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Abstract
Ionotropic glutamate receptors (iGluRs) are ligand gated ion channels which mediate excitatory
synaptic transmission in the brain of vertebrates. A rapidly growing body of crystal structures for
isolated iGluR extracellular domains, and more recently a full length AMPA receptor, combined
with data from electrophysiological experiments and MD simulations, provides a framework
which makes it possible to investigate the molecular basis for assembly, gating and modulation.
These unprecedented advances in structural biology are constantly challenged by novel functional
properties which emerge despite decades of functional analysis, and by a growing family of
auxiliary proteins which modulate iGluR activity and assembly.

Introduction
In the vertebrate CNS three families of glutamate-gated ion channels (iGluRs) named
AMPA, kainate and NMDA receptors mediate signal transduction at excitatory synapses.
iGluRs are tetrameric proteins encoded by 18 genes, many of which undergo alternative
splicing and RNA editing [1]. A rapidly emerging structural biology of iGluRs is leading
towards a molecular understanding of mechanisms controlling their assembly, gating and
modulation by accessory proteins and drugs [2]. The ability to break down the function of
individual iGluRs into discrete, semi-autonomous domains, and to analyze the effects of
subunit composition and mutations on the functional properties of receptor subtypes, within
the context of structural information provided by X-ray crystallography, underlies much of
this progress [3]. The crowning achievement of recent work is the crystal structure of a full
length AMPA receptor [4••]. Other major advances revealed an unexpected role of the
NMDA receptor amino terminal domain in regulating ion channel activity; defined the
initial stages of receptor assembly; and identified new families of auxiliary subunits. But, to
paraphrase Winston Churchill, these results mark only the end of the beginning and we are
still far from understanding many basic aspects of the molecular biology of iGluRs.

Tetrameric structure of the GluA2 AMPA receptor
Any doubts about the stoichiometry of iGluR assembly have been cast aside by the structure
of the rat GluA2 AMPA receptor ion channel tetramer (Figure 1), crystallized in its resting
state in a complex with the competitive antagonist ZK200775 [4••]. This structure marks the
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most significant advance in the study of iGluR signal transduction since the cloning of
individual iGluR subunits. The structure was solved using X-ray diffraction data to 3.6 Å
resolution, which is not sufficient to build side chains without additional information, but the
availability, as search probes for molecular replacement, of higher resolution structures for
the isolated GluA2 amino terminal (ATD) and ligand binding (LBD) domains removes
many of the problems associated with de novo model building at low resolution. Highly
significant was the collection of anomalous diffraction data to verify alpha helix registers
and symmetry switches in the ion channel pore for which no prior structural data was
available. This was done by preparing Selenomethionine labeled protein for wild type
GluA2, and four different mutants in which methionine residues were introduced into
different positions in the transmembrane pore. This is notable because structural studies
using prokaryotic membrane proteins labeled with heavy atoms, which are much easier to
express, continue to dominate recent entries in the protein data bank.

Key features revealed by the GluA2 structure include an unexpected cross over of subunits
forming dimer pairs in the ATD and LBD layers (Figure 1a); the multiple conformations of
linkers which connect the ATD to the LBD, and the LBD to the ion channel (Figure 1b and
c); the 2-fold to 4-fold switch of molecular symmetry between the ion channel and
extracellular domains; and definition of the subunit interfaces in the ATD and LBD which
form the dimer of dimers assembly. The loose packing of the ATD and LBD tetramer
assemblies (Figure 1a), which have an enormous chalice-shaped hole on the central axis of
symmetry located between the two layers of the extracellular domain, is remarkable. The
GluA2 construct used for crystallization had a six amino acid deletion in the ATD to LBD
linker, suggesting that coupling between these layers may be even weaker in the wildtype
receptor. In retrospect, this loose packing likely underlies some of the multiple
conformations observed in pioneering single molecule EM studies, but raises the question of
whether some of these are native conformations, or result from interactions with the EM
substrate and stains [5,6].

Assembly and function of AMPA, kainate and NMDA receptors
Elegant work on the initial stages of AMPA receptor assembly used synchronized induction
of protein expression combined with affinity purification and single particle EM analysis to
examine assembly intermediates [7•]. These studies revealed that biosynthesis and assembly
for wild type GluA2 proceeds via the formation of dimers in which the ATD and TM
segments are closely coupled, while the LBDs are pushed to the side and do not contact each
other (Figure 2). Strikingly, the dimer assembly intermediate for the non desensitizing
GluA2 L483Y mutant is an elongated structure in which both the ATD and LBD segments
are closely apposed. As a consequence, the formation of tetramers is inhibited by the large
energy required to separate the pair of subunits in the LBD layer of the dimer assembly,
which is required to permit subunit cross over revealed by the GluA2 tetramer crystal
structure. As a result, the GluA2 L483Y mutant is assembly deficient. In retrospect, for
iGluRs with Cys mutants cross linking the LBD [8,9], it is not the inability to desensitize
that underlies their poor cell surface expression, but rather the unexpected requirement for
subunit exchange in the ATD and LBD layers during tetramer assembly.

The four subunits in a GluA2 tetramer assembly do not have identical connections to the ion
channel pore. Functional studies on kainate receptors, in which Cys mutations based on the
GluA2 crystal structure were introduced to cross link subunits via different interfaces in the
LBD tetramer assembly, revealed non equivalent effects on both activation and
desensitization, depending on which pairs of subunits were cross linked [10•]. This suggests
that in AMPA and kainate receptors, the strength of iGluR activation and desensitization
varies, depending on whether subunits proximal or distal to the global axis of dimer
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symmetry bind glutamate. Kinetic measurements of the rate of disulfide bond formation for
AMPA receptor LBD Cys mutants reveals that, in its ligand free state, GluA2 is a
remarkably flexible and dynamic structure, in which interfaces between the dimer
assemblies spontaneously form and break on the time scale of seconds to milliseconds [11].
Functional consequences likely to result from this include ‘silent receptors’ which are
transiently unavailable for activation by glutamate [12••], and modal behavior revealed by
single channel recording [13,14]. Spectroscopic measurements on GluA2 suggest that in the
apo state the LBD dimers are in their dissociated state, and that the binding of glutamate
triggers dimer assembly, followed by channel opening, and then desensitization [15]. There
is a wealth of prior structural and mechanistic data which is at conflict with this model,
including studies using positive allosteric modulators and mutants to stabilize LBD dimer
assemblies [8,16,17], and crystal structures of the LBD apo and antagonist bound states
which reveal an intact dimer interface [18]. This provocative hypothesis also does not
address the mechanism by which binding of glutamate triggers dimer formation. For
GluN2A subtype NMDA receptors, in which either the NR1 or NR2A LBD clam shells
were independently locked in closed cleft conformations by engineered disulfide bonds,
single channel recordings suggest that LBD opening and closing does not contribute to
gating kinetics recorded at equilibrium [19]. For kainate receptors scanning mutagenesis
experiments suggest that binding of fatty acids to GluK2 causes structural rearrangements in
the ion channel pore [20•]

Structural and biochemical studies on isolated iGluR ATDs
As a herald to publication of the GluA2 ion channel crystal structure, the first ATD
structures were reported for GluA2 and GluK2 expressed as soluble glycosylated proteins
[21•,22•]. These were shortly followed by a second GluA2 crystal structure [23]; a GluN2B
ATD structure in the apo and Zn2+ bound states [24•]; and most recently by structures for
GluK3 and GluK5 [25]. Key features to emerge from these studies, which included
measurements of affinity constants for dimer formation by analytical ultracentrifugation,
was the discovery that the GluA2 and GluK2 but not GluN2B ATDs self associate at
micromolar protein concentrations to form dimers, and that the GluA2, GluK2 and GluK3
but not GluN2B ATDs crystallize in a dimer of dimers assembly like that found in full
length GluA2 (Figure 3a). Surprisingly, studies on the GluA2 ATD report substantial
differences in the Kd for dimer assembly with dissociation constants of 0.15 and 4.3 μM; the
Kd for GluA2 ATD tetramer formation was also reported to be either too weak to measure or
50 μM; these discrepancies remain to be resolved.

In the GluA2 and GluK2 ATD crystal structures each of the subunits is in a partially closed
conformation, about 10° more open than that for the ligand bound complexes of periplasmic
proteins previously used as models for iGluR ATDs, but substantially more closed than for
the apo state of these proteins. No ligands have been found for AMPA and kainate receptor
ATDs that would trigger changes in conformation of the clam shell jaws, and the close
apposition of both the upper and lower lobes of each subunit in the dimer assembly,
combined with their high affinity for self assembly, suggests that the two ATDs are locked
in a conformation incapable of large movements. Surprisingly, for the GluN2B ATD, the
Zn2+ complex and apo structures had similar conformations, with identical extents of
domain closure, but with a strikingly different relative orientation of the upper and lower
lobes in the clam shell due to a substantial, around 50°, twist compared to the GluA2, GluK2
and GluK3 structures. Biochemical studies on NMDA receptor assembly suggest that the
GluN1 and GluN2 ATDs likely assemble as heterodimers [26], but without crystal structures
it is premature to speculate how this dimer assembly compares to that found for AMPA and
kainate receptor ATD homodimers. Such knowledge will have great impact on
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understanding how allosteric ligands which bind to the ATD regulate NMDA receptor
activity.

Allosteric regulation by NMDA receptor ATDs
Accompanying the new ATD structures, electrophysiological experiments revealed a novel
regulatory role of NMDA receptor ATDs [27••,28••]. The GluN2C and GluN2D subunits
have an unusually low open probability, about 50-fold less than for GluN2A. By swapping
both the ATD and the linkers connecting the ATD to the LBD in chimeric receptors it was
possible to decrease the open probability for NR2A, and to increase the open probability for
NR2D. These results are of great interest in light of experiments suggesting that domain
closure underlies the negative allosteric action of drugs and ions which bind to NMDA
receptor, and related to this, substantial effort has been devoted to understanding the
molecular mechanisms by which the ATD controls NMDA receptor activity [29], and the
basis of the selective modulation of the GluN2B by ifenprodil with the goal of developing
new drugs [30,31].

Structural studies on isolated iGluR LBDs
Of the 18 iGluR genes, crystal structures have now been reported for the isolated LBDs for
10 subunits. The most recently solved novel structures are for GluN3A and GluN3B [32],
GluA3 [33] and GluA4 [34,35]. The GluN3 structures have similar folds to the other iGluR
LBDS, with the exception of a remarkable loop structure which forms a distinct, disulfide
linked subdomain, the size and structure of which differs in the GluN1, GluN2 and GluN3
subunits (Figure 3b). By contrast, the GluA3 and GluA4 structures are essentially identical
to those previously solved for GluA2, for which more than 80 ligand complexes have been
solved [36•], and the data set agonist, partial agonist and antagonist structures continues to
grow for the LBDs of other iGluRs [37–40]. Capitalizing on this wealth of structural data,
light activated AMPA receptor irreversible antagonists have been designed [41], and
photoswitched tethered ligands have been developed for kainate receptors which can be used
as optical probes for triggering membrane potential depolarization [42•], and in a GluR0/
GluR6 chimera, inhibition of neuronal activity [43•]. NMR experiments using Hydrogen-
Deuterium exchange [44] and isotopically labeled side chain methyl groups have given
unprecedented insight into motions of the LBD and the kinetics of conformational changed
induced by ligands [45]. Substantial progress has been made in identifying binding sites for
allosteric ions in the GluK1 and GluK2 LBDs (Figure 3e); in identifying the mechanism of
action of Na+ and Cl− on kainate receptors; in measuring the effects of Na and Cl on dimer
affinity by analytical ultracentrifugation; and in engineering a high affinity Ca2+ binding site
[12••,46•–48]. In related work it was established that Ca2+ ions act via a similar allosteric
mechanism to stabilize the dimer assembly of GluD2 LBDs [46•,49]. A large body of
functional analysis for kainate receptors, combined with multiple crystal structures and AUC
measurements for LBD mutants, has established beyond doubt that as in AMPA receptors
the stability of LBD dimer assembly regulates the rate and extent of desensitization [17,50].

