Chapter 11

AMPA Receptor Assembly: Atomic
Determinants and Built-In Modulators
Madhav Sukumaran, Andrew C. Penn, and Ingo H. Greger

Abstract Glutamate-gated ion channels (iGluRs) predominantly operate as
heterotetramers to mediate excitatory neurotransmission at glutamatergic synapses.
The subunit composition of the receptors determines their targeting to synaptic sites
and signalling properties and is therefore a fundamental parameter for neuronal computations. iGluRs assemble as obligatory or preferential heteromers; the mechanisms
underlying this selective assembly are only starting to emerge. Here we review recent
work in the field and provide an in-depth update on atomic determinants in the
assembly domains, which have been facilitated by recent advances in iGluR structural
biology. We also discuss the role of alternative RNA processing in the ligand-binding
domain, which modulates a central subunit interface and has the capacity to modulate
receptor formation in response to external cues. Finally, we review the emerging
physiological significance of signalling via distinct iGluR heterotetramers and provide
examples of how recruitment of functionally diverse receptors modulates excitatory
neurotransmission under physiological and pathological conditions.
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11.1

From Polysome to Receptor Oligomer

Cell surface receptors, such as ion channels and G-protein-coupled receptors,
prominently operate as hetero-oligomers. Assembly from a pool of different subunits
increases the versatility and plasticity of signal transmission and is under complex
cellular control. Ionotropic glutamate receptors (iGluRs) provide a dramatic example
of how functionally diverse receptor stoichiometries shape an essential cellular
process. iGluRs mediate excitatory neurotransmission in vertebrate nervous systems.
This process involves three distinct iGluR subfamilies (AMPA-, NMDA- and kainate
types), differentially expressed and regulated subunits within each subfamily, and
a multitude of accessory subunits (Hollmann and Heinemann 1994; Traynelis et al.
2010). The result of this rich variety of assembly substituents is a combinatorial
diversity of receptor expression, which impact such receptor properties as gating
kinetics (which can operate on time scales spanning four orders of magnitude),
ion conductance, pharmacology and synaptic trafficking; all of these properties are
dependent upon the receptor’s subunit stoichiometry, in both vertebrates (Cull-Candy
et al. 2006; Greger et al. 2007; Traynelis et al. 2010) and invertebrates (Abuin et al.
2011; Rasse et al. 2005; Qin et al. 2005). The resulting diversity of possible receptor
properties will ultimately shape synaptic transmission and in turn the operation of
neuronal networks.
Like a multitude of other post-synaptic signalling components, iGluRs are
embedded in the post-synaptic density (PSD), a sub-synaptic anchoring platform
which concentrates and positions receptors directly opposite presynaptic release
sites (discussed in Chap. 3) (Sheng and Hoogenraad 2007). In addition to synaptic
trafficking, positioning and anchorage in the PSD can be determined by the subunit
composition of the receptor. In the case of NMDA-type iGluRs, receptors
containing the NR2B subunit locate to the edge of the PSD (i.e. extrasynaptically)
whereas receptors harbouring NR2A are concentrated more centrally (Tovar
and Westbrook 1999; Rumbaugh and Vicini 1999). This location dependence arises
from sequence determinants within cytosolic carboxy-termini and will ultimately
impact signal transmission (Steigerwald et al. 2000).
In the three main iGluR subfamilies, assembly into heteromers is either obligatory
(NMDA-type and GluK4 and GluK5-containing kainate iGluRs) or preferential
(AMPA-type and GluK1–3 kainate receptors). Due to the less stringent assembly
rules, AMPA- and low-affinity kainate receptors (GluK1–3) can also exist as
homotetramers. Signalling through AMPA receptor (AMPAR) homomers, which in
the absence of the GluA2 subunit are Ca2+ permeable (CP) (Jia et al. 1996; Isaac et al.
2007), modulates synaptic physiology; recruitment of CP-AMPARs appears to be
dynamically regulated in a number of neurons, rendering these synapses more plastic
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(see below) (Cull-Candy et al. 2006; Kauer and Malenka 2007). Determinants underlying these different assembly routes are starting to emerge.
