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Abstract
The composition and spatial arrangement of subunits in ion channels are essential for
their function. Diverse stoichiometries are possible in a multitude of channels. These
depend upon cell type-specific subunit expression, which can be tuned in a developmentally regulated manner and in response to activity, on subunit stability in the endoplasmic reticulum, intersubunit affinities, and potentially subunit diffusion within the ER
membrane. In concert, these parameters shape channel biogenesis and ultimately tune
cellular response properties. The complexity of this assembly process is particularly well
illustrated by the ionotropic glutamate receptors, the main mediators of excitatory
neurotransmission. These tetrameric cation channels predominantly assemble into
heteromers, which is “obligatory” for some iGluR subfamilies but “preferential” for others.
Here, we discuss recent insights into the rules underlying these two pathways, the role
of individual domains based on an ever increasing list of crystal structures, and how
these assembly parameters tune assembly across diverse receptor oligomers.
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1. INTRODUCTION
Signaling receptors operate as oligomers, assembled from either
homo- or heteromeric subunits. While homomeric assemblies are common
in prokaryotes,1 genome expansion and gene duplication events in metazoan eukaryotes paved the way for the formation of receptor heteromers.2
Assembly into heteromeric complexes increases the versatility and facilitates fine-tuning of response properties and of their downstream signaling
cascades.
For certain classes of receptors, heteromeric assembly is a prerequisite for
function and onward traffic to the cell membrane, with incompletely assembled
complexes being selectively retained in the assembly compartment, the endoplasmic reticulum (ER). This group of “obligatory” heteromers includes different families of immune receptors (such as the T-cell receptor),3,4 some
G-protein-coupled receptors (e.g., the gamma-amino-butyric acid [GABA]B
receptor),5,6 the muscle nicotinic acetylcholine receptor (nAchR),7 ionotropic
glutamate receptors (iGluRs) of the N-methyl-D-aspartate (NMDA) subtype
(NMDARs)8, and others. Genes encoding subunits of these complexes can
reside in different chromosomes; how their expression and ultimately their spatial proximity for heteromeric assembly in the ER are coordinated is an unresolved question.
Contrasting with obligatory heteromers are ion channels that can form
homomeric assemblies under certain conditions but predominantly exist as
heteromers. Examples are members of the Cys-loop family (GABAA receptors9
and brain nAchRs7), certain cation channels (including potassium-, transient
receptor potential-,10 and cyclic-nucleotide gated- [CNG] channels11), and
non-NMDA iGluRs such as the a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA)- and low-affinity kainate receptors (Fig. 13.1A). These
iGluR subtypes heteromerize in most neurons studied (e.g., Refs. 12,13) and
can be referred to as “preferential” heteromers. A balance between homoversus heteromeric assembly routes under certain physiological (and pathological) settings permits further response tuning, which has been highlighted for
AMPA receptors (AMPARs) in a number of reports.14–16
What are the mechanisms underlying assembly preferences? Parameters
likely include (1) availability of a heteromeric partner, which depends upon
expression levels in a given cell type and on the dwell time of a given subunit
in the ER; (2) translation/translocation kinetics across the ER membrane and
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Figure 13.1 Ionotropic glutamate receptor (iGluR) assembly pathways. (A) There are
four iGluR subfamilies: AMPA-, kainate-, NMDA-, and delta receptors. AMPA-, kainate-,
and NMDA- receptor subunits are shown in a phylogenetic tree and divided into those
that form obligatory heteromers that are essential for function (kainate receptor subunits GluK4 and -5, which have high affinity for ligand, and all NMDA receptor subunits)
and those that can form functional homomers but preferentially form heteromers
(kainate receptor subunits GluK1-3, which have low affinity for ligand, and all AMPA
(Continued)
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protein folding rates, a function of topology; this parameter might feature particularly in cases of cotranslational assembly; (3) intersubunit affinity, where
both attractive and repelling forces will be decisive—specific domains orchestrating assembly have been identified in a variety of ion channels (see below);
and (4) lateral diffusion rates within the ER membrane, where subunits
exhibiting higher diffusion coefficients are more likely to encounter heteromeric partners, inserted into the ER membrane at spatially distinct sites.
Of relevance is a recent study utilizing fluorescence recovery after photobleaching measurements,17 which revealed unexpectedly rapid diffusion of
ER-retained AMPAR subunits, which closely mimicked an ER-retained version of vesicular stomatitis virus protein G that freely diffuses in the ER membrane. This relatively rapid diffusion seems surprising, given that the large
extracellular portion of the receptor faces the crowded environment of the
ER lumen, where it is expected to interact with a network of ER-resident
chaperones18 (but see Ref. 19).
The outcome of ER biogenesis is stoichiometry and spatial arrangement of
receptor subunits, which ultimately impact signal transmission and integration
at the plasma membrane. Whereas assembly pathways are increasingly well
described for some receptor classes, such as the T-cell receptor3 and CNG cation channels,20 assembly rules are elusive for many others. Here, we discuss
these principles for neuronal iGluRs, where a spectrum of sophisticated
assembly rules is emerging.21–24 iGluR biogenesis underlies signal transmission properties at synapses in health and disease and hence matters a great deal
for information processing in neuronal networks. Altered subunit stoichiometries are associated with various diseases, which have been covered in a
number of recent reviews.16,24–27

receptor subunits). Delta receptors are not shown as little is known about their assembly. (B) iGluRs are composed of three main domains that are involved in assembly: a
channel-forming transmembrane domain (TMD) and two extracellular clamshells, the
membrane-proximal ligand-binding domain (LBD), and the distal N-terminal domain
(NTD). Preferential subunits initially form homodimers mediated by NTD contacts. These
dimers then assemble into tetramers via weaker trans-dimerization of the LBD and
tetramerization of the TMD. This is accompanied by reequilibration of interfaces to produce functional heterotetramers, which are likely to contain NTD heterodimers. Obligatory subunits follow a different assembly path (shown below), where some subunits
cannot form homodimers but rather invade a homodimer scaffold individually to produce the final heterotetramer. The final tetramer structure shown is a schematic representation of the nearly intact GluA2 structure (PDB 3KG2).
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2. IONOTROPIC GLUTAMATE RECEPTORS MEDIATE
EXCITATORY NEUROTRANSMISSION
L-Glutamate is a signaling currency abundantly used throughout the
central- and the peripheral nervous systems, where it activates two receptor
systems16: G-protein-coupled metabotropic glutamate receptors (mGluRs)
and ionotropic cation channels (iGluRs). mGluRs mediate modulatory activity at a relatively slow time scale (0.5–1 s),28 for example, through shaping
transmitter release kinetics and activating ion channels via secondary messengers. iGluRs are responsible for the majority of fast excitatory signal transmission across chemical synapses. Presynaptically released glutamate serves as a
ligand to activate (mostly) postsynaptic iGluRs; the resulting cation flux
through the channel pore locally depolarizes the postsynaptic neuron.
Neuronal dendrites are studded with small protrusions, dendritic spines (tens
of thousands/cell), which serve as postsynaptic signaling compartments in
most principal neurons. Summation of multiple inputs sufficient to depolarize
the postsynaptic cell will trigger an action potential and in turn transmit information. iGluRs are divided into four subfamilies: the AMPA-, kainate-,
NMDA-, and delta receptors, all of which fulfill unique roles in neuronal
communication.16,29 In addition to forming core channel tetramers, iGluRs,
in particular the non-NMDA subtypes, are associated with an increasing list of
auxiliary cofactors,30–34 in analogy to their distant relatives, the Kþ channels.35
Subunit stoichiometry is decisive in shaping gating kinetics, ion permeability,
and responsiveness to an array of small-molecule channel modulators. This
wide functional spectrum is extended further by different types of auxiliary
subunits,33,34,36–39 and ultimately orchestrates synapse-selective neuronal
communications that underlie higher-order cognitive processes.
Here, we will contrast subunit assembly between preferential and obligatory iGluRs, discuss the roles of individual receptor domains in the assembly process, highlight the role of the N-terminal domain (NTD) and ion
channel sector in detail, and touch upon parallels between iGluRs and
the biogenesis of related receptor oligomers.