The LBD of AMPA receptors is the site of action of positive allosteric modulators, one class
of which slows the decay of excitatory synaptic currents, while another class attenuates
desensitization. Crystal structures for multiple GluA2 modulator complexes have recently
been solved [51,52]. Several drug companies have launched medicinal chemistry programs
targeting AMPA receptor positive allosteric modulators, and the 1st fruits of structurally
based drug design have now emerged from this work [53–55]. Unfortunately, clinical trails
have yet to convincingly demonstrate efficacy of any of these compounds, and none have
entered Phase III trials [56]. All of these studies focused on flip splice variants but recent
work has revealed the mechanism of binding of flop splice variant selective allosteric
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modulators [57]. It is anticipated that within a few years similar approaches will lead to
discovery of ligands for other iGluR subtypes, and reveal definitively whether allosteric
modulators which act at the ligand binding domain have clinical potential.

Auxiliary subunits
To date there is no structural data available on any of the iGluR auxiliary subunits, and ideas
about how they modulate receptor function are still speculative. Key advances include the
discovery of a new family of kainate receptor modulatory proteins of which NETO2 is the
best characterized [58•]. When coexpressed with GluK2 NETO2 increases open channel
probability and burst length, slows the decay of responses to brief applications of glutamate,
and increases the duration of miniature EPSCs in cerebellar granule cells transfected with
GluK1 or GluK2. For AMPA receptors two new families of modulatory proteins have been
discovered. The first is CKAMP44 which unlike other iGluR auxiliary subunits down
regulates the activity of GluA1 and GluA2 both in heterologous expression systems, and in
vivo [59•]. The second family, named cornichons, have similar functional effects to TARPS,
and up regulate AMPA receptor activity in heterologous expression systems [60•]. However,
in vivo there is conflicting evidence about the role of cornichons. A recent study suggests
that AMPA receptors only coassemble with cornichons during the process of biogenesis and
that cornichons are not present in AMPA receptor complexes located at synapses and in the
plasma membrane [61•]. By contrast, a comprehensive functional and biochemical analysis
suggests that the TARP gamma-8 and the cornichon CNIH-2 are both present in
hippocampal AMPA receptor complexes [62•].

Molecular dynamics simulations
Computational studies on iGluR LBDs have made significant progress. Measurements of the
free energy landscape of the GluA2 ligand binding domain in the apo and glutamate bound
states reveals multiple apo conformations of similar energy [63•], consistent with the
emerging picture of a highly flexible and dynamic molecule. Equilibrium MD simulations
have been used to look at events leading to the spontaneous closing and opening of the LBD,
and reveal that a salt bridge network around the hinge region of the clam shell likely acts as
a sensor of ligand binding, triggering domain closure on a ns time scale [64]. The same
study also examined the binding of water to the GluA2, GluK1, GluK2 and GluN2A LBDs,
for which crystal structures reveal numerous water molecules acting as surrogate ligand
atoms. The MD simulations accurately reproduce this solvent network, and reveal that all
but one of the water molecules exchanges with bulk solvent via transient solvent channels
not revealed in the crystal structures (Figure 3f). MD simulations have also been used to
examine the binding of allosteric anions and cations to kainate receptors, and give insight
into how the sites are coupled via protein electric fields [47].

Conclusion
Structure and mechanism are intimate partners in all areas of biology, but this is especially
true for the study of signal transduction. For iGluRs, clues about mechanism have been
obtained in the past from well designed electrophysiological experiments. However,
interpretation at the molecular level becomes possible only when the results are painted onto
the scaffold of a crystal structure. A third experimental approach, calculations performed
using molecular dynamics, is now becoming increasingly important. This triumvirate is
necessary because, like all proteins, iGluRs are dynamic molecules which are likely to be
almost impossible to crystallize in the full cycle of conformational states which underlies
their biological function. Despite their atomic detail, crystal structures give little insight into
the thermodynamic mechanisms underlying how the binding of agonists, ions, modulators
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and auxiliary proteins shape the kinetics of glutamate receptor activity at synapses. Finally,
even with a growing ensemble of crystal structures, NMR studies and MD simulations,
functional studies continue to reveal new and unexpected aspects of receptor activity which
have escaped attention despite decades of patch clamp analysis. Our understanding of these
key signal transduction molecules is still far from complete, and years of interesting work
and discoveries lies ahead.
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Figure 1.
Domain organization in the GluA2 ion channel crystal structure (PDB 3KG23). (a) The four
subunits in the tetramer assembly are colored blue, yellow, red and green; the molecular
surface representation reveals key features of the structure, including its organization in
layers, the cavity at the ATD and LBD interface, and the large size of the extracellular
domains compared to the ion channel. (b) ATD dimer formed by chains A and B reveals a
large separation of the LBD domains in this subunit pair; linkers which connect the layered
domains are indicated by black arrows which draw attention to the different conformations
of the LBD linkers in the A and B subunits. (c) LBD dimer formed by chains A and D
reveals a large separation of the ATD domains in this subunit pair.
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Figure 2.
AMPA receptor assembly mechanisms revealed by synchronized protein expression and
single particle EM analysis (from Ref. [•7]). (a) Schematic size exclusion chromatography
profiles for elution of wild type GluA2 reveals a mixture of dimers and tetramers 20 hours
after induction of expression, with an increase in tetramer and decrease in dimer populations
24 hours after induction; the lower panel shows chromatograms recorded at 24 hours for
wild type GluA2 and the L483Y mutant which is trapped at the dimer stage of assembly. (b)
Single particle EM analysis for wild type GluA2 dimers (top) with crystal structures for a
GluA2 ATD dimer, and two GluA2 LBD monomers docked in the EM density map
(bottom). (C) A similar analysis for the GluA2 L483Y dimer in which both the ATD and
LBD layers contain dimer assemblies.
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Figure 3.
High resolution function and crystal structures for iGluR extracellular domains. (a) Tetramer
assemblies of the kainate receptor GluK2 and GluK3 ATDs formed by a dimer of dimer
assembly (from Ref. [25]). (b) iGluR loop 1 LBD structures superimposed using C
coordinates for helix B revealing the elaborate structure in NMDA receptor subunits (from
Ref. [25]). (c) Modulation of GluK1 outward current responses recorded at +60 mV by
replacement of extracellular Na+ by Rb+ or Cs+. (d) The GluK2 M239D mutant retains
activity in the presence of 100 μM Ca2+ and Mg2+ when Na is replaced by NMDG or Tris
but is inhibited by 100 μM EDTA (from Ref. [48]). (e) Allosteric ion binding sites in the
GluK1 LBD dimer assembly with alternate conformations for the Arg744 side chain and a
2:1 stoichiometry for Na+ and Cl− (from Ref. [•46]). (f) MD simulation of the GluK2 ligand
binding domain docked with glutamate; red spheres indicate the position of water molecules
trapped in the ligand binding site in the crystal structure; the red mesh shows MD
trajectories for individual water molecules; W1, W2, W2 and W4 freely exchange with other
on a ns time scale (from Ref. [64]).
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