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Summary

Ionotropic glutamate receptors (iGluRs) are ligand-gated ion channels that mediate excitatory 

neurotransmission crucial for brain development and function including learning and memory 

formation. Recently a wealth of structural studies on iGluRs, including AMPA receptors 

(AMPARs), kainate receptors, and NMDA receptors (NMDARs) became available.. These studies 

showed structures of non-NMDARs including AMPAR and kainate receptor in various functional 

states, thereby providing the first visual sense of how non-NMDAR iGluRs may function in the 

context of homotetramers. Furthermore, they provided the first view of heterotetrameric NMDAR 

ion channels, which illuminated the similarities with and differences from non-NMDARs, thus 

raising a mechanistic distinction between the two groups of iGluRs. Here we review mechanistic 

insights into iGluR functions gained through structural studies of multiple groups.
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A brief history of structural studies on iGluRs

Glutamate, a simple amino acid, is the major excitatory neurotransmitter in mammalian 

brains [1]. The presynaptically released glutamate binds different subclasses of ionotropic 

glutamate receptors (iGluRs) including α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid (AMPA) receptors (AMPARs), kainate receptors, and N-methyl-D-aspartate (NMDA) 

receptors (NMDARs). Glutamate binding mediates opening of their cationic ion channels to 

generate synaptic current pivotal to brain function. The iGluR subunits contain modular 

domains including the amino terminal domain (ATD), ligand-binding domain (LBD), 

transmembrane domain (TMD), and carboxy terminal domain (CTD), and assemble into 

tetramers within respective subclasses to form ligand-gated ion channels (Figure. 1). While 
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NMDARs form functional ion channels only as heterotetramers of at least two distinct 

subunits, non-NMDARs do so by forming either homo or heterotetramers, Enthusiasm to 

understand the structure and function of iGluRs has been enormous over several decades due 

to the involvement of iGluRs in various aspects of neuronal functions as well as 

neurological diseases and disorders such as depression, schizophrenia, Alzheimer’s and 

Parkinson’s diseases, autism, seizure, and stroke [2].

The structural biology of iGluRs started in the late 1990s after the molecular cloning of 

various iGluR genes [3–5]. Taking advantage of the modular nature of iGluR subunit 

proteins, structural determination of individual water-soluble domains such as the ATD and 

LBD was pursued first (primarily by x-ray crystallography) because it was substantially less 

technically demanding than solving the entire tetrameric transmembrane ion channels [6]. 

As of 2015, over 268 crystal structures of LBDs of various subunits from all of the major 

iGluR subclasses in complex with agonists, antagonists, partial agonists, and allosteric 

modulators are available. Despite low sequence identity between NMDAR and non-

NMDAR subunits (~20%), the LBD structures, have similar bi-lobed clamshell-like 

architectures that undergo opening and closing upon unbinding and binding of ligands, 

respectively [7–14]. The structural mobility of LBD was also extensively tested and 

elaborated by nuclear magnetic resonance [15], molecular dynamics free energy simulation 

[16], and single molecular fluorescence resonance energy transfer [17]. Meanwhile, ATD 

structures for non-NMDARs [18–24] and NMDARs [25–27] became available but in limited 

numbers compared to LBD structures. ATDs from both NMDARs and non-NMDARs have 

bi-lobed structures but completely unrelated in primary sequence and overall architecture to 

LBDs. However, consistent with low sequence identity (<10%), conformations of bi-lobed 

architectures are highly distinct between NMDARs and non-NMDARs [28, 29]. In 

NMDARs, allosteric sites, not present in non-NMDARs, were observed at the heterodimeric 

subunit interface between GluN1 and GluN2B for ifenprodil [27] and within GluN2B ATDs 

for zinc [26]. In both studies of ATD and LBD, homodimeric and heterodimeric assemblies 

were observed in non-NMDARs and NMDARs, respectively. This led to the speculation 

that the basic assembly pattern of an iGluR subunit is a dimer of dimers instead of a bona 

fide four-fold symmetrical tetramer as in other tetrameric ion channels such as potassium 

and sodium channels [30–32]. However, integration of fragments of knowledge about the 

structure and function of individual extracellular domains required an overall view of the 

intact iGluR ion channels. This was an enormous challenge in x-ray crystallography because 

iGluR channels are tetramers of large transmembrane proteins that are heavily glycosylated. 