Assembly into heteromers unlikely occurs by default. As a result of translation
from polyribosomes, identical subunits, synthesized from an individual mRNA molecule, will be spatially and temporally concentrated on a patch of endoplasmic reticulum (ER) membrane (Fig. 11.1a). For example, GRIA2 mRNA, encoding the GluA2
AMPA receptor subunit, with a length of ~3,000 base pairs could be translated by up
to 30 ribosomes (Staehlin et al. 1964), resulting in ~30 nascent GluA2 polypeptides in
close proximity; this local concentration is expected to promote assembly into
homomers, which are not commonly observed. Parameters such as (1) diffusion in
the plane of the ER membrane, (2) relative affinities of inter-subunit contacts as well as
(3) the concentration of assembly partners in the ER are expected to determine the rate
and extent of heteromeric assembly (summarized in Fig. 11.1a). We shall discuss the
latter two parameters and how they are expected to affect different stages of iGluR
biogenesis. We will focus on AMPA-type receptors; however, emerging principles
will be generally applicable to the other iGluR subfamilies.

11.2

Dimer Formation

AMPARs form in two steps – subunits first dimerize, followed by assembly of
dimers into tetramers. The dimer-of-dimers assembly has been observed at various
levels. The crystal structure of the isolated L-glutamate ligand-binding domain
(LBD) of GluA2 revealed a twofold symmetrical homodimeric complex (Armstrong
and Gouaux 2000). Similarly, the second extracellular portion, the N-terminal
domain (NTD), crystallized as a dimer, in both AMPA and kainate receptors
(Fig. 11.1b) (Clayton et al. 2009; Jin et al. 2009; Kumar et al. 2009; Karakas et al.
2009; Kumar and Mayer 2010; Sukumaran et al. 2011). This overall twofold
symmetry of the extracellular portion is also observed at the level of the intact
receptor, whereas the ion channel adopts fourfold symmetry (Sobolevsky et al.
2009). Secondly, dimers (together with monomers and tetramers but not trimers)
were also apparent on native gels (Penn et al. 2008; Greger et al. 2003). Dimers form
first and are readily isolated from GluA2-expressing HEK293 cells for subsequent
structural analysis (Shanks et al. 2010). Monomers are barely detected, thus dimers
are the first stable assembly intermediate (Greger et al. 2003; Shanks et al. 2010).
Dimer formation will be driven by the NTD (see below). This domain at the extreme
N-terminus encompasses ~50% of primary sequence and is expected to fold first
once threaded through the translocon into the ER lumen (Netzer and Hartl 1997). It is
conceivable that subunit contacts via the NTD take place co-translationally, i.e. prior
to folding of the remaining nascent chain (Fig. 11.1a), which would explain the
paucity of monomers in biochemical experiments (see above). Accordingly, the
NTD will initiate receptor formation. Recent crystal structures have provided atomic
resolution of this critical assembly interface.
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Fig. 11.1 AMPA receptors assemble into tetramers in the endoplasmic reticulum, with selective
assembly modulated by domain-specific and subunit-specific determinants. (a) Inset: topology of an
individual GluA2 AMPA receptor subunit. The extracellular N-terminal domain (NTD) and ligandbinding domain (LBD) are shown as green and black lines, respectively. Transmembrane helices that
constitute the ion-channel pore are denoted as grey cylinders. Amino acid changes corresponding to
RNA-editing sites are also denoted; the R/G site is conserved between GluA2, GluA3 and
GluA4, whereas the Q/R site on a re-entrant pore loop is unique to GluA2. Note that the NTD is
continuous in primary sequence, while the LBD is interrupted by multiple transmembrane segments.
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11.2.1 The N-Terminal Domain Assembly Surface
The NTD is a hallmark of metazoan iGluRs but is absent in the prokaryotic GluR0type channels (Chen et al. 1999) and in vertebrate kainate-binding proteins (Henley
1994). The function of this domain in non-NMDARs (AMPA and kainate
receptors) has not been fully resolved. In NMDARs, powerful allosteric modulation
of the channel via the NTD is well established, where channel open probability is
reduced in response to binding of Zn2+ and other ligands (Mony et al. 2009). An
allosteric role in the non-NMDAR NTD has not been described to date but cannot
be ruled out (Sukumaran et al. 2011; Jensen et al. 2011). In all iGluRs, the NTD is
implicated in subunit assembly (Hansen et al. 2010). Multiple iGluR genes are
found in higher eukaryotes, which is not generally the case in prokaryotic genomes.