3. GLUTAMATE-GATED ION CHANNELS ASSEMBLE
INTO TETRAMERS
iGluRs assemble into the core tetramer in two steps: subunits first
dimerize, which is followed by the assembly of two dimers into tetramers,40
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analogous to Kþ channels.41 At what stage cofactors join the channel core
has not been established firmly, although current evidence suggests that the
tetramer serves as the platform for cofactor association.42,43 iGluRs are modulatory polypeptides and are composed of discrete domains (Figs. 13.1B
and 13.4A), which play distinct roles during assembly. The extracellular
portion is composed of two globular folds: the distal NTD (Fig. 13.2A)
and the membrane-proximal ligand-binding domain (LBD; which binds
L-glutamate). The LBD is fused to the membrane-embedded ion channel
(Fig. 13.4A) and extends a C-terminus into the cytoplasm. This carboxyterminal domain varies in size and encompasses 50–80 residues in AMPARs
but is up to 10 times longer in NMDAR GluN2 subunits. The tetrameric
nature of iGluRs has been revealed at multiple levels including electrophysiology,44 biochemistry,43,45 structural elucidation of isolated domains,21,46
single-particle reconstruction,47,48 and single-particle counting,49 and has
been concluded more recently with the crystal structure of a complete
AMPAR homotetramer.50 Below we discuss the role of individual domains
in the assembly process.