Attempts were made to observe intact AMPAR structures in the early 2000s by cryo-

electron microscopy (cryo-EM), however, the overall resolution of the structure and thus, 

the structural interpretation was limited by the technical restriction of the time [33–36]. The 

first clear-cut structure of the intact iGluR channel became available when Gouaux and 

colleagues solved the structure of homotetrameric GluA2 AMPARs in complex with an 

antagonist by x-ray crystallography thereby revealing the pattern of subunit and domain 

arrangement and opening the new era of structural studies for intact iGluRs. [37]. Today, the 

iGluR field has multiple structures of the intact GluA2 AMPAR representing different 

functional states, the GluK2 kainate receptor, and even intact heterotetrameric NMDARs, 

which were once considered overwhelmingly challenging.
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Structural biology of intact non-NMDARs – a giant step toward mechanistic 

understanding

Recently a number of intact non-NMDAR structures have been published by multiple 

groups, providing solid molecular templates that permit a mechanistic understanding of their 

activation and desensitization. Specifically, in addition to the original GluA2 AMPAR 

structure in the antagonist-bound form, GluA2 AMPAR structures in the pre-activated (or 

pre-open) state and structures of the desensitized state of GluA2 AMPAR and GluK2 

kainate receptor (obtained by both x-ray crystallography and cryo-EM) have become 

available. These studies provide clear ‘snap-shots’ for making valid predictions of how 

domains and subunits move upon entry into different functional states (Figure 2).

GluA2 AMPARs in apo, antagonist-bound, and agonist-bound states have an overall Y-

shaped architecture formed by staggered layers of ATD, LBD and TMD (Figure 1 and 2) 

[37]. The structure has a symmetry mismatch between the extracellular domains (ATDs and 

LBDs) and TMDs, which are arranged as a dimer of dimers with 2-fold symmetry and a 

tetramer with 4-fold rotational symmetry, respectively. The subunit and domain assembly is 

complex as the extracellular ATD and LBD have swapping of dimer pairs (i.e. 

Homotetrameric subunits assigned with letters A through D form AB and CD dimers at 

ATD and AD and BC dimers at LBD; Figure. 1 and 2).

How ligand-gating occurs in non-NMDARs is a fundamental question that began to be 

addressed by extensive observation of conformational changes in isolated LBDs, for which 

binding of an agonist or antagonist stabilized the closed or open conformations, respectively. 

[6, 7, 13, 14]. This major conformational change in the LBD has been suggested to create 

tensions in the LBD-TMD linker leading to the opening of the channel [38, 39]; however, 

discerning what this actually means in the context of intact tetrameric iGluRs has been a 

challenging task that required intensive structural studies of full-length receptors. Recently, 

three independent studies attempted to trap the presumably active state of the GluA2 

AMPAR by binding an allosteric modulator or a Conus striatus cone snail toxin, con-ikot-

ikot, both of which block entry of AMPAR into the desensitized state [40]. These studies 

solved structures of trapped receptors by x-ray crystallography and cryo-EM [41–43] (Table 

1). In the agonist/modulator-bound form, the receptor retains its Y-shaped architecture, but 

the vertical dimension of the receptor is shortened by 7-10 Å, bringing the ATD and LBD 

tetramers closer together compared to apo and antagonist-bound forms. Conversely, in the 

toxin-bound structure, the ATD and LBD are further separated by 10 Å because the toxin 

intercalates into the space between these domains and interacts with both ATDs and LBDs 

(Figure. 2C). Consistent with the studies on isolated LBDs, the LBD in the intact AMPAR 

bound to agonist/modulator had a closed cleft conformation whereas that in the antagonist-

bound or apo state has an open cleft conformation. The extent of closure, however, is 

smaller in intact AMPARs compare to that in isolated LBDs possibly due to the fact that 

LBDs in intact receptors are tethered to the closed ion channel, thus, introducing some 

restrains in LBD motion [42]. However, this structural change appears to be insufficient to 

open the channel at the TMD – that is, the TMD in all of the crystal structures of the agonist/

modulator-bound GluA2 adopts a closed channel similar to the apo and antagonist-bound 
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forms. Therefore, these structures are currently proposed to represent an activated pre-open 

state as reasoned in the structural studies of the G-protein-regulated inward-rectifier 

potassium channel 2 channel complexed to the βγ G protein [44]. Other than the speculation 

that the closed channel may be energetically favored in general, it is unclear why the 

channels stay closed in many crystal structures of ion channels in “activating” conditions. 