Therefore, the need for a more sophisticated assembly determinant, orchestrating a
fine balance of associations between homo- and heterotetramers within subfamilies
in addition to preventing co-assembly between subfamilies, may explain the
appearance of the NTD later in evolution concomitant with the radiation of iGluR
paralogs by gene duplication and subsequent mutation. This distal segment appears
to also play a role in synapse formation (Passafaro et al. 2003) and provides a
binding site, both for presynaptic elements and for soluble factors released upon
ä
Fig. 11.1 (continued) Main figure: A schematic of assembly in the endoplasmic reticulum (ER),
highlighting different steps of AMPA receptor assembly. Nascent GluA2 (red) and GluA1 (green)
polypeptides are shown emerging from polyribosomes (grey), translating into the ER lumen. NTD
dimerization likely occurs co-translationally, due to its location at the extreme N-terminus.
Because of the high local concentration of identical subunits, due to nearby ribosomes translating
polypeptide in close proximity, homodimerization likely dominates at this stage. After folding is
complete, dimeric subunits then subsequently assemble into tetramers. Due to its subunit-specific
set of assembly determinants, native GluA2 assembles poorly into tetramers and inefficiently exits
the ER; therefore, GluA2 likely forms a stable, ER-resident pool of dimers (solid arrow). This
relatively higher concentration of dimers, concomitant with GluA2’s favourable heteromerization
capability, allows heterodimers to be formed efficiently upon translation of GluA1 subunits.
Heterodimers assemble into heterotetramers and exit the ER efficiently; GluA1 is also capable
of efficient homotetramerization and ER exit. (b) Sites of assembly determinants within a GluA2
subunit. A GluA2 dimer is depicted, with individual protomers coloured dark and light red,
respectively. Homodimeric crystal structures of the isolated GluA2 domains are also shown
(pdb codes 3hsy and 2uxa), with subunit dimer-interfaces depicted as ovals. Sites of assembly specifying determinants are shown on the schematic: (1) hotspots in the NTD mediate homo- and
heterodimerization, (2) the R/G site in GluA2–4 and (3) alternative splicing in GluA1-4 modulate
overall heteromerization and ER-exit competence, and (4) the Q/R site in the GluA2 transmembrane domain renders GluA2 homotetramerization unfavourable versus heterotetramerization,
leading to the stable ER-resident pool of dimers mentioned above. (c) The transmembrane domain
of GluA2 is similar to potassium channels. A superposition of the transmembrane domains of the
crystallized full-length GluA2 construct, GluAcryst (red; pdb code 3kg2), and the KcsA potassium
channel (blue; pdb code 1r3j) shows that both are highly similar, albeit in opposite topological
orientations. The assembly-critical Q/R site of GluA2 is shown, located on top of the selectivity
filter. Transmembrane domains that make contacts in the tetrameric structure (M1, M3 and M4)
and the re-entrant pore loop (M2) are denoted
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intense synaptic activity (O’Brien et al. 1999; Hansen et al. 2010). The latter
functions will only be relevant in species with nervous systems, whereas in
prokaryotes ion homeostasis is likely to be the main function of the NTD-lacking,
homomeric GluR0 channel types.
Recent structural data on the intact GluA2 homomer together with high-resolution
structures of isolated domains provide an overview of inter-subunit interactions along
the major axis of the receptor (Sobolevsky et al. 2009). Dimeric contacts are prominent
at the level of the NTD, whereas tetrameric packing is mediated by the transmembrane
helices of the ion channel. A similar principle has been inferred for kainate receptors
(Das et al. 2010). NTDs form extensive twofold symmetrical dimeric assemblies
(Fig. 11.2) which, when isolated from the receptor, can also be measured in solution
(Clayton et al. 2009; Jin et al. 2009; Kumar et al. 2009; Rossmann et al. 2011), in
contrast to the LBDs, which are largely monomeric (in the case of RNA-edited GluA2flop; Sun et al. 2002). Interestingly, in receptors assembling as obligatory heteromers,
homodimeric NTD contacts are either absent (NR2B; Karakas et al. 2009) or severely
reduced (GluK5; Kumar and Mayer 2010). A similar observation holds for the GluA3
subunit, which exhibits ‘obligatory’ heteromeric assembly behaviour within the
AMPAR family (see below) (Rossmann et al. 2011). These observations underline
the key role of the NTD in driving distinct assembly routes.