4. THE iGluR ASSEMBLY PATHWAY
4.1. Initiating subunit assembly: The NTD
In stark contrast to the LBD and the channel core, NTDs are sequence
diverse between and within subfamilies (e.g., the sequence identity
between AMPAR NTD paralogs is 55%). Lagging 10 years behind
the LBD,51 crystal structures of the NTD have only been solved recently
(reviewed in Ref. 21). This domain encompasses 50% of a subunit
polypeptide and contributes a large symmetrical interface for dimer formation, which initiates receptor biogenesis. As reviewed 5 years ago, the
NTD is the first segment to face the unique chemical environment of the
ER lumen and may engage nascent “sister” polypeptides, emerging from
the same polyribosome, as early as during chain translocation.52 This scenario is particularly likely for the AMPA-type receptor, which forms
high-affinity NTD homodimers in the submicromolar range.53,54
Homomeric NTD contacts are weaker in kainate receptors (KARs)21
and appear to be absent in NMDAR NTDs.55 Hence, a relationship
between obligatory (NMDAR) versus preferential (AMPAR) assemblies
(Fig. 13.1A) and NTD interface strength is apparent. Below we provide a
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brief description of the physicochemical features of this strategic interface,
for which a series of high-resolution structures across the main subfamilies
is now available.
4.1.1 The NTD dimer interface in “preferential” versus “obligatory”
assemblies
iGluR NTDs belong to the Type-1 periplasmic-binding protein (PBP)
superfamily, which is characterized by two lobes separated by a deep cleft
(Figs. 13.1B and 13.2A).56 In non-NMDARs, both lobes contribute to
an extensive dimer interface (1500 Å2) (Fig. 13.2A and B).53,57–61 In
AMPARs, the upper lobe (UL) interface is the most highly conserved part
of the NTD and is composed primarily of two helices (Β and C in GluA2)
and a loop of 20 residues, which wedges into the interface where it is
anchored by intramolecular disulfide bridges (Fig. 13.2A and B). The length
of this loop differs between iGuR subtypes and is most likely a key assembly
determinant.58 Contact residues as well as UL interface strength are mostly
conserved across the four AMPAR paralogs. Interface strength can be quantified and expressed as “local density index,” which summarizes interfacing
atom contacts and their density.62,63 The LD metric is shown for iGluR
NTD homo- and heterodimers in Fig. 13.3. The lower lobe (LL) interface
is generally looser (i.e., has a lower LD value), is less well conserved, and
features a greater solvent content (see Ref. 61 for a comparison of all
AMPAR NTDs). It is composed mostly of a helix (E in GluA2) and a strand
(7 in GluA2) as well as the loops connected to them (Fig. 13.2B). Variable LL
contacts likely underlie the wide spectrum of homodimer affinities (ranging
from low nanomolar to low micromolar) between AMPAR NTDs53,54 and
may play a role in reequilibrating initial NTD homodimers into heteromers
during tetramer formation (Fig. 13.1; “preferential pathway”) (see below).
Heterodimeric NTDs form with greater affinity in solution,53 which is
particularly evident when comparing the GluA2/1 and the GluA2/3
heterodimers with the GluA1/1 and GluA3/3 homodimers. Accordingly,
AMPAR heterotetramers would be composed of heterodimeric NTD
assemblies as has been described for NMDARs55,65,66 and for KARs.64 In
KARs, the preferential heterodimerization of isolated NTDs is substantially
more pronounced than in AMPARs.53,64
In GluK1-3 KARs, which like AMPARs belong to the “preferential”
heteromers (Fig. 13.1A), interface stability seems to be distributed more
equally between the UL and LL interfaces,59,64 resulting in almost equal
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Figure 13.2 Features of the N-terminal domain dimer interface. The NTD has a clamshell structure with two lobes (UL and LL) separated by a deep cleft that is involved
in ligand binding in related periplasmic-binding proteins. iGluR family members can
be grouped by their heteromerization properties as preferential or obligatory subunits, and NTD dimerization is an early step in iGluR tetramer assembly that is an
important determinant of this. An example, NTD dimer is shown for a subunit at each
extreme. (A and B) The AMPA receptor subunit GluA2 is capable of forming functional homodimers at the level of the whole receptor and at the level of isolated
NTDs (Kd 1.8 nM). (A) GluA2 NTD homodimers (e.g., PDB structure 3H5V shown here)
form tight interfaces at both UL and LL. (B) The dimer is opened up and the blue
subunit is rotated 90 to highlight the key interface elements. The UL interface is
primarily formed by two helices (blue) and a loop at the top (black), which is
anchored in place by intramolecular disulfide bridges (sandy colored sulfurs). Kainate
receptor UL interfaces also involve a loop at the side (colored in green even though it
is shorter in AMPA receptors and is not involved in the interface). The LL interface is
primarily formed by a helix and a strand (red). (C and D) NMDA receptors are obligatory heteromers requiring two GluN1 subunits and two GluN2 or GluN3 subunits.
Even heterodimeric interactions of NMDA receptor NTDs are weak (Kd 1 mM), so
a ligand (ifenprodil, yellow) had to be used to help crystallize the GluN1/GluN2B
heterodimer shown here (PDB 3QEL). (C) The dimer interface is rather different
involving only the UL of GluN1 but both lobes of GluN2B. (D) The interface is broken
open and rotated again to show the key elements (colored as in B). There is also an
extra helix from GluN1 involved in the interface (colored orange). Both subunits are
shown as the interface is asymmetric.
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LD values for the UL and LLs (Fig. 13.3A vs. C). Similarly, conservation
values between the two interface patches are comparable, contrasting with
AMPARs. Another key difference between the non-NMDAR NTDs is a
longer side loop in the UL of KARs (green in Fig. 13.2B), which forms
specific contacts (mostly with the LL) in KAR NTD dimers. GluK2
homodimers associate in the mid-nanomolar range (350 nM),64 well above
GluA2 and GluA4 (both below 10 nM) and GluA1 (100 nM)53 and
assemble with the obligatory GluK4 and -5 into heterodimers of higher
affinity (77 nM).64 The obligatory KAR subunits (GluK4, 5)
(Fig. 13.1A), however, associate relatively weakly (400 mM for GluK5)
and are not expected to form in vivo. Structures of the GluK2 and GluK5
NTD homodimers and the GluK2/5 heterodimer were solved recently,
facilitating a comparison of interface rearrangements between homoand heterodimer (Fig. 13.3C–F).64 In addition to changes of core interface
residues, new contacts were mediated by the large top loop and via a drastic
rearrangement of a loop segment at the bottom of the LL. In addition, side
loop interactions are different in GluK2/GluK5 versus the GluK2 homodimer.64 In the GluK5 homodimer, the UL has rotated away from the
twofold axis of symmetry, disrupting the UL interface core in two independent structures.59 Similar to GluK5 homomers, a UL rearrangement
is seen for a particular dimer form of GluA3 (PDB: 3O21, chains AB),63
the weakest AMPAR NTD homodimer.53 The relevance of this configuration, if any, is currently not known.
In NMDARs, true obligatory heteromers (Fig. 13.1A), NTD LL contacts
are mostly absent (Figs. 13.2C and D and 13.3G–I) and homomeric assemblies
are too weak to be assessed accurately by analytical ultracentrifugation techniques.55 As a result, heteromers almost exclusively form via UL–UL contacts
and are significantly weaker than their non-NMDAR counterparts (1 mM
for GluN1/2B). Structures of a GluN1 homodimer, a GluN2B monomer,
and a GluN1/N2B NTD heterodimer are currently available. The arrangement of the NMDA homo- and heterodimeric NTDs is vastly different.55,65
In both cases, interfaces observed in these structures have been probed (and
confirmed) via disulfide cross-linking in the context of the complete receptor.
To what extent sequence-specific contacts, mediated by the GluN2B upperand lower lobes, the presence of GluN2B ligand, which contributes additional
interface contacts (Fig. 13.2D), and differences in crystal packing contributed
to this diverse arrangement is open at present.
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Figure 13.3 N-terminal domain dimer interfaces in ionotropic glutamate receptors.
Representative structures are shown for homodimers of preferential subunits (blue
background), homodimers of obligatory subunits (orange background), and
heterodimers of obligatory subunits (white background). Atoms in one protomer within
4.5 Å of the other protomer are indicated as spheres colored by the number of contacts
from blue (1) to red (7). Also shown is the local density index (LD)62 for the upper and
lower lobes (UL and LL) of the clamshell using a distance cut-off of 12 Å. This is a measure of interface strength. LDs are averaged over all similar structures of a given dimer.
Differences between LD values here and those published previously61,63 for GluA2 and
GluA3 may be due to differences in lobe definition and which structures were analyzed.
Key elements are highlighted as in Fig. 13.2: core UL interface, blue; top loop, black; side
loop, green; LL interface, red; additional NMDA receptor helix, orange. (A–C) Preferential
subunits GluA2, GluA3, and GluK2 show differences in interface strength LD at the upper
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4.1.2 Related interfaces in different receptor families
NTD-like Type-1 PBPs exist in prokaryotes where they are mostly monomeric56 as well as in a variety of other receptor families such as the group
C GPCRs67 and in the natriuretic peptide receptors.68 It is plausible that
some ancestral Type-1 PBP gained a weak dimerization function and that
evolution of more specific interactions followed. The dimer interface still
remains quite weak at least in some of these receptors allowing movements
such as those thought to be involved in signaling in group C GPCRs69 and
natriuretic peptide receptors68 as well as allosteric modulation in NMDARs.
These interfaces can be modulated by ligands triggering allosteric signaling,55,68,70 the mechanism of which differs between these receptor families.
In the natriuretic peptide receptor, circular peptide ligands bind within the
LL dimer interface, which results in interface tightening and triggers opening of the clamshell cleft.68 A related scenario might take place in NMDARs
in response to spermine binding.70 In group C GPCRs, ligand binding to
the cleft induces cleft closure and results in substantial rearrangements of
the dimer interface.69
In mGluRs and GABAB receptors (GBRs), both class C GPCRs, the
NTD-like ligand-binding cores form similar dimers to those found in
NMDARs with only the ULs involved in the dimer interface.6,69 The
dimerization abilities of GBR NTDs are analogous to that of NMDAR
NTDs with GBR1 being capable of forming homodimers but GBR2 only
and lower lobes, which correlate with their differences in affinity. (A) Isolated NTDs from
AMPA receptor subunit GluA2 form strong homodimers (Kd 1 nM53; representative
PDB structure 3H5V58), which have a high LD for the UL and a fairly high LL LD. (B) Isolated NTDs from AMPA receptor subunit GluA3 form much weaker homodimers
(Kd 1 mM53; PDB 3O2163 dimer CD), which have a similar UL LD to GluA2 but a much
lower LL LD. (C) Isolated NTDs from kainate receptor subunit GluK2 form homodimers of
intermediate strength (Kd 350 nM64; PDB 3H6H60), which have intermediate LD values
at both lobes. (D and E) Dimers formed by isolated NTDs from kainate receptor subunit
GluK5, which forms obligate heterodimers, have a similar structure to preferential
homodimers. (D) GluK5 NTD homodimers (Kd 400 mM; PDB 3OM1)64 have disrupted
upper lobe interfaces (lower LD). (E) This is recovered in GluK2/GluK5 NTD heterodimers
(PDB 3QLU)64 and the Kd goes down to 10 nM.64 (F and G) NTD dimers formed by
NMDA receptor subunit GluN1 also show differences between homodimerization
and heterodimerization. (F) The homodimer formed by the GluN1 N-terminal domain
(PDB 3Q41)65 is so weak that it cannot be measured in solution and only involves
the upper lobe. (G) The GluN1/GluN2B N-terminal domain heterodimer (PDB 3QEL)55
is stronger (Kd 1 nM),55 which is probably due to involvement of the lower lobe from
GluN2B interacting with the side loop of GluN1 as well as the presence of the ligand
ifenprodil.
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being detected as a monomer.6 mGluRs on the other hand form mostly
homodimers, which are linked by intermolecular disulfide bonds,69
although heterodimeric mGluRs have been reported.71
In further analogy to NMDARs, GBRs are obligatory heteromers with
functional divergence between the subunits: the GBR1 subunit is involved
in ligand recognition and the GBR2 subunit activates G proteins and modulates ligand binding to GBR1; no ligand binding to GBR2 has been identified to date. In NMDARs and in high-affinity KARs, subunits with
different ligand specificities combine into obligatory heteromers with a
spectrum of pharmacological and functional variability.72–75 These examples
emphasize why heteromers matter.

