of the ion channel; the strain in the receptor now shifts to the 

2-fold symmetric ATD. In GluK2, the ATD assembly appears to be able to withstand this 

strain, possibly relieving it by a drawbridge-like tilting at the ATD tetramer interface. 

However, in GluA2, this symmetry mismatch places sufficient strain on the ATD layer to 

disrupt the tetramer interface. This hypothesis is supported by measurements of subunit 

interactions by analytical centrifugation for isolated ATDs that reveal much weaker 

interactions of GluA2 ATD dimers than GluK2 ATD dimers33–35.

A central value of single particle cryo-EM methods used here is that they enable definition 

of functionally important large scale receptor structural changes without the constraints 

introduced by disulfide cross links or crystal lattice contacts, and lay the foundation for 

screening potential receptor-drug interactions. At the same time, the need to use detergents36 

or amphipols37,38 to stabilize membrane proteins for structural analysis has the potential to 

disrupt functionally important protein-lipid interactions39,40. Whether this impacts ligand 

gated ion channel structures is an important area for future research. Other challenging 

problems include obtaining a structural understanding of how glutamate receptor activation, 

at lower agonist concentrations than used in the present study, leads to sub-conductance 

states18. In addition, it will be important to explore central mechanistic questions such as 

how individual LBDs move independently during the activation process11, how gating 

occurs in heteromeric iGluR assemblies such as NMDA receptors, and whether the extent of 

cleft closure, which varies for partial agonists, has any consequence on either open state or 

desensitized state structures41,42.

Methods

Protein expression, purification and conformational trapping

The rat GluA2flip subunit cDNA sequence (P42262) including the native signal peptide was 

cloned into the pFastBac1 vector for baculovirus expression in Sf9 insect cells. The 
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GluA2em construct contained the R586Q and C589A point mutations and was truncated at 

K826 to improved yield and tetramer stability. GluA2em differs from GluA2cryst by 

restoration to the wild type sequence of six residues in the ATD-LBD linker, 4 N-linked 

glycosylation sites, and four residues in loop 1 of the LBD. Likewise, the full-length rat 

GluK2 subunit cDNA sequence (P42260) including the native signal peptide and the 

carboxy terminal domain was cloned into the pFastBac1 vector; the construct was RNA 

edited at position 536 (I to V) and had two mutations (C545V (M1) and C564S (M1-M2 

loop)) which increased yield and tetramer stability. In the LBD, four mutations (A47T, 

A658S, N690S and F704L), which convert the sequence to that found in GluK1, were 

introduced to create a high affinity binding site for the GluK1 selective antagonist 

LY46619543. For fluorescence detection44 and affinity purification, a thrombin recognition 

site and linker sequence (GLVPRGSAAAA) was inserted between GluA2 and GluK2 and 

the coding sequence for the A207K dimerization suppressed EGFP mutant, with a C-

terminal SGLRHis8 affinity tag. Sf9 cells (12 liters) were harvested 72 hours after infection, 

collected by low speed centrifugation, and frozen at −80°C. Cell pellets were resuspended in 

ice-cold buffer (18–20 mL/liter) containing 150 mM NaCl, 50 mM Tris, pH 8.0, 0.8 μM 

aprotinin, 2 μg/mL leupeptin, 2 μM pepstatin and 1 mM PMSF, and then disrupted on ice 

using a QSonica Q700 sonicator (18 × 15 sec, power level 7). The lysates were clarified by 

low speed centrifugation, and membranes collected by ultracentrifugation (Ti45 rotor, 40k 

rpm, 45 min), followed by mechanical homogenization, and solubilization for 1 hour at 4°C 

in buffer containing 150 mM NaCl, 20 mM Tris pH 8.0, 50 mM n-dodecyl-β-D-

maltopyranoside (DDM) and 8.5 mM cholesterol hemisuccinate (CHS) for GluA2, and 

DDM alone for GluK2. Insoluble material was removed by centrifugation (Ti45 rotor, 40 K 

rpm, 45 mins) and cobalt-charged TALON metal affinity resin (20 mL) was added to the 

supernatant together with 10 mM imidazole. After binding for 90 min at 4°C the resin was 

packed in a column, washed with buffer containing 150 mM NaCl, 20 mM Tris pH 8.0, 0.75 

mM DDM, 40 mM imidazole (with 0.12 mM CHS added for GluA2) until the OD at 280 nm 

reached a stable low value, and then eluted with an increase to 250 mM imidazole. Peak 

fractions were digested overnight at 4°C with thrombin at a 1:100 w/w ratio. GluA2 and 

GluK2 tetramers isolated by gel filtration chromatography (Superose 6 10/300) in a buffer 

containing 150 mM NaCl, 20 mM Tris pH 8.0, 0.75 mM DDM, and for GluA2 0.12 mM 

CHS, were concentrated to 2 mg/mL (100 kD MWCO), and then stored on ice to trap the 

desired conformational state. For GluA2, 0.3 mM ZK200775 ([[3,4-Dihydro-7-(4-

morpholinyl)-2,3-dioxo-6-(trifluoromethyl)-1(2H) quinoxalinyl]methyl]phosphonic acid) 

was added to stabilize the closed state; to trap the open state, 0.5 mM LY451646 (N-

[(2R)-2-(4′-Cyano[1,1′-biphenyl]-4-yl)propyl]-2-propanesulfonamide) was allowed to bind 

for 30 min prior to addition of 100 mM glutamate, with 15 seconds elapsing before sample 

vitrification; to trap the desensitized state 1 mM quisqualate was allowed to bind for 20 min 

prior to vitrification; to reverse desensitization, 0.5 mM LY451646 was added to the 

quisqualate bound protein and allowed to equilibrate for 30 min prior to vitrification; for 

GluK2, the desensitized state was trapped using 1 mM 2S,4R-4-methylglutamate, as 

described previously13. Attempts to use the allosteric modulator concanavalin A to trap a 

GluK2 open state were unsuccessful due to aggregation of the receptor-lectin complex.
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Specimen vitrification and cryo-electron microscopy

Vitrified specimens were prepared by adding 2.5 μL of liganded GluA2 or GluK2 at 1.8 

mg/mL to R2/2 holey carbon grids (Quantifoil, Jena, Germany) rendered hydrophilic by 

chemical treatment (J. R. M, P. R., J. K., S. C., J. P., M. L. M. and S. S., manuscript in 

preparation). Grids were blotted for 2 seconds, then plunge-frozen in liquid ethane using an 

FEI Vitrobot Mk IV (FEI Company, Hillsboro, OR), with the chamber maintained at 22°C 

and 100% humidity. Following vitrification, grids were post-mounted into autoloader 

cartridges and transferred to the microscope. Cryo-EM imaging was done on an FEI Titan 

Krios microscope (FEI Company, Hillsboro, OR) operated at 300 kV, aligned for parallel 

illumination, and equipped with a high-brightness XFEG and Cs corrector. Projection 

images were acquired as seven-frame movies with a 4,096×4096 back-thinned Falcon II 

CMOS detector at a nominal magnification of 47,000×, corresponding to a pixel size of 

1.406 Å at the specimen plane. Imaging was carried out using FEI EPU automated data-

acquisition software to collect approximately equal numbers of images at nominal focus 

values of −2.0, −2.5, −3.0, and −3.5 μm, and with a dose rate and exposure time of 20 

e/Å2/sec and 3.5 sec, respectively.

Image processing

Un-binned image stacks were corrected for drift and beam-induced motion by alignment 

using cross-correlation as implemented in IMOD tiltxcorr45. Particles were manually 

identified and selected using the program e2boxer in the EMAN2 program suite46. 

Integrated and un-integrated versions of aligned multi-frame images were processed in the 

framework of Relion (version 1.2)47. The integrated images were used for CTF estimation 

with CTFFIND348 as implemented in the Relion workflow. Extracted particles were 

normalized, and subjected to 25 rounds of both iterative 2D classification (regularization 

parameter T=2) and 3D classification (T=4) with C2 symmetry imposed. Un-interpretable, 

low-population, or poorly defined classes were discarded at both stages. Single particles 

were then processed using the Relion auto-refine routine until convergence, at which point 

frames corresponding to a combined dose of ~ 25 e/Å2 were substituted for the integrated 

frames, and used for final refinement. Density maps were B-factor corrected in Relion and 

“gold-standard” FSC resolution plots were calculated using the EMAN2 program 

e2proc3d46 with a soft shape mask applied to independent unfiltered half maps from Relion. 

To visualize variation in resolution across the maps, the blocres utility49 was used to 

calculate local resolution maps and color the density maps accordingly. The desensitized 

GluA2 maps were not visualized in this way as their low resolutions limit interpretation to 

qualitative terms. Three-dimensional image processing for all conformational states was 

bootstrapped using a 60 Å resolution map of the GluK2 receptor determined by cryo-

electron tomography and sub-volume averaging13 as an initial model. Extended Data Table 

1a contains the number of micrographs and the number of particles used at all stages of 

image processing.

Structural analysis

Fitting of coordinates into density maps, segmentation and visualization were all carried out 

using UCSF Chimera50. Measurement of inter-subunit distances was done using Cα atoms 
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at reference points. For GluA2 and (GluK2), Ser5 (His3) in beta strand 1 locates the top of 

the ATD; Ile203 (Leu212), at the base of helix 7 measures the distance between the 

proximal B and D subunits in the ATD dimer of dimers interface; Leu378 (Met382) in beta 

strand 15 defines the base of the ATD, preceding the ATD-LBD linker. After the ATD-LBD 

linker Val395 (Leu402) in beta strand 1 locates start of the LBD; Lys493 (Lys500) in the 

loop between beta strands 6 and 7 defines the intermolecular salt bridge that links the upper 

lobes of dimer pairs formed by the AD and BC subunits; Ala665 (Ser669) defines the start 

of helix G in the lower lobe. To locate start of the LBD-TM linkers we followed the 

selections used for GluA2cryst
6. We used Lys505 (Arg512) in beta strand 7 for S1-M1; 

Glu634 (Asp638) at the C-terminus of alpha helix E for M3-S2; and Gly771 (Gly772) 

adjacent to the LBD conserved disulfide bond for S2-M4. We chose these positions 

cognizant of the fact that ATD and LBD crystal structures we fit to EM maps were 

engineered, replacing the ion channel and LBD-TM linkers in the LBD with a GT dipeptide. 

We established by superposition of GluA2 ATD, LBD agonist and LBD antagonist complex 

crystal structures on GluA2cryst, that these reference positions were not perturbed in the 

soluble ATD and LBD crystal structures; then, by superposition of GluK2 ATD and LBD 

crystal structures we identified structurally equivalent positions in GluK2. Structural 

analysis was done on domain coordinates that were rigid body fit into cryo-EM density 

maps. The reproducibility of rigid body fits was established by using a coordinate 

orientation randomization scheme. First, domain rotation was randomized between +/- 10° 

on all three axes, and the translation randomized by +/- 10 pixels (14.1 Å) on all three axes. 

The coordinates were then re-fitted, and then saved as a new PDB file. This was repeated 

five times and the RMSD value between the structures was found to be well below 1 Å. This 

indicated that map quality was high enough to permit the Chimera fitting routine to 

converge on the same minima reproducibly. The final maps for GluA2 in the open state and 

GluK2 in the desensitized state were validated using the tilt-pair parameter plot51 using pairs 

of images at zero tilt (first exposure) and 10° tilt (second exposure). Using the final refined 

versions of the respective density maps as the reference 3D model, orientations of manually 

selected particles were assigned using FREALIGN and plotted using the TILTMULTIDIFF 

program51.
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Extended Data

Extended Data Figure 1. Cryo-electron microscopic imaging of GluA2 with ZK200775
a–c, A series of representative images of GluA2 bound by the competitive antagonist 

ZK200775 (left panels), with corresponding power spectra and CTF estimates showing 

signal beyond 8 Å resolution (right panels, solid and dotted lines, respectively). Defocus 

values are 3.7, 2.7, and 3.0 μm for the three images, respectively. Scale bar is 100 nm.
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Extended Data Figure 2. Antagonist-bound closed state GluA2 density map quality and 
resolution
a,b, GluA2em antagonist-bound closed state density map with coordinates for ATD dimers, 

LBD dimers, and the TMD tetramer independently fit to the map. All coordinates were 

derived from PDB ID: 3KG2. In panel (b) the density map is shown at a higher contour than 

(a) to highlight the closeness of fit between X-ray coordinates and the density map in the 

ATD and LBD layers. The density for the ATD-LBD linker region is weaker than that in the 

rest of the map and is therefore not visible at this threshold. The black bounding box in (b) 

identifies the M3-helix bundle crossing visible in the density map. c, Visualization of 

density map to highlight variation in resolution across different regions of the map. The 

estimated resolution value is color-coded using the scale shown at the bottom edge of the 

panel. d, Expanded versions of selected regions of map. Roman numerals identify helices 6 

and 8, loop 1, and the pre-M1 and M1 helices as indicated in panels (a) and (b). e, A set of 

plots that include gold-standard FSC plot (black line) for the GluA2em antagonist-bound 

closed state density map showing a resolution of 10.4 Å at an FSC value of 0.143, and a plot 
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(red line) of the FSC between the experimentally obtained cryo-EM density map and a map 

computed from the fitted coordinates, which displays a resolution of 10.6 Å at an FSC value 

of 0.5, consistent with the gold-standard FSC curve. f, Validation of density map using tilt-

pair parameter plot. The spread in orientational assignments around the known goniometer 

settings is within ~ 25° for > 80 % of the selected particle pairs, with clear clustering 

observed at the expected location, centered at a distance of 10° from the origin.

Extended Data Figure 3. Assessment of correspondence between GluA2em and GluA2cryst
a,b, Density map of antagonist-bound closed state GluA2em with rigid body fits of 

GluA2cryst (PDB ID: 3KG2) reveals separation between the ATD and LBD layers in 

GluA2em that is absent in GluA2cryst due to deletion of six residues in the ATD-LBD linker. 

In (a), GluA2cryst fitting was performed using only ATD tetramer coordinates, which reveals 

a good fit of the ATD layer, but at the expense of a loss of fit of the LBD assembly. 

Conversely, in (b) fitting was performed using only LBD tetramer coordinates, which 

reveals a good fit of the LBD layer, but at the expense of a loss of fit of the ATD assembly. 

The black boxes highlight examples of regions where the mismatches are clearly evident.
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Extended Data Figure 4. Open state GluA2 density map quality and resolution
a,b, Density map of glutamate bound GluA2em in the open state with coordinates for ATD 

dimers (PDB ID: 3KG2) and glutamate-bound LBD dimers (PDB ID: 1FTJ) fit separately 

into the map. In panel (b) the density map is shown at a higher contour than (a) to highlight 

closeness of fit between X-ray domain coordinates and the density map. c, Secondary 

structural features from ATD chains B/D of the density map corresponding to regions 

marked in panel (b). Roman numerals identify helices 5, 6, 7 and the ATD lower domain 

beta sheet. d, Gold-standard FSC plot (black line) for the GluA2em open state density map 

showing a map resolution of 12.8 Å at an FSC value of 0.143, and a plot (red line) of the 

FSC between the experimentally obtained cryo-EM density map and a map computed from 

the fitted coordinates, which displays a resolution of 12.7 Å at an FSC value of 0.5, 

consistent with the gold-standard FSC curve.
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Extended Data Figure 5. Desensitized state GluA2 density map classes and resolutions
a, Three quisqualate bound GluA2em desensitized state classes resolved through 3D 

classification. The maps are the same as those presented in Fig. 2b, but without 

segmentation to identify the ATD and LBD regions. b, Gold-standard FSC plots for the 

GluA2em desensitized state density maps showing resolutions of 21.4 Å, 25.9 Å, and 22.9 Å 

for classes 1, 2 and 3, respectively at an FSC value of 0.143.
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Extended Data Figure 6. Restored open state density map for the GluA2 Quisqualate complex
a, Density map for the GluA2em open state obtained by addition of the allosteric modulator 

LY451646 to a suspension of quisqualate-bound, desensitized GluA2. The purpose of the 

experiment was to test whether structural changes resulting from quisqualate binding to 

generate the desensitized state could be reversed by addition of an excess of the allosteric 

modulator LY451646, used to stabilize the open state. The map display shown at left is 

color-coded to highlight variation in resolution across different regions of the map. b, 
Density map for the glutamate bound open state obtained by addition of LY451646 30 min 

prior to agonist, as shown in Figure 2. The map display shown at left is color-coded as in (a) 

to highlight variation in resolution across different regions of the map. Comparison of the 

two maps and the fits of ATD and LBD dimers shows that they are essentially identical, 
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establishing the conformational changes that occur with desensitization are reversible and 

can be modulated by allosteric modulators.

Extended Data Figure 7. Cryo-electron microscopic imaging of GluK2 with 2S,4R-4-
methylglutamate and 2D classes
a,b, Representative cryo-EM image of GluK2 bound by the agonist 2S,4R-4-

methylglutamate (leftmost panel), with the corresponding image power spectrum and CTF 

estimate showing signal beyond 8 Å resolution (rightmost panel, solid and dotted lines, 

respectively). The defocus value of the image is 3.7 μm. Scale bar is 100 nm. c, Two-

dimensional classes of desensitized GluK2 particles subjected to single particle analysis. d, 
Gold-standard FSC plot (black line) for the GluK2 desensitized state density map showing a 

map resolution of 7.6 Å at an FSC value of 0.143. A plot (red line) of the FSC between the 

experimentally obtained cryo-EM density map and a map computed from the fitted 

coordinates, displays a resolution of 7.7 Å at an FSC value of 0.5, consistent with the gold-

standard FSC curve.
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Extended Data Figure 8. Resolution of the desensitized GluK2 density map
a, GluK2 desensitized state map shown at increasing contour levels from left to right, to 

better highlight selected secondary structural features. b, Validation of density map using 

tilt-pair parameter plot. The spread in orientational assignments around the known 

goniometer settings is within ~ 25° for > 60 % of the selected particle pairs, with clear 

clustering observed at the expected location, centered at a distance of 10° from the origin. c, 
Distal (left) and proximal (right) ATD subunits fit with the corresponding X-ray coordinates 

(PDB ID: 3H6G). d, Proximal (left) and distal (right) LBD subunits fit with the 

corresponding X-ray coordinates for glutamate-bound GluK2 LBD monomers (PDB ID: 

3G3F). The close similarity in density maps for the individual ATD and LBD monomers of 

distal and proximal domains that are unrelated by computationally imposed C2 symmetry 

shows that the LBD monomers move largely as rigid bodies and that the structural changes 

that occur with desensitization can be described adequately by rigid body movements of the 

ATD and LBD monomers.
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Extended Data Figure 9. Comparison between single particle and tomographic reconstructions 
of desensitized GluK2
a,b, Single particle reconstruction of desensitized GluK2 (a) shown adjacent to the 

previously reported structure from sub-volume averaging (b). The overall envelope of the 

two structures are the same, but there is a difference in their length. This difference can be 

accounted for by considering the effect of the missing wedge on the tomographic structure 

in (b). c-f, When the two receptor structures are viewed looking down the receptor axis from 

the extracellular side, ATD layers (c,d) and LBD layers (e,f) can be seen to have the same 

arrangement. The ATD layer from the single particle structure indicates contact within the 

ATD tetramer interface (c), and also between LBD monomeric domains (e). As a 

consequence of the missing wedge in the sub-tomogram average structure, lateral 

connectivity in the ATD layer (d) and LBD layer (f) is less evident.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GluA2 purification imaging and the antagonist-bound closed state structure
a, FSEC profile for GluA2em showing a monodisperse profile; the inset shows an SDS 

PAGE gel for pooled fractions following IMAC purification, after thrombin cleavage to 

remove the GFP fusion protein, and following preparative SEC. b, Representative power 

spectrum (solid line) overlaid with the computed contrast transfer function (dashed line) for 

a cryo-EM image (c), with insets highlighting images of individual GluA2 ZK200775 

complexes (scale bar 100 nm). d, Representative 2D class averages from the initial 

classification of 40,709 projection images. e, Isosurface representation of the GluA2 closed 

state cryo-EM structure at ~ 10 Å resolution segmented to show distal AC (green and blue), 

and proximal BD (red and yellow) subunits with GluA2cryst (PDB ID: 3KG2) coordinates 

for the ATD, LBD and TM regions fit separately as rigid bodies; the dashed lines highlight 

putative membrane boundaries. f, Illustration of the region of the LBD layer that is in close 

contact with the ATD in GluA2cryst (top panel, cyan shading) that is not observed for 
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GluA2em (LBD layer of experimental cryo-EM density map, and corresponding fits, are 

shown in the middle and bottom panels, respectively).
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Figure 2. Structural changes accompanying opening of GluA2
a, Representative 2D class averages of GluA2em in the active state after initial classification 

of 31,637 projection images. b, GluA2em active state structure shown in isosurface 

representation, fitted with ATD dimers (PDB ID: 3KG2) and glutamate-bound LBD dimers 

(PDB ID: 1FTJ) with the transmembrane region covered by micellar density. c, Density 

maps for a single subunit showing the visible difference between the antagonist-bound open 

cleft conformation (top) and the glutamate-bound closed cleft conformation (bottom) of the 

LBD “clamshell”; the right-hand panel shows the corresponding coordinate fits. d, Ribbon 

and cylinder diagrams for GluA2 coordinates fit to the closed (magenta) and active (blue) 

states reveal a ~ 7 Å downward displacement of the ATD in the active state (top), with 
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proximal and distal subunit LBD dimer assemblies viewed perpendicular to (middle) and 

parallel to (bottom) the membrane. Black dashed lines show the approximate planar 

interface between subunits in the dimer assembly. e, Isosurface views of LBD tetramer 

region density maps fit with LBD dimers in closed (left) and active (right) states. Colored 

dots identify the locations of Cα atoms for Val395 (upper lobe) and Ala665 (lower lobe). f, 
Movement of the S1-M2 linker (Lys505), M3-S2 linker (Glu634), and S2-M4 linker 

(Gly771) shows how LBD tetramer movements drive channel opening; arrows show the 

direction of movement from closed to active states.

Meyerson et al. Page 27

Nature. Author manuscript; available in PMC 2015 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Conformational ensemble of desensitized GluA2
a, Representative desensitized state GluA2em 2D class averages from initial classification of 

35,083 projection images. Selected class-averages that illustrate the range of observed 

conformations are highlighted. b, Segmented isosurface representations of three distinct 

desensitized state GluA2em structures, with the ATD and LBD layers identified in blue and 

orange, respectively. c, Top views of ATD and LBD layers for the three GluA2em 

desensitized states (middle columns) flanked by those from the active state (left), and 

restored active state (right).
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Figure 4. GluK2 receptor desensitization
a, GluK2 desensitized state density map at ~ 7.6 Å resolution, segmented and colored to 

show four receptor subunits, fit with coordinates for GluK2 ATD dimers (PDB ID: 3H6G) 

and glutamate-bound GluK2 LBD monomers (PDB ID: 3G3F). The GluA2cryst TM domain 

was fit as a rigid body. Portions of TM helices where density was only weakly resolved are 

shown in white. b, Close-up views of selected regions of the density map labeled in (a). c, 
Top views of density maps for ATD (upper panel) and LBD (lower panel) layers. Colored 

dots connected by dashed lines identify the locations of His3 and Met382 at the top and base 
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of the ATD, with the progressively smaller parallelograms for Leu402, Lys500 and Ser669 

indicating the top, middle and base of the LBD. d, Structural changes in an LBD dimer 

assembly underlying the transition from the active (blue) to desensitized (magenta) states 

presented as side (upper panel) and top (lower panel) views. α-helix J, highlighted as a 

transparent cylinder, and loop 1, marked by an asterisk illustrate the magnitude of LBD 

rotation with desensitization. Dashed lines show the approximate location of the planar 

interface between subunits in the domain dimer. e, Movement of the S1-M2 linker (Arg512), 

M3-S2 linker (Asp638), and S2-M4 linker (Gly772) indicate how LBD tetramer movements 

drive channel closure; arrows show the direction of movement from active to desensitized 

states.
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Figure 5. Unified view of glutamate receptor gating cycle
a, Schematic summary of global conformational changes highlighting domain movements 

with channel opening and closure during the receptor gating cycle. The dashed lines over the 

open state indicate the shortening as a result of the corkscrew rotation that opens the 

channel. The differences observed between desensitized states of GluK2 and GluA2 are 

illustrated as variations of a common theme in which the LBD layer shifts to 4-fold 

symmetry with or without separation of the ATD dimer pairs.
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