The NTD protomer adopts a fold analogous to prokaryotic type I periplasmicbinding proteins (PBPs; Quiocho and Ledvina 1996), where two globular lobes
(the upper and lower lobes; Fig. 11.1b) are connected by three short hinges. Each
lobe contributes to the bipartite NTD dimer interface (Fig. 11.2a). Contacts between
the upper lobes are tight and evolutionarily conserved, thus bearing the hallmarks of
a functionally relevant interface, whereas packing across the lower lobes is looser.
This functional division is apparent in GluA2 and GluA3 (Sukumaran et al. 2011),
with GluA3 providing the most striking example: in the most commonly observed
dimeric form (Sukumaran et al. 2011) an unfavourable electrostatic potential
between the lower lobes results in lobe separation (PDB 3O21; chains CD), to a
degree seen in the analogous metabotropic GluR (mGluR) ligand-binding cores
(Kunishima et al. 2000). In GluK2, the upper and lower lobes form similar interfaces
that are both less compact than the upper lobe interface of the AMPAR subfamily.
Analytical ultracentrifugation with fluorescence detection (AU-FDS) provided a
sensitive tool facilitating measurements of NTD associations at high resolution, in the
sub-nanomolar range (MacGregor et al. 2004) and, more importantly, permits measurement of heteromeric assemblies (Rossmann et al. 2011). A surprising range of
affinities among AMPAR NTDs, covering almost three orders of magnitude, could be
discerned: GluA2 and GluA3 lie at the functional extremes with dimer dissociation
constants (Kds) of 1.8 and 1,200 nM, respectively; values for GluA1 and GluA4 NTD
dimers were intermediate (Fig. 11.3a) (Rossmann et al. 2011). The relatively unstable
homodimeric GluA3 contacts are most certainly a result of the ‘unzipped’ lower
lobe interface (Fig. 11.2a), which underlies the ‘obligatory’ assembly behaviour of
GluA3. First measurements of heteromeric assemblies revealed that AMPAR NTDs
preferentially heterodimerize (Rossmann et al. 2011). Contrasting with the relatively
poor homodimeric affinity, GluA3 produced tight heterodimers (Kd ~ 1.3 nM).
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Fig. 11.2 Critical assembly determinants in the extracellular domains are located at subunit
interfaces. (a) Assembly surfaces of the AMPAR extracellular domains. Atoms that make contacts
across the dimer interfaces are shown as blue spheres, with specific assembly ‘hotspots’ and
determinants highlighted in red. The GluA2 NTD (pdb code 3hsy) shows extensive dimerization
contacts across both upper and lower lobe interfaces; however, GluA3 (pdb code 3o21) shows
markedly less interface contacts in the lower lobe, suggesting differential, subunit-specific assembly
behaviour for the NTD (Reproduced from (Sukumaran et al. 2011) with permission from Nature
Publishing Group). In the case of the LBD (flop-G: pdb code 1ftj; flop-R: unpublished), interface
contacts are largely uniform across subunits, but the interfaces are modulated at the level of RNA
editing and alternative splicing; different interfaces for the edited G and unedited R forms are shown,
with the Arg shown in red. Note a minor increase in subunit contacts with the unedited Arg, perhaps
due to the favourable symmetrical arginine-arginine contacts across the homomer interface; therefore,
editing to glycine reduces the homomeric LBD affinity and favours heteromerization. (b) The
assembly steps from Fig. 11.1a, shown in detail. Dimerization (black arrows) is mediated cotranslationally by the NTDs, whereas tetramerization (blue arrows) is mediated by determinants in
the transmembrane domains. LBD ‘dimerization’ observed crystallographically for isolated LBDs
only occurs upon tetramerization in the context of the full receptor
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Fig. 11.3 Differential AMPA receptor assembly will be a balance between subunit affinities and
subunit expression levels. (a) Measured association affinities between GluA1–3 NTDs define