4.2. Tetramerization of iGluRs: The LBD sector
In a second assembly step, dimers associate into tetramers, which result in the
formation of new interfaces and potentially in the rearrangement of existing
ones (Fig. 13.1B). Upon tetramerization, the ion conduction pore forms,
and as suggested by the AMPAR GluA2 homotetramer (GluA2cryst; PDB
3KG2), the LBDs associate into twofold related interdimer assemblies50
(Fig. 13.1B, “preferential” assembly pathway). This interaction requires a
separation of the LBDs at the level of the dimer (Fig. 13.4A), which is
observed also in AMPAR structures determined by EM reconstruction.43
In addition, new and comparatively small interfaces between NTD- and
LBD-dimers form in the tetramer (NTD tetramer interface 300 Å2 vs.
NTD dimer interface 1500 Å2; LBD tetramer interface 150 Å2 vs.
LBD dimer interface 900 Å2).
The domain swapping or crossover of the LBD sector in the GluA2cryst
structure came as a surprise (Fig. 13.4A); the resulting “trans-dimer” arrangement has been supported via disulfide cross-linking of interfaces in both
AMPARs and KARs.50,76 Forcing tight LBD associations at the level
of the dimer interferes with tetramerization43 (but see Refs. 77,78) and
secretory onward traffic.43,77 Hence, formation of the LBD dimer interfaces
upon tetramerization appears to be an intermediate step during biogenesis.
In AMPARs, these LBD interface contacts can be altered as a result of
mRNA processing events, alternative splicing, and RNA editing, which target the LBD dimer interface.79 These naturally occurring alterations impact
subunit assembly by altering subunit ER dwell time (reviewed in Ref. 23),
which conceivably targets this dimer-to-tetramer transition. Currently,
there is no evidence for changes in interface affinity as a result of LBD alternative splicing and editing. Nevertheless, these processes ultimately shape
gating kinetics and thus facilitate conformational changes in the LBD layer,
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which may be sensed during ER quality control. The possibility that glutamate binding to ER-localized iGluRs could act as a chemical chaperone
triggering conformational changes in the ER has been proposed.29,78,80–84
More recent data suggest that RNA processing in the LBD responds to neuronal activity, which requires Ca2þ signaling.85,86 This mRNA-based regulation thus permits remodeling of AMPAR composition in response to
changing inputs, providing homeostatic regulation of excitatory signaling
at the level of AMPAR subunit assembly.85,87 In addition to these alterations
of the LBD dimer interface in “cis,” binding of allosterically active ions in
“trans” can modulate LBD dimer strength88–90; whether this impacts on
assembly is currently not known. Another editing site (the Q/R site) locates
to the channel pore of the GluA2 subunit, where it destabilizes GluA2
homotetramers and by disfavoring the assembly of edited GluA2 homotetramers increases the dwell time of GluA2 dimers45 (see below).

4.3. Subunit reequilibration
Based on their synthesis on polyribosomes, and hence a local concentration of
multiple copies of a given subunit, and on their relatively tight NTD associations (in particular, in the case of AMPAR subunits), homodimeric iGluR
assembly intermediates seem likely. Homodimers have been detected by various means, such as on glycerol gradients, on native PAGE, and by SDS-PAGE
for AMPARs, KARs, and for the NR1 subunit of the NMDAR.45,66,91 As
there is evidence for the presence of heterodimers in the receptor tetramer
(e.g., Refs. 50,70,92–94), homodimers would have to “reequilibrate” upon
tetramerization (Fig. 13.1 “preferential assembly”). Alternatively, subunits that
poorly homodimerize such as the high-affinity KAR GluK4, 5 subunits or the
glutamate-binding GluN2A and GluN2B subunits may induce reassembly by
“invading” more stable homodimers (Fig. 13.1 “obligatory assembly”). The
latter has been suggested recently for the NMDAR, where the existence of
GluN1 homodimers has been described and where the GluN1 homodimer
serves as a scaffold for the formation of tetramers composed of GluN1/2
heterodimers.65 In either scenario, reequilibration will require the “unzipping”
and reassembly of interfaces. In AMPARs, the NTD dimer interface extends
across both lobes of the clamshell and is tight; nevertheless, isolated NTDs preferentially assemble into heterodimers.53 In this iGluR, subclass reequilibration
would occur during tetramerization and may involve unzipping of the NTD
dimer, which could initiate in the weaker LL interface and proceed toward the
ULs (Fig. 13.1B; intermediate in the “preferential” pathway). Evidence for
this unzipping of NTD dimers comes from full-atom molecular dynamics
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simulations, where an initial rupture of the GluA3 LLs propels toward the UL
interface.61 Moreover, ring-like NTD tetramers have been observed in singleparticle EM analysis and may represent an intermediate of this process.48
Clearly, a crystal structure of an AMPAR heteromeric receptor and of
NTD heteromers is required to understand this reequilibration and spatial
organization better.

4.4. Tetramerization of iGluR: The transmembrane domain
The transmembrane domain (TMD) of iGluRs plays a central role in both
dimerization and oligomerization processes.40 Like the NTD, the TMD
forms dimers at early stages of receptor biogenesis, as demonstrated by the
structure of GluA2 intermediates obtained by electron microscopy,43
although the nature of helical packing of the dimeric TMD sector is currently elusive and is expected to be loose. Similarly, the topology of the
reentrant loops is likely to be different in dimers; loop equilibration into lipid
may only occur upon tetrameric assembly of the TMD. As iGluR subunits
lacking the NTD can assemble into functional receptors,95 TMDs alone or
both TMDs and LBDs are sufficient for tetramerization. GluA2cryst provided
a unique view of the extensive interfaces that are formed within the TMD
subunits. Despite its homomeric nature, the structure revealed two distinct
conformations for the four subunits, A/C and B/D, along the entire subunit
axis, particularly in the LBD-linker/gate region, which will have functional
consequences (Fig. 13.4A). Hence, diverse studies addressed whether different subunits occupy different positions in obligatory heterotetramers.94,96
How homodimeric intermediates reequilibrate into heterotetramers is
therefore of particular interest. Below, we summarize key features of the
TMD as seen in the crystal structure of the antagonist-bound GluA2cryst.50
The TMD of iGluR subunits is composed of three membrane-spanning
a-helices (M1, M3, and M4) and a membrane-reentrant pore loop (M2)
(Fig. 13.4B–D). Although the M2 segment was initially identified as a transmembrane helix and thus iGluR channels were thought to form pentameric
ligand-gated ion channels like GABAA or acetylcholine receptors, the identification of three rather than four membrane-spanning helices and the
discovery of prokaryotic GluR0 channels, which share similarities with potassium channels and iGluRs,97 suggested a remote structural homology with
potassium channels.98,99 GluA2cryst confirmed a common architecture of
the TMD with an inverted potassium channel, with M1, M3, and M2 segments resembling the M1, M2, and P-loop of prokaryotic KscA channels100
and the S5, S6, and P-loop of the Shaker voltage-gated potassium channels.101
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Figure 13.4 Organization of the transmembrane domain plus assembly determinants.
(A) GluA2cryst (PDB 3KG2) is composed of two extracellular modules (NTD and LBD)
and a TMD. Although it is homotetrameric, it presents two distinct conformations
for subunits A/C (colored blue) and subunits B/D (colored orange). (B and C) The TMD of
(Continued)
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The TMD adopts a fourfold rotational symmetry (Fig. 13.4C), in contrast to the twofold symmetry observed in the extracellular domains
(Fig. 13.4A).50 The four M3 helices, which likely form the gate, line the
inner core of the channel and form a narrow constriction in the extracellular
vestibule (Fig. 13.4B), closing the ion permeation pathway as a consequence
of antagonist binding in the LBD. The external part of the channel is composed of the M1 and M4 helices; the latter is absent in potassium channels
and bacterial iGluR homologs. It is noteworthy that packing of the TMD
helices leaves some gaps between the membrane and the central cavity of the
channel. As noted by Sobolevsky et al., 50 these cavities could be occupied by
residues from other auxiliary subunits, such as transmembrane AMPA regulatory proteins (TARPs) and cornichons, which are able to modulate ion
channel properties.32,36,37 The fourfold symmetry of the TMD is disrupted
in the C-terminus of M3 helices, a region that constitutes the transition
between the fourfold symmetry of the channel pore and the twofold symmetry of the extracellular region. Thus, A/C subunits contain an additional
turn in their M3 C-terminus, with residue Met629 pointing toward the pore
and closing the ion permeation pathway in A/C subunits and being more
than 30 Å apart in B/D subunits.50 Below this residue, the M3 helix contains
the SYTANLAAF motif, which spans the gate and which is highly
GluA2cryst shows a fourfold rotational symmetry around the channel pore. Each subunit
contains three membrane-spanning helices (M1, M3, and M4) and a reentrant loop (M2).
The M3 helix forms the inner part of the channel and contains the SYTANLAAF
motif. The other elements form the external part. Yellow spheres in (C) represent
Gln607, which is subject to RNA editing in AMPA and kainate receptors. (D) The TMD
of iGluRs shares structural similarity with potassium channels. The M2 reentrant loop
is similar to the P-loop of potassium channels, which constitute their selectivity filter.
In the KscA crystal structure (PDB 1BL8, colored green and transparent), three Kþ ions
and a water molecule line the pore of the channel. In GluA2cryst, the residues constituting the inner pore are disordered. The interaction of the four subunits through these
residues should form an additional interface similar to the one observed in the KscA
ion channel (indicated by M2-M2 arrows). The Q/R site, located at the apex of the loop
in GluA2cryst (yellow spheres), determines Ca2þ permeability and heteromerization in
AMPA receptors. The presence of the edited Arg at this position retains the receptor
in the ER and favors heteromerization with unedited subunits. (E) The four subunits
of GluA2cryst establish extensive interactions through the TMD, with a total buried
surface of 11,500 Å2. M1 and M3 helices of one subunit (colored orange) interact with
M4 of the adjacent clockwise subunit (colored blue; M4-M1 and M4-M3 arrows). Additional interactions between the C-terminus of the M3 segments are observed in adjacent (M3-M3) and nonadjacent subunits (M3-M3-AC). This latter interaction may only
occur in the antagonist-bound (closed) state in subunits (A) and (C).
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conserved across the iGluR family.102 The existence of two distinct conformations in the C-terminus of M3 helices (which continue in the M3-S2
linker) is also relevant for obligatory NMDAR heteromers, where each isoform (GluN1 or GluN2) could adopt the same (A/C or B/D) or different
conformations, resulting in N1/N1/N2/N2 or N1/N2/N1/N2 arrangements at the TMD level (Fig. 13.4A). Support for the latter model with
alternating subunits was provided recently using cross-linking of Cys
mutants of residues located in the TMD region, which also indicated that
GluN1 subunits always adopt the “inner” A/C conformation whereas
GluN2 subunits adopt the distal B/D positions.94,96 Related questions have
been raised for the obligatory GluK2/K5 heteromer, where the GluK2 subunits occupied the B/D positions placing the GluK5 LBDs in proximity
analogous to GluN1.64 For AMPAR heteromers, it remains to be determined whether particular subunits preferentially occupy a given position
or whether both conformations (A/C vs. B/D) can be accessed with equal
occupancy (Fig. 13.4A). It is worth pointing out that although an alternate
arrangement has been suggested for GluA1/GluA2 AMPAR heteromers,93
subunit stoichiometry and the number of GluA2 subunits within a tetramer
have not been clarified.103 This is an important problem as GluA2 abundance has a key impact on AMPAR properties (e.g., Ref. 104); in neurons
expressing low levels of this subunit, channels with less than two GluA2 subunits may exist.

4.4.1 Assembly determinants in the TMD
The M2 segment is disordered in the crystal structure and lacks information
for the residues that form the selectivity filter of potassium channels. The first
part of M2 forms an a-helix that is oriented toward the central cavity of the
ion channel. The short loop descending from this helix contains Gln607 at
its apex (Fig. 13.4D). This site is subject to RNA editing from glutamine to
arginine (Q/R) in AMPA and KA receptors,105,106 where it determines
Ca2þ permeability, channel blocking by polyamines as well as subunit
tetramerization.13,107–110 In the brain, the vast majority of GluA2 subunits
are edited to Arg (>99%), whereas GluA1, GluA3, and GluA4 isoforms are
unedited.79 In GluK1 and GluK2, editing at this site is region specific and
does not exceed 90% in GluK2.111 Heteromeric AMPARs containing
the edited GluA2 are selective for monovalent ions, whereas receptors
lacking this subunit are Ca2þ permeable. The effect of the Q/R site on
assembly is believed to occur at the dimer-to-tetramer transition, where
approximation of two edited GluA2-Arg607 homodimers would result in
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charge repulsion, resulting in suboptimal packing within the TMD sector.45
These channels can form but are substantially less stable than the unedited
GluA2-Gln607 variety and are not expected to assemble in the presence
of Gln607-containing subunit partners (i.e., GluA1, 3, 4), inclusion of
which would be energetically more favorable. ER-retained GluA2 assembly
intermediates are stable and their concentration in the ER is higher
compared to GluA1,108 the resulting availability of GluA2 for assembly
can explain why the majority of AMPARs in the brain are GluA2
containing. Q/R-unedited GluA2 homotetramerizes and integrates into
synapses more efficiently than GluA2-lacking AMPARs.45,112 Underediting
at this site and the resulting overload of Ca2þ-permeable AMPARs are
associated with excitoxicity.113 Of note, charged residues in transmembrane
segments play an orchestrating role in the assembly of the T-cell receptor.4
The other TMD helices mediate extensive intersubunit contacts
(Fig. 13.4E), with a total buried surface in the TMD of 11,500 Å2. Viewing
the pore from the extracellular side of the membrane, the M1 and M3 helices
of one subunit interact clockwise with the M4 helix from a neighboring subunit, forming a large interface of 1400 Å2 (Fig. 13.4C). In GluA2, residues
789–817 from the M4 helix form an interfacing surface with helices M1 and
M3 from the adjacent subunit, suggesting a role in the stabilization of tetramers (Fig. 13.4B, C, E). In fact, a recent study demonstrated that the interaction of M4 with the adjacent subunits is necessary for AMPAR surface
expression, supporting the role of this segment in the biogenesis of functional receptors and oligomerization.114 Sequence identity in M4 among
AMPAR isoforms is very high, with only a few substitutions of residues
not located in the interface so it is not very likely that this M4 interaction
would determine subunit specificity. In the case of NMDARs, with a lower
similarity between subunits, M4 has also been shown to be critical for the
surface expression of the receptor, where a single residue in the GluN1 subunit determines surface expression.115 However, the role of the M4 subunit
in NMDAR tetramerization remains unclear, and some studies suggest that
the interaction of M4 in GluN1 with the M3 segment of GluN2 and GluN3
subunits would be negating the ER retention signals located at the M3
segment, rather than determining subunit specificity.

4.4.2 Molecular determinants of heteromerization in related tetrameric
ion channels
Voltage-gated potassium channels and CNG ion channels are tetramers that
share a common topology in the TMD, consisting of six membrane-
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spanning helices, S1–S6, and a membrane-reentrant loop. S1–S4 segments
are the putative voltage sensors, whereas S5–S6 and the pore loop form the
pore region, which presents a common architecture with the TMD of
iGluRs (see earlier). CNG and potassium channels can form heteromeric
receptors; the precise subunit composition and the molecular mechanisms
that determine receptor heteromerization have been extensively investigated for both ion channel families.116,117
In Shaker-related potassium channels, a cytoplasmic N-terminal T1
domain (first tetramerization domain) promotes the interaction of members
of the same subfamily and prevents the interaction of members of different
subfamilies.118,119 The presence of a T1 domain is not strictly required for
channel tetramerization, as subunits without a T1 domain could also associate
into functional tetramers via the TMD, although less efficiently.120 In Kv7
potassium channels, a C-terminal domain helix forms a tetrameric coiled-coil
domain that mediates assembly and specificity.121 However, in the Kv7.2
subunit, which also contains this C-terminus domain, the pore region of
the TMD is the key determinant of channel assembly and surface expression,
similar to the Q/R site in AMPARs.122 Kv7.2 channels are retained in the ER
and require the expression of the Kv7.3 subunit to be trafficked to the plasma
membrane, and a single mutation in the pore of Kv7.2 restores surface trafficking.122 Interestingly, Kv7.2/Kv7.3 subunits form heteromers with random stoichiometries and arrangements.123 In EAG potassium channels, a
C-terminal assembly domain was initially implicated in the assembly of
a-subunits124 through a tetramerizing coiled-coil domain. However, a
recent study demonstrated that the S6 membrane-spanning helix and the
proximal C-terminus are in fact the main assembly determinants.125
CNG channels are composed of CNGA and CNGB subunits, both contributing to the formation of the pore. These receptors resemble the KAR
subclass in their heteromerization propensities—CNGA subunits 1–3 can
form functional homomers when expressed alone in heterologous systems
but preferentially form heteromers, while CNGB subunits cannot form
functional homomers and form obligatory heteromers with CNGA subunits.
Stoichiometry and subunit composition differ between the CNG channels
from olfactory receptors, rod photoreceptors, and cone receptors,11,126,127
affecting diverse parameters including Ca2þ permeability, nucleotide specificity, and modulation by Ca2þ/calmodulin. In rod receptors, which are
composed of three CNGA subunits and one CNGB subunit, two mechanisms configure the stoichiometry of the receptor. First, a carboxy-terminal
leucine zipper (CLZ) located in CNGA subunits promotes trimerization of
CNGA subunits through a parallel three-helix coiled coil. Second, the high
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affinity between CNGA and CNGB subunits ensures that, if the latter subunit is present, CNGB is incorporated into the channel.20
In summary, the assembly of CNG and Kþ channels is governed by
diverse molecular mechanisms, including the oligomerization of specific
domains located at the N- and C-termini as well as interactions via the
TMDs. Most likely more than one mechanism will contribute to assembly
of a given channel, as demonstrated by the fact that both T1 domains and
CLZ domains can be deleted and functional receptors still form.

5. CONCLUSION
Precise heteromeric assembly is essential for fine-tuning of oligomer
function. We have illustrated the principles of heteromeric assembly using
neuronal iGluRs as an example. These receptors form tetrameric ion channels, which mediate fast excitatory synaptic transmission and various forms
of synaptic plasticity. The four iGluR subtypes (AMPA-, kainate-, NMDA-,
and delta receptors) coassemble only within a subfamily. We have outlined
the determinants of subtype-specific heteromeric assembly, which can be
either preferential or obligatory, and are encoded in each of the three
domains of iGluRs. Residue differences between iGluR subunits as a result
of gene differences and cotranscriptional RNA processing fine-tune the relative affinities of different subunit combinations and spatial arrangements.
These affinity differences together with relative subunit abundances in the
ER where iGluRs are assembled in different brain regions lead to specific
receptor populations, which can respond differently to synaptic inputs. This
is further modulated by a large number of auxiliary subunits such as TARPs
and cornichons for AMPARs, ultimately giving rise to the rich repertoire of
postsynaptic response properties in diverse neuronal circuitries.

ACKNOWLEDGMENTS
We would like to thank Ondrej Cais, Andrew Penn, Madhav Sukumaran, Ales Balik, Carol
Deutsch, and Teru Nakagawa for critically reading the manuscript. We would also like to
thank Jo Westmoreland for help with figure design. We acknowledge the Medical
Research Council (MRC) for funding (U105174197 to B. H., J. K., and I. H. G.).

REFERENCES
1. Lynch M. The evolution of multimeric protein assemblages. Mol Biol Evol 2012;29
(5):1353–66.
2. Pereira-Leal JB, Levy ED, Kamp C, Teichmann SA. Evolution of protein complexes
by duplication of homomeric interactions. Genome Biol 2007;8(4):R51.

Ionotropic Glutamate Receptor Assembly

381

3. Call ME, Wucherpfennig KW. Common themes in the assembly and architecture of
activating immune receptors. Nat Rev Immunol 2007;7(11):841–50.
4. Call ME, Pyrdol J, Wucherpfennig KW. Stoichiometry of the T-cell receptor-CD3
complex and key intermediates assembled in the endoplasmic reticulum. EMBO J
2004;23(12):2348–57.
5. Jones KA, Borowsky B, Tamm JA, Craig DA, Durkin MM, Dai M, et al. GABA(B) receptors function as a heteromeric assembly of the subunits GABA(B)R1 and GABA(B)R2.
Nature 1998;396(6712):674–9.
6. Geng Y, Xiong D, Mosyak L, Malito DL, Kniazeff J, Chen Y, et al. Structure and functional interaction of the extracellular domain of human GABA(B) receptor GBR2. Nat
Neurosci 2012;15(7):970–8.
7. Wanamaker CP, Christianson JC, Green WN. Regulation of nicotinic acetylcholine
receptor assembly. Ann N Y Acad Sci 2003;998:66–80.
8. Cull-Candy S, Brickley S, Farrant M. NMDA receptor subunits: diversity, development and disease. Curr Opin Neurobiol 2001;11:327–35.
9. Tsetlin V, Kuzmin D, Kasheverov I. Assembly of nicotinic and other Cys-loop receptors. J Neurochem 2011;116(5):734–41.
10. Wu LJ, Sweet TB, Clapham DE. International Union of Basic and Clinical Pharmacology. LXXVI. Current progress in the mammalian TRP ion channel family.
Pharmacol Rev 2010;62(3):381–404.
11. Zheng J, Zagotta WN. Stoichiometry and assembly of olfactory cyclic nucleotide-gated
channels. Neuron 2004;42(3):411–21.
12. Lu W, Shi Y, Jackson AC, Bjorgan K, During MJ, Sprengel R, et al. Subunit composition of synaptic AMPA receptors revealed by a single-cell genetic approach. Neuron
2009;62(2):254–68.
13. Isaac JT, Ashby M, McBain CJ. The role of the GluR2 subunit in AMPA receptor
function and synaptic plasticity. Neuron 2007;54:859–71.
14. Kauer JA, Malenka RC. Synaptic plasticity and addiction. Nat Rev Neurosci 2007;
8(11):844–58.
15. Sutton MA, Ito HT, Cressy P, Kempf C, Woo JC, Schuman EM. Miniature neurotransmission stabilizes synaptic function via tonic suppression of local dendritic protein
synthesis. Cell 2006;125(4):785–99.
16. Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, Ogden KK, et al. Glutamate receptor ion channels: structure, regulation, and function. Pharmacol Rev 2010;
62(3):405–96.
17. Cui-Wang T, Hanus C, Cui T, Helton T, Bourne J, Watson D, et al. Local zones of
endoplasmic reticulum complexity confine cargo in neuronal dendrites. Cell 2012;
148(1–2):309–21.
18. Ellgaard L, Helenius A. Quality control in the endoplasmic reticulum. Nat Rev Mol Cell
Biol 2003;4:181–91.
19. Nehls S, Snapp EL, Cole NB, Zaal KJ, Kenworthy AK, Roberts TH, et al. Dynamics
and retention of misfolded proteins in native ER membranes. Nat Cell Biol 2000;
2(5):288–95.
20. Shuart NG, Haitin Y, Camp SS, Black KD, Zagotta WN. Molecular mechanism for 3:1
subunit stoichiometry of rod cyclic nucleotide-gated ion channels. Nat Commun
2012;2:457.
21. Kumar J, Mayer ML. Functional insights from glutamate receptor ion channel structures. Annu Rev Physiol 2013;75:313–37.
22. Mayer ML. Structure and mechanism of glutamate receptor ion channel assembly, activation and modulation. Curr Opin Neurobiol 2011;21(2):283–90.
23. Penn AC, Greger IH. Sculpting AMPA receptor formation and function by alternative
RNA processing. RNA Biol 2009;6(5):517–22.

382

Beatriz Herguedas et al.

24. Sukumaran M, Penn AC, Greger IH. AMPA receptor assembly: atomic determinants
and built-in modulators. Adv Exp Med Biol 2012;970:241–64.
25. Cull-Candy S, Kelly L, Farrant M. Regulation of Ca2þ-permeable AMPA receptors:
synaptic plasticity and beyond. Curr Opin Neurobiol 2006;16:288–97.
26. Kwak S, Weiss JH. Calcium-permeable AMPA channels in neurodegenerative disease
and ischemia. Curr Opin Neurobiol 2006;16(3):281–7.
27. Liu SJ, Zukin RS. Ca2þ-permeable AMPA receptors in synaptic plasticity and neuronal
death. Trends Neurosci 2007;30:126–34.
28. Batchelor AM, Knopfel T, Gasparini F, Garthwaite J. Pharmacological characterization
of synaptic transmission through mGluRs in rat cerebellar slices. Neuropharmacology
1997;36(3):401–3.
29. Yuzaki M. New (but old) molecules regulating synapse integrity and plasticity: Cbln1
and the delta2 glutamate receptor. Neuroscience 2009;162(3):633–43.
30. Copits BA, Swanson GT. Dancing partners at the synapse: auxiliary subunits that shape
kainate receptor function. Nat Rev Neurosci 2012;13(10):675–86.
31. Guzman SJ, Jonas P. Beyond TARPs: the growing list of auxiliary AMPAR subunits.
Neuron 2010;66(1):8–10.
32. Jackson AC, Nicoll RA. The expanding social network of ionotropic glutamate receptors: TARPs and other transmembrane auxiliary subunits. Neuron 2011;70(2):178–99.
33. Schwenk J, Harmel N, Brechet A, Zolles G, Berkefeld H, Müller CS, et al. Highresolution proteomics unravel architecture and molecular diversity of native AMPA
receptor complexes. Neuron 2012;74(4):621–33.
34. Shanks NF, Savas JN, Maruo T, Cais O, Hirao A, Oe S, et al. Differences in AMPA and
kainate receptor interactomes facilitate identification of AMPA receptor auxiliary subunit GSG1L. Cell Rep 2012;1(6):590–8.
35. Norris AJ, Foeger NC, Nerbonne JM. Neuronal voltage-gated Kþ (Kv) channels
function in macromolecular complexes. Neurosci Lett 2010;486(2):73–7.
36. Schwenk J, Harmel N, Zolles G, Bildl W, Kulik A, Heimrich B, et al. Functional proteomics identify cornichon proteins as auxiliary subunits of AMPA receptors. Science
2009;323(5919):1313–9.
37. Tomita S, Adesnik H, Sekiguchi M, Zhang W, Wada K, Howe JR, et al. Stargazin
modulates AMPA receptor gating and trafficking by distinct domains. Nature
2005;435(7045):1052–8.
38. von Engelhardt J, Mack V, Sprengel R, Kavenstock N, Li KW, Stern-Bach Y, et al.
CKAMP44: a brain-specific protein attenuating short-term synaptic plasticity in the
dentate gyrus. Science 2010;327(5972):1518–22.
39. Zhang W, Cho Y, Lolis E, Howe JR. Structural and single-channel results indicate that
the rates of ligand binding domain closing and opening directly impact AMPA receptor
gating. J Neurosci 2008;28(4):932–43.
40. Ayalon G, Stern-Bach Y. Functional assembly of AMPA and kainate receptors is mediated by several discrete protein-protein interactions. Neuron 2001;31:103–13.
41. Tu L, Deutsch C. Evidence for dimerization of dimers in Kþ channel assembly. Biophys
J 1999;76(4):2004–17.
42. Nakagawa T. The biochemistry, ultrastructure, and subunit assembly mechanism of
AMPA receptors. Mol Neurobiol 2010;42(3):161–84.
43. Shanks NF, Maruo T, Farina AN, Ellisman MH, Nakagawa T. Contribution of the
global subunit structure and stargazin on the maturation of AMPA receptors.
J Neurosci 2010;30(7):2728–40.
44. Rosenmund C, Stern-Bach Y, Stevens CF. The tetrameric structure of a glutamate
receptor channel. Science 1998;280:1596–9.
45. Greger IH, Khatri L, Kong X, Ziff EB. AMPA receptor tetramerization is mediated by
Q/R editing. Neuron 2003;40:763–74.

Ionotropic Glutamate Receptor Assembly

383

46. Mayer ML. Glutamate receptors at atomic resolution. Nature 2006;440(7083):456–62.
47. Nakagawa T, Cheng Y, Ramm E, Sheng M, Walz T. Structure and different
conformational states of native AMPA receptor complexes. Nature 2005;433
(7025):545–9.
48. Tichelaar W, Safferling M, Keinanen K, Stark H, Madden DR. The three-dimensional
structure of an ionotropic glutamate receptor reveals a dimer-of-dimers assembly. J Mol
Biol 2004;344(2):435–42.
49. Reiner A, Arant RJ, Isacoff EY. Assembly stoichiometry of the GluK2/GluK5 kainate
receptor complex. Cell Rep 2012;1(3):234–40.
50. Sobolevsky AI, Rosconi MP, Gouaux E. X-ray structure, symmetry and mechanism of
an AMPA-subtype glutamate receptor. Nature 2009;462:745–56.
51. Armstrong N, Sun Y, Chen GQ, Gouaux E. Structure of a glutamate-receptor ligandbinding core in complex with kainate. Nature 1998;395:913–7.
52. Greger IH, Ziff EB, Penn AC. Molecular determinants of AMPA receptor subunit
assembly. Trends Neurosci 2007;30:407–16.
53. Rossmann M, Sukumaran M, Penn AC, Veprintsev DB, Babu MM, Greger IH.
Subunit-selective N-terminal domain associations organize the formation of AMPA
receptor heteromers. EMBO J 2011;30:959–71.
54. Zhao H, Berger AJ, Brown PH, Kumar J, Balbo A, May CA, et al. Analysis of highaffinity assembly for AMPA receptor amino-terminal domains. J Gen Physiol 2012;139
(5):371–88.
55. Karakas E, Simorowski N, Furukawa H. Subunit arrangement and phenylethanolamine
binding in GluN1/GluN2B NMDA receptors. Nature 2012;475(7355):249–53.
56. Quiocho FA, Ledvina PS. Atomic structure and specificity of bacterial periplasmic
receptors for active transport and chemotaxis: variation of common themes. Mol
Microbiol 1996;20:17–25.
57. Clayton A, Siebold C, Gilbert RJ, Sutton GC, Harlos K, McIlhinney RA, et al. Crystal
structure of the GluR2 amino-terminal domain provides insights into the architecture
and assembly of ionotropic glutamate receptors. J Mol Biol 2009;392(5):1125–32.
58. Jin R, Singh SK, Gu S, Furukawa H, Sobolevsky AI, Zhou J, et al. Crystal structure and
association behaviour of the GluR2 amino-terminal domain. EMBO J 2009;
28(12):1812–23.
59. Kumar J, Mayer ML. Crystal structures of the glutamate receptor ion channel GluK3
and GluK5 amino-terminal domains. J Mol Biol 2010;404(4):680–96.
60. Kumar J, Schuck P, Jin R, Mayer ML. The N-terminal domain of GluR6-subtype glutamate receptor ion channels. Nat Struct Mol Biol 2009;16(6):631–8.
61. Dutta A, Shrivastava IH, Sukumaran M, Greger IH, Bahar I. Comparative dynamics of
NMDA- and AMPA-glutamate receptor N-terminal domains. Structure 2012;20
(11):1838–49.
62. Bahadur RP, Chakrabarti P, Rodier F, Janin J. A dissection of specific and non-specific
protein-protein interfaces. J Mol Biol 2004;336(4):943–55.
63. Sukumaran M, Rossmann M, Shrivastava I, Dutta A, Bahar I, Greger IH. Dynamics
and allosteric potential of the AMPA receptor N-terminal domain. EMBO J
2011;30(5):972–82.
64. Kumar J, Schuck P, Mayer ML. Structure and assembly mechanism for heteromeric
kainate receptors. Neuron 2011;71(2):319–31.
65. Farina AN, Blain KY, Maruo T, Kwiatkowski W, Choe S, Nakagawa T. Separation of
domain contacts is required for heterotetrameric assembly of functional NMDA receptors. J Neurosci 2011;31(10):3565–79.
66. Atlason PT, Garside ML, Meddows E, Whiting P, McIlhinney RA. N-Methyl-Daspartate (NMDA) receptor subunit NR1 forms the substrate for oligomeric assembly
of the NMDA receptor. J Biol Chem 2007;282(35):25299–307.

384

Beatriz Herguedas et al.

67. Pin JP, Galvez T, Prezeau L. Evolution, structure, and activation mechanism of family
3/C G-protein-coupled receptors. Pharmacol Ther 2003;98(3):325–54.
68. He X, Chow D, Martick MM, Garcia KC. Allosteric activation of a spring-loaded
natriuretic peptide receptor dimer by hormone. Science 2001;293(5535):1657–62.
69. Kunishima N, Shimada Y, Tsuji Y, Sato T, Yamamoto M, Kumasaka T, et al. Structural basis of glutamate recognition by a dimeric metabotropic glutamate receptor.
Nature 2000;407(6807):971–7.
70. Mony L, Zhu S, Carvalho S, Paoletti P. Molecular basis of positive allosteric modulation
of GluN2B NMDA receptors by polyamines. EMBO J 2011;30(15):3134–46.
71. Doumazane E, Scholler P, Zwier JM, Trinquet E, Rondard P, Pin JP. A new approach
to analyze cell surface protein complexes reveals specific heterodimeric metabotropic
glutamate receptors. FASEB J 2011;25(1):66–77.
72. Cui C, Mayer ML. Heteromeric kainate receptors formed by the coassembly of GluR5,
GluR6, and GluR7. J Neurosci 1999;19(19):8281–91.
73. Gielen M, Siegler Retchless B, Mony L, Johnson JW, Paoletti P. Mechanism of differential
control of NMDA receptor activity by NR2 subunits. Nature 2009;459(7247):703–7.
74. Perrais D, Veran J, Mulle C. Gating and permeation of kainate receptors: differences
unveiled. Trends Pharmacol Sci 2010;31(11):516–22.
75. Swanson GT, Green T, Sakai R, Contractor A, Che W, Kamiya H, Heinemann SF.
Differential activation of individual subunits in heteromeric kainate receptors. Neuron
2002;34(4):589–98.
76. Das U, Kumar J, Mayer ML, Plested AJ. Domain organization and function in GluK2
subtype kainate receptors. Proc Natl Acad Sci USA 2010;107(18):8463–8.
77. Greger IH, Akamine P, Khatri L, Ziff EB. Developmentally regulated, combinatorial
RNA processing modulates AMPA receptor biogenesis. Neuron 2006;51:85–97.
78. Penn AC, Williams SR, Greger IH. Gating motions underlie AMPA receptor secretion
from the endoplasmic reticulum. EMBO J 2008;27(22):3056–68.
79. Seeburg PH. The role of RNA editing in controlling glutamate receptor channel properties. J Neurochem 1996;66:1–5.
80. Coleman SK, Moykkynen T, Jouppila A, Koskelainen S, Rivera C, Korpi ER,
Keinänen K. Agonist occupancy is essential for forward trafficking of AMPA receptors.
J Neurosci 2009;29(2):303–12.
81. Gill MB, Vivithanaporn P, Swanson GT. Glutamate binding and conformational flexibility of ligand-binding domains are critical early determinants of efficient kainate
receptor biogenesis. J Biol Chem 2009;284(21):14503–12.
82. Mah SJ, Cornell E, Mitchell NA, Fleck MW. Glutamate receptor trafficking: endoplasmic reticulum quality control involves ligand binding and receptor function. J Neurosci
2005;25(9):2215–25.
83. Kenny AV, Cousins SL, Pinho L, Stephenson FA. The integrity of the glycine
co-agonist binding site of N-methyl-D-aspartate receptors is a functional quality control checkpoint for cell surface delivery. J Biol Chem 2009;284(1):324–33.
84. She K, Ferreira JS, Carvalho AL, Craig AM. Glutamate binding to the GluN2B subunit
controls surface trafficking of N-methyl-D-aspartate (NMDA) receptors. J Biol Chem
2012;287(33):27432–45.
85. Penn AC, Balik A, Wozny C, Cais O, Greger IH. Activity-mediated AMPA receptor
remodeling, driven by alternative splicing in the ligand-binding domain. Neuron
2012;76(3):503–10.
86. Balik A, Penn AC, Nemoda Z, Greger IH. Activity-regulated RNA editing in select
neuronal subfields in hippocampus. Nucleic Acids Res 2013;41(2):1124–34.
87. Salussolia CL, Wollmuth LP. Flip-flopping to the membrane. Neuron 2012;76(3):
463–5.

Ionotropic Glutamate Receptor Assembly

385

88. Chaudhry C, Plested AJ, Schuck P, Mayer ML. Energetics of glutamate receptor ligand
binding domain dimer assembly are modulated by allosteric ions. Proc Natl Acad Sci USA
2009;106(30):12329–34.
89. Hansen KB, Naur P, Kurtkaya NL, Kristensen AS, Gajhede M, Kastrup JS,
Traynelis SF. Modulation of the dimer interface at ionotropic glutamate-like receptor
delta2 by D-serine and extracellular calcium. J Neurosci 2009;29(4):907–17.
90. Plested AJ, Mayer ML. Structure and mechanism of kainate receptor modulation by
anions. Neuron 2007;53:829–41.
91. Vivithanaporn P, Lash LL, Marszalec W, Swanson GT. Critical roles for the M3-S2
transduction linker domain in kainate receptor assembly and postassembly trafficking.
J Neurosci 2007;27(39):10423–33.
92. Lee CH, Gouaux E. Amino terminal domains of the NMDA receptor are organized as
local heterodimers. PLoS One 2011;6(4):e19180.
93. Mansour M, Nagarajan N, Nehring RB, Clements JD, Rosenmund C. Heteromeric
AMPA receptors assemble with a preferred subunit stoichiometry and spatial arrangement. Neuron 2001;32(5):841–53.
94. Riou M, Stroebel D, Edwardson JM, Paoletti P. An alternating GluN1-2-1-2 subunit
arrangement in mature NMDA receptors. PLoS One 2012;7(4):e35134.
95. Pasternack A, Coleman SK, Jouppila A, Mottershead DG, Lindfors M, Pasternack M,
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