The usual (but rather obscure) suspects include crystallization conditions containing high 

salt or high precipitant concentrations as well as crystal packing. In this regard, a 

comparison with the cryo-EM structure – in physiological buffer with no crystal packing – 

would have answered the above question, but unfortunately, the TMD was not resolvable in 

the recent study [41]. Other problems may be the absence of lipids or the presence of 

detergents in the samples and lack of voltage control. Application of new techniques such as 

visualization of liposome-reconstituted ion channels using cryo-EM as done in the study of 

the Big potassium (BK) channel might help resolve this issue since the liposome can provide 

a more physiological lipidic environment and even a voltage control [45, 46].

Another central question addressed in recent studies is what happens to the LBD in the pre-

open state. An enlargement of the central opening of the LBD dimers observed in the 

structures of the agonist/modulator-bound GluA2 AMPAR is reminiscent of the ‘gating 

ring’ in the Ca2+-activated BK channel, which widens upon Ca2+ binding [42, 47]. In the 

AMPAR, the degree of gating ring enlargement is quantified by measuring intersubunit 

distances between Cα atoms of Arg 660 and Gln756 for the AC and BD pairs, respectively 

(Figure 3). In the partial agonist/modulator bound structures, the distance for AC and BD 

pairs increases by ~7 Å and ~4 Å, respectively, compared to the apo-state structure. The 

enlargement is more profound in the cryo-EM structures of GluA2 in the full agonist (i.e. 

glutamate)/modulator bound structure where the increase is about 8 Å for both AC and BD 

pairs compared to the apo-state structure. Thus, based on this structural comparison, it may 

be speculated that enlargement of the gating ring is correlated with the degree of receptor 

activation. However, the mechanism may not be this simple because in the toxin-bound 

structure which is likely representing an activated state, a decrease rather than an increase in 

the AC distance was observed while the distance for the BD pair remained similar. In 

addition, the angle between the two local two-fold rotation axes of the LBD dimers in the 

toxin-bound structures remained highly similar to that in the apo-state structure, whereas 

18-20° increase is observed in the agonist/modulator bound structure (Chen at al, 2014 and 

Durr et al 2014). Therefore, despite extensive structural information, it is difficult to 

definitively conclude which conformations of the gating ring and the LBD tetramer facilitate 

opening of ion channels in non-NMDARs. One possible explanation for this observation is 

that binding of toxin favors the AMPAR to enter into one subconductance state over the 

others or creates unique conformations of the gating ring that enhance channel opening. 

Extensive single channel analyses of AMPARs in the presence of the toxin should answer 

this question and explain more clearly what functional state the crystal structure actually 

represents.

The LBD-TM3 linker connects the LBD to the TM3 gating helix, but how a conformational 

transition at the LBD tetramer leads to structural changes that create tension along the linker 

to facilitate ion channel opening, remains unknown. Here, we took the liberty of measuring a 

structural correlate of the LBD-TM3 linker tension by comparing the distances between the 
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Cα of Ala636 on helix E to the Cα of Thr625 at the extracellular side of the TM3 gating 

helix (Figure 4). Comparison of the distances between several structures shows the level of 

linker extension due to the force applied by the LBD. The highest extension is observed in 

the toxin-bound structures where the distance is increased to ~35 Å for the B and D subunits 

from 30 Å in the apo-state structure, whereas no major change was observed for A and C 

subunits (Figure 4). Despite the 5 Å extension for the B and D subunits the channel remain 

closed implying that either further extension of the linker in the B and D subunits or 

extension of the linkers in A and C subunits is required to keep the channel open. The 

distance of the linker in the partial agonist/modulator bound structures is similar to that 

observed in the apo structure. There is currently no explanation to this unexpected result. 

The same distance comparison is not possible for the cryo-EM study of the full agonist/

modulator bound structures due to the absence of EM-density in TMD.

An attempt to observe a structural representation of the desensitized state led three groups to 

solve GluA2 AMPAR [41, 42, 48] and GluK2 kainate receptor [41] structures in complex 

with partial and full agonists but without ‘desensitization blocking’ allosteric modulators or 

toxin (Figure 1 and Table). Cryo-EM studies of the AMPAR with the full agonist 

quisqualate, or partial agonist fluorowillardiine (FW), in the absence of allosteric modulators 

revealed that the desensitized receptors adopt variable conformations [41, 42]. The 

quisqualate-bound form was separated via 3D classification into three dominant classes with 

different degrees of separation between ATD dimers [41]. In these configurations, the LBD 

dimers separate into a quasi-four-fold arrangement. The ATD dimers appeared to be 

separated to varying extents in the ~8 Å low resolution crystal structure of the FW-bound 

GluA2 AMPAR, likely representing one of the many conformations observed in cryo-EM 

studies of the desensitized state (Figure 2E). In this structure, one LBD dimer pair stays 

intact whereas the other dissociates into two monomers. It is interesting to note that the 

pattern of subunit association in this dimer is similar to the one observed in the GluA2 

Ser729Cys LBD structure, which was suggested to represent the desensitized state [49]. 

Taken together, the above desensitized structures all have dramatic rearrangements in their 

LBDs with the overall architecture deviating from the Y-shaped structure observed in apo, 

agonist/modulator-bound or antagonist-bound structures (Figure 2E) [42]. By contrast, the 

crystal structures of GluA2 in complex with kainate (KA) or (S)-5-nitrowillardiine (NOW) 

in the absence of any allosteric modulator (therefore thought to represent desensitized state) 

are Y-shaped with high similarity to agonist/modulator-bound structures (Figure 2D) [42, 

48]. At this point, it is not clear if these structures represent the receptor trapped in one of 

the potential desensitized states or the agonist-bound pre-open state as above.

An intriguing case is the GluK2 kainate receptor structure in a desensitized state where 

dramatic rearrangement occurs in the LBD but not in the ATD. Unlike GluA2 AMPARs, 

GluK2 kainate receptors bound to the full agonist 2S,4R-4-methylglutamate adopt a more 

homogeneous conformation, perhaps consistent with the 100-fold greater stability of the 

GluK2 desensitized state revealed by electrophysiological studies [41, 50, 51]. The cryo-EM 

structure at ~7.6 Å revealed that the dimer of dimers arrangement of the ATD is preserved in 

the desensitized state while the LBD layer adopts a quasi-four fold symmetric arrangement 

(Figure 2E) [41]. The undisrupted arrangement of ATDs in GluK2 receptors compared to 
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GluA2 receptors during desensitization is potentially due to tighter tetrameric arrangement 

of GluK2 ATDs, which is 1,000-fold stronger than the tetrameric arrangement of GluA2 

ATDs [24, 52]. It is interesting that the subunit orientation of the disrupted LBD dimer in 

the crystal structure of FW-bound GluA2 AMPAR is roughly similar to that in the GluK2 

structure (Figure 2E). Overall, the structures of non-NMDARs in different functional states 

agree with each other to a great extent but also disagree in many details. Further structural 

and functional studies will hopefully integrate the field and provide a consensus views on 

the mechanistic schemes.

The first visualization of NMDAR heterotetramers

As several structural studies of NMDAR ATDs revealed a large difference in their 

architecture as well as the pattern of subunit interactions from non-NMDAR ATDs, it 

became clear that the mode of ATD and LBD interaction and subunit assembly in NMDARs 

would be distinct from that in non-NMDARs, and thus the AMPAR model cannot be 

extrapolated to study NMDARs [25–28]. In the wake of substantial enthusiasm to obtain the 

structure of the intact NMDAR, two very similar structures were published in 2014. The 

completion of the rat [53] and frog [54] GluN1a/GluN2B NMDAR structures, which have 

~90% sequence identity, was a considerable step forward in understanding NMDAR 

function by putting the previously-solved structures of individual domains into the context 

of the intact heterotetramer. Despite differences in NMDAR orthologues, construct design, 

and protein production methods, both of the NMDAR structures, bound to agonists or partial 

agonists at the LBD and allosteric modulators at the ATD, proved to be similar with a root-

mean-square deviation of of 2.1Å for the main chain carbons.

In general, the structures of the intact NMDARs confirmed several suspicions regarding the 

overall architecture of the protein (Figure. 5). The four subunits assemble in a 1-2-1-2 

arrangement around a two-fold axis of symmetry as was predicted by earlier studies [37, 55, 

56]. Similar to non-NMDARs, a domain-swap takes place between the ATD and LBD, 

wherein the GluN1/GluN2B heterodimers are staggered between the ATD and LBD layers 

[53, 54]. Meanwhile, the TMD exhibits a pseudo-fourfold symmetry resulting from a 

pseudo-symmetry mismatch between the extracellular domains and the TMD. Perhaps the 

most apparent difference between the NMDAR and AMPAR structures is the much closer 

association of the ATD with the LBD in the NMDAR, where substantially more extensive 

contacts between the ATD dimers and the LBD dimers are present. The distinct ATD-LBD 

domain arrangement stems from robust differences in the structure of the individual ATDs 

and in the pattern of the dimeric arrangement of ATDs in NMDARs compared to non-

NMDARs (Figure. 5B). In contrast, patterns of inter-domain as well as inter-subunit 

arrangements appear to be roughly similar between non-NMDARs and NMDARs, perhaps 

indicating that the basic ligand-gating mechanism in the NMDAR may follow a similar 

structural changes as described in Figure 2.

The tight packing between ATDs and LBDs in the NMDAR is consistent with existing 

functional knowledge that its channel activity, such as open channel probability, is regulated 

by the ATD [57, 58]. By contrast, little or no ATD-mediated regulation is observed in non-

NMDARs [59]. That is, the close juxtaposition of the ATDs to the LBDs in the NMDAR 
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likely allows for the efficient propagation of conformational alterations in the ATD to the 

LBD and vice versa, whereas in non-NMDARs the ATD is too distant from the LBD to 

affect conformation or subunit arrangement in the LBD, as is evident from crystallographic 

and cryo-EM studies. Indeed, bilobed structures of ATDs have been shown to undergo 

dynamic intrinsic conformational alterations, which are most likely regulated by ATD-

targeting compounds that inhibit or potentiate channel activity [27, 60–62]. Thus far, only 

the closed conformation of the ATD bound to phenylethanolamines, representative of the 

“inhibited conformation,” has been observed by crystallography. Structurally capturing 

“active” conformations of the ATD and visuallizing changes in ATD conformations that 

affect the LBD conformation will be the key to understanding activation mechanism of 

NMDARs and perhaps bring us one step closer to deciphering complex and intriguing 

pattern of gating kinetics [63, 64].

The local electron density in both the Karakas and Lee structures is limited within and 

around the TMD, but the two taken together can serve as complementary components to 

describe the finer features of this domain. The NMDAR has the same membrane topology as 

non-NMDARs, with the subunits arranged at the TMD in a pseudo four-fold symmetry 

consistent with its heterotetrameric assembly. Both of the recent NMDAR structures appear 

to have the closed channel consistent with the speculation that both structures likely 

captured the allosterically inhibited state. One key feature visible in the structure by Karakas 

& Furukawa is the DRPEER motif present in the GluN1 M3-S2 linker, named after the 

sequence of amino acids shown to regulate Ca2+ permeation and found exclusively in 

GluN1 subunits (and absent in the GluN2 and all non-NMDAR subunits) [65]. The 

lanthanides holmium and gadolinium, which can occupy Ca2+-binding sites [66, 67] and 

show strong anomalous signal in x-ray crystallography, were identified adjacent to the 

DRPEER motif, thus visually confirming the validity of previous electrophysiological data. 

Additionally, Lee, et al. reported an intriguing electron density near the center of the 

channelthat may represent the channel blocker MK-801 included in their crystallization 

condition. However, further work such as molecular docking and mutagenesis will be 

necessary to gain clear insights into the architecture of the blocker binding site. Another 

victim of reduced electron density at the TMD is the so-called S/L site in the GluN2 subunit. 

Recent work showed that subtype-specific sensitivity to Mg2+ block, single-channel 

conductance, and Ca2+ permeability were all closely linked to the identity of a single residue 

at the base of the GluN2 M3 helix and its interaction with an adjacent residue in the GluN1 

M3 helix [68]. Unfortunately, the sidechains of those residues were not resolved in either of 

the crystallographic studies. Homology modelling suggests that the effect on channel 

properties propagated by this site may potentially function in a manner similar to the 

sodium/potassium channel and non-NMDAR iGluRs [68]. The development of a method to 

obtain a significantly higher resolution structure would be useful in resolving the chemistry 

unique to NMDARs, such as calcium permeability, magnesium block, and blocker binding. 

A method involving lipidic cubic phase (LCP) for crystallization has been instrumental in 

obtaining high-resolution structures of various membrane proteins, most notably G protein-

coupled receptors in recent years [69]. Unfortunately, this method has not been successfully 

implemented on iGluR proteins, perhaps due to their large extracellular domains which 

exceed the predicted size limitation for the LCP matrix. Nevertheless, the crystal structures 
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provide the long-awaited molecular templates to locate known pharmacological sites in the 

context of the heterotetramers and better predict potential binding sites for novel 

compounds, an example of which is the recently work on PYD-106 (Figure 6) [70].

Concluding remarks

The structural studies of iGluRs are now entering a new, exciting phase in which the intact 

tetrameric structures of all of the major iGluR subclasses are revealed. Structural studies of 

iGluRs are not only important for the understanding of general mechanisms underlying 

functional regulation (ligand-gating, channel opening, allosteric regulation, etc.) but also to 

visualize pharmacological binding sites useful for the development of therapeutic 

compounds (Figure. 6). While significant insights into a functional mechanistic scheme can 

be gained at intermediate to low resolution (~3.5 -15 Å), pharmacological studies ideally 

require resolution higher than 2.5 Å, which permits visualization of ordered water molecules 

and ions. Due to the low-resolution nature of structural studies on the full-length iGluRs, it 

is still meaningful to work on isolated domains including the ATD and LBD to obtain high-

resolution structures useful for such purposes. Nevertheless, with the availability of intact 

iGluR structures today, the structural information of isolated domains can be extrapolated 

reasonably well in order to speculate mechanisms in the context of the tetrameric ion 

channels. Undeniably, x-ray and EM structures are “snapshots” of protein architectures, 

thus, detailed functional analyses by well-established techniques such as electrophysiology, 

fast-advancing molecular dynamic studies [71–74], and fluorescent methods [17, 75] are 

necessary to gain deeper mechanistic insights into how different members of the large iGluR 

family function. Overall, the structural templates of intact iGluRs provided by the recent 

studies in combination with the isolated domain structures serve well to understand general 

functional mechanisms and to facilitate compound development for neurological disorders 

and diseases in an unprecedented manner.
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Highlights

5 Structures of the AMPAR and kainate receptor in multiple states are now 

available.

6 These structures show how non-NMDAR iGluRs move to mediate defined 

functions.

7 Structures of GluN1/GluN2B show NMDARs and non-NMDARs have 

distinct architectures.

8 Despite efforts, a bona fide “open channel” structure remains to be observed.
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Figure 1. Domain organization and subunit arrangement of iGluRs
(A) The ionotropic glutamate receptor subunits are composed of distinct domains including 

the amino terminal domain (ATD), ligand-binding domain (LBD), transmembrane domain 

(TMD), and carboxyl terminal domain (CTD). The TMD of one subunit is composed of M1-

M4 helices. Schematic representation of tetrameric subunit organization of non-NMDARs 

(B) and NMDARs (C) at ATD, LBD and TMD layers are shown. Dimer pairs at ATD and 

LBD are indicated by lack of black lines at the interface. The four subunits in non-NMDARs 

are noted as A-D.
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Figure 2. Structures of GluA2 AMPAR and GluK2 kainate receptors in various functional states
Surface representation of the structures in ligand-free (A), antagonist-bound closed (B), 

agonist and allosteric modulator-bound pre-open (C) and agonist-bound (D) and agonist-

bound desensitized (E) states are shown as viewed from the side for the whole receptor (left) 

and from top for the LBD tetramer (right). Ligand combinations used and PDB IDs for the 

structures are shown for each structure (Table 1). Subunits are colored as yellow, cyan, 

magenta and blue for the subunits A,B,C and D, respectively. The con-ikot-ikot toxin 

molecule in panel C is colored in grey.
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Figure 3. Structural changes in the gating ring during receptor activation of non-NMDARs
LBD tetramers of antagonist-bound (PDB ID: 3KG2) (A), FW/(R,R)-2b-bound (PDB ID: 

4U1Y) (B) and, FW/(R,R)-2b-bound and con-ikot-ikot toxin-bound (PDB ID: 4U5C) (C) 

GluA2 receptors are shown in ribbon representation and viewed from the top of the receptor. 

Distances between Cα atoms (black spheres) of Arg660 from A/C subunits, and Gln756 

from B/D subunits are measured and plotted (D) along with the distances for GluA2 

structures in other conformations. The distances for NMDARs are measured between 

Arg694 for GluN1 (chain A/C) and Asp786 for GluN2B (chain B/D). The distances for 
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kainate receptors are measured between Lys664 for A/C subunits and Glu757 for B/D 

subunits.
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Figure 4. Conformational changes at the LBD-TM3 linker during receptor activation
Helices E on the LBD and TM3 at the TMD of B/D subunits (panels A and C) and A/C 

subunits (panels B and D) are viewed from side (panels A and B) and top (panels C and D). 

(E) Plot of the istances between Cα atoms (spheres) of Ala636 and Thr625 within the same 

subunits for apo, FW and (R,R)-2b bound, FW, (R,R)-2b and toxin bound, and ZK200775 

bound structures along with the distances for GluA2 structures in other conformations. 

Distances between Val656 and Ile667 for NMDAR GluN1 subunit, Ile655 and Leu666 for 
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NMDAR GluN2B subunit and Thr629 and Ala640 for kainate receptors are also plotted in 

(E). The values for the plot are averages of the distances of A/C subunits or B/D subunits.

Karakas et al. Page 19

Trends Biochem Sci. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Comparison of the intact GluN1/GluN2B NMDAR and GluA2 AMPAR structures
(A). Both the NMDAR and non-NMDARs consist of four distinct domains: the extra 

cellular ATD and LBD, the TMD, and a long, largely unstructured Carboxyl Terminal 

Domain (not shown). The AMPAR assumes a domain-swapped assembly similar to the 

NMDAR, but with a more extended conformation leading to substantially less interaction 

between the ATD and LBD. (B). The ATD dimers in particular show dramatically different 

interactions between the subunits in the AMPAR (and Kainate receptor) vs NMDAR.
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Figure 6. Heterotetrameric GluN1/GluN2B NMDAR and small molecule binding sites
Numerous ligands have been identified that influence NMDAR activity. Co-agonists glycine 

[76] and glutamate bind at the LBD of the GluN1 and GluN2 subunits, respectively [77]. 

The small molecule PYD-106 is a GluN2C-specific allosteric activator which binds at the 

ATD/LBD interface [70]. Polyamines such as spermine and spermidine bind at the interface 

of two ATDs in GluN2B-containing receptors and potentiate channel activity [78], but only 

in GluN1 isoforms lacking Exon5 [79]. A number of NMDAR inhibitors have also been 

identified, including extracellular Zn2+ [53] binding at the hinge region of the GluN2 ATD 

[26] (and with a notably stronger effect on GluN2A-containing receptors over other types), 

and voltage-dependent block by Mg2+ at the TMD [68]. Phenylethanolamines, such as 

ifenprodil, bind at the interface of the GluN1/GluN2B ATDs [27], while the inhibitor 

MK-801 is purported to bind very near to the center of the ion channel [54]. A sequence of 

acidic residues in the LBD/TMD M3 linker in the GluN1 subunit known as the DRPEER 

motif is essential for calcium binding and conductance [53].
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