specific assembly regimes. Measured Kds of homodimer and heterodimer dissociation by AUFDS are shown for GluA1, GluA2 and GluA3 homomers and heteromers. These Kds span three
orders of magnitude, from very tight (<2 nM, bottom), for assembly driven by GluA2, to relatively
loose, as in the case of GluA3 homomers (>1,000 nM, top right). The relationship between these
homomeric and heteromeric affinities defines different ‘regimes’ dependent on cellular expression
profile; example regimes are given for GluA2-expressing hippocampal neurons (red outline),
which will efficiently incorporate GluA2 into receptors, versus GluA2-lacking hippocampal
interneurons (blue outline), which will express GluA1/3 heteromers and GluA1 homomers but
no GluA3 homomers. Due to its poor homomerization capability, GluA3 will ‘obligatorily’ form
heteromers in the presence of the other subunits (Reproduced from (Rossmann et al. 2011 with
permission from Nature Publishing Group). (b) Titration of subunit expression allows neurons to
modulate channel properties. Despite GluA2’s dominant assembly and functional phenotypes,
neurons may be able to express functionally different receptors by modulating the ratio of
expressed GluA2 versus GluA1. The example expression regimes outlined in panel A (hippocampal pyramidal neurons vs. interneurons) are denoted. (c) Heteromerization requires at least two
steps: homomer dissociation and subsequent association of heteromers. For the second step,
heteromerization will have to compete with re-association of homomers

Accordingly, GluA3 homomers are only expected to form under conditions of substoichiometric expression of other assembly partners (Fig. 11.3a, b).
A number of concepts emerged from these results (Rossmann et al. 2011). First,
AMPARs preferentially heteromerize at the level of the dimer. Preferential heterodimerization will bear upon subunit stoichiometry, spatial arrangement of subunits
within tetramers, and will allow for formation of tri-heteromeric AMPARs. Secondly,
GluA2, which restricts Ca2+ flux through AMPARs, is dominantly incorporated into
heterodimers. This property of the GluA2 NTD together with assembly determinants
in the LBD interface and the channel pore (see below) (Greger et al. 2007) likely
explain the dominant expression of GluA2-containing heteromers throughout the
brain (Isaac et al. 2007). Third, GluA1 and GluA4 exhibit a more ‘balanced’ assembly
between homo- and heteromeric modes. This property likely underlies the existence of
Ca2+-permeable GluA1 homomers, which are detected in selected neurons under
certain conditions (Cull-Candy et al. 2006; Carlezon and Nestler 2002). In sum, the
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data imply the existence of two assembly routes for AMPAR heteromers, termed
‘preferential’ and ‘obligatory’ (Fig. 11.3a) (Rossmann et al. 2011). The affinity
network shown in Fig. 11.3a together with relative expression levels of assembly
partners in the ER (Fig. 11.3b) will ultimately determine the nature of receptor
oligomer subpopulations in a given neuronal type.
These data support the previously recognized role of the NTD in assembly (Ayalon
and Stern-Bach 2001; Leuschner and Hoch 1999) but reveal a dominant organizing
function, which turns out to be more sophisticated. In fact, individual assembly
determinants or ‘hotspots’ encoded in the highly conserved upper lobe dimer interface
have been detected in GluA2 (Rossmann et al. 2011). These evolutionarily variable
residues help explain how the tight GluA2 homodimeric contacts, which presumably
will form co-translationally (Fig. 11.1a), allow formation of heteromers. A biophysical dissection of these ‘hotspots’ alluded to a principle whereby assembly is driven by
two parameters: dissociation of homodimers prior to associations of heterodimers. If
re-association is energetically favoured, the equilibrium will be shifted towards the
newly formed heterodimer (Fig. 11.3c).

11.2.2 The Modulatory LBD Dimer Interface
The ligand-binding domain (LBD) overall resembles the bilobate fold of the NTD;
however, its role in signal transmission and assembly is vastly different. Relatively
loose dimer associations, mediated by the LBD upper lobes (Fig. 11.2), facilitate intersubunit flexibility, a likely requirement for gating transitions (Mayer and Armstrong
2004). Like the NTD, the LBD has been crystallized as a twofold symmetrical dimer,
which is evident for the isolated domain (for all iGluRs) and in the complete GluA2
AMPAR (Sobolevsky et al. 2009). LBD dimers are not detected in solution, except
when stabilized by mutation or by allosteric modulators (Sun et al. 2002; Jin et al.
2005). Surprisingly, in the full-length receptor structure, LBDs swap to form ‘transdimers’, i.e. the twofold symmetrical dimer observed for the isolated LBD is formed
only upon tetramerization. Moreover, characterization of GluA2 dimers by singleparticle electron microscopy revealed that the two LBDs are separated, and are ‘held
together’ by the NTD contacts at the top and the transmembrane sector at the bottom
(Shanks et al. 2010; Nakagawa 2010). These findings suggest that the LBD forms the
crystallographically described twofold symmetrical dimer interface only in the tetrameric context, with LBDs associating between (rather than within) subunit dimers
(Fig. 11.2b). Whether this represents the only accessible conformation remains to be
seen. For example, heteromeric AMPARs or the AMPAR-TARP complex may give
rise to ‘cis-dimers’, featuring a closed LBD dimer interface within a subunit dimer
analogous to the L483Y mutant dimer (Shanks et al. 2010). These may be energetically
less favourable in the absence of a heteromeric or TARP partner and were, thus, not
seen under the conditions used for crystallization and single-particle electron microscopy. Furthermore, a recent study has suggested that the LBD dimer interface is only
formed upon ligand binding and channel opening, with individual LBDs decoupled
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from each other in the resting (unliganded, closed channel) and desensitized (liganded,
closed channel) states (Gonzalez et al. 2010). However, as this study was conducted in
GluA4 constructs lacking the entire NTD, more work is required to fully understand the
exact oligomeric conformation(s) of LBDs in the physiological context.
In stark contrast to the NTD, the LBD sequence is well conserved between AMPAR
paralogs. Versatility is introduced post-transcriptionally by adenosine-to-inosine RNA
editing and by alternative splicing (Seeburg 1996). All AMPAR subunits harbour the
alternative flip/flop exons (Sommer et al. 1990), whereas RNA editing only targets
GluA2–4 (Figs. 11.1a and 11.2a), resulting in a switch from a genomically encoded
arginine (R) to a glycine (G) at the R/G site (Lomeli et al. 1994). These alternative RNA
processing sites line the dimer interface (Fig. 11.2a) and alter assembly and secretory
traffic (Greger et al. 2006; Greger et al. 2007; Coleman et al. 2006, 2010). This adds
another facet to the assembly process: in addition to preferential heteromerization
between subunit paralogs, different alternatively processed homologs (e.g. GluA1flip + GluA1-flop) preferably co-assemble (Brorson et al. 2004). Whether these
switches are affinity determinants or purely operate by altering the dwell time of
assembly intermediates is not fully resolved. Clearly, the fact that editing at both the
R/G and the Q/R site reduces secretory traffic of GluA2 will increase availability (i.e.
the concentration) of this critical subunit in the ER (Greger et al. 2002, 2006), which
will facilitate its uptake into heterodimers (Fig. 11.1a). The interplay between tight
NTD- and looser LBD interactions in co-ordinating assembly are currently unclear.
Alternative splicing can be regulated by external cues resulting, for example, in
changes of intracellular Ca2+ (Xie 2008; Stamm 2002). Similarly, editing by the
editases ADAR1 and 2 can be reprogrammed (Schmauss 2005). Due to their
strategic location at subunit interfaces (Fig. 11.2a), these ‘built-in’ modulators are
primed to remodel assembly and secretory traffic of AMPARs, providing a homeostatic control hub for adjusting receptor type and number in response to altered
neuronal activity (Penn et al. in review; Penn and Greger 2009).

11.3

Tetramer Formation

As discussed above, recent studies have indicated that AMPARs preferentially
assemble as heterodimers (Rossmann et al. 2011), but whether there are similar
mechanisms of preferential assembly at the tetramerization step is currently unclear.
Earlier data indicate that tetramerization also follows specific pathways when bringing together different populations of homo- and heterodimers (Mansour et al. 2001).
In the ion-channel sector, two major determinants will drive assembly: (1) packing
between three transmembrane helices M1, M2 and M4 (Fig. 11.4a) and (2) the pore
loop (M2), which forms a fourfold symmetrical contact point (Figs. 11.1c and 11.4a).
Helical packing in the transmembrane domain (TMD) of the AMPA receptor
largely mirrors an inverted K+ channel (Fig. 11.1c), which contains extensive
contacts between transmembrane helices and provides the largest packing interface
in the tetrameric context (Long et al. 2005), suggesting that the TMDs contribute
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Fig. 11.4 Assembly determinants in the transmembrane domain. (a) Overview of the packing of
the transmembrane domains (TMDs) of individual subunits against each other in the GluA2cryst
homotetramer (pdb code 3kg2). In the interface overview, the tetrameric ion-channel domains of
all four chains (A–D) are shown, with chain B (grey) shown as a molecular surface and chains A
(magenta), C (blue) and D (white) shown in ribbon. Both chain A and chain C pack against chain
B, forming two distinct assembly interfaces; the interface formed with chain A is shown in cyan on
chain B, with the interface formed with chain C shown in green. Roughly, the M4 helix from each
chain packs against a ‘groove’ formed by helices M1 and M3 from a partner chain; chain B forms
the ‘groove’ for M4 from chain C, whereas the M4 from chain B packs against the M1/M3 groove
from chain A. Views onto the individual A–B and B–C interfaces are also shown. (b) A key
assembly determinant in the transmembrane domain is the Q/R site in GluA2. Q/R editing in
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the major tetramerization drive. In further analogy, K+ channels also exhibit a
dimer-of-dimers assembly pattern (Tu and Deutsch 1999; Deutsch 2002).
In GluA2, the TMD contains an extensive packing interface (Sobolevsky et al.
2009). As outlined in Fig. 11.4, each protomer contributes three distinct contact
points: the first interface is largely external to the aqueous ion-channel pore and
consists of M4 packing against a ‘groove’ formed by M1 and M3 of the
neighbouring subunit. The second, larger interface is the ‘groove’ provided by
M1 and M3 of the other subunit in the dimer. As M4 is a novel insertion in
eukaryotic iGluRs versus prokaryotic GluR0-type receptors and kainate-binding
proteins, these two interfaces are expected to contribute additional assembly
determinants in metazoa.
The third ‘interface’ contact is internal to the ion channel and is provided by
residues in the re-entrant pore loop (M2) packing against copies of itself in the other
protomers, as well as near a narrow constriction, where the four M3 helices from each
subunit align with one another, putatively forming the channel gate (Fig. 11.1c). As
the re-entrant pore loop is built incompletely in the currently available crystal structure
(PDB: 3KG2), the packing of the pore loops is unknown at this point. As contacts in
this region shape the aqueous vestibules of the pore upon channel assembly, regions
around these interfaces will transition from lipid-exposed to solvent-exposed, and
these transfer reactions could also contribute thermodynamically to channel assembly.
Sequence conservation among AMPAR paralogs in the transmembrane region is
high; however, variability is introduced by RNA editing in the apex of the pore loop
of GluA2 and GluK1 and GluK2 (Seeburg 1996). Recoding at the GluA2 Q/R site
plays a critical role in the dimer-to-tetramer transition by destabilizing edited
tetramers, thereby providing a strategically positioned assembly determinant
(Greger et al. 2003) (Figs. 11.1c and 11.4b). An analogous case has been described
recently for GluK2 (Ball et al. 2010) and most likely results from unfavourable
electrostatics from the approximation of four arginines during pore formation
(Fig. 11.4b). It is worth pointing out that Q/R-edited GluA2-R channels can form
(Swanson et al. 1997), in particular when expressed with auxiliary factors
(Yamazaki et al. 2004), albeit far less efficiently than unedited GluA2-Q (Greger
et al. 2003). Therefore, in the presence of other subunit partners in the ER, the
energetically preferred Q/R heteromers are likely to prevail over R-pore homomers.
To draw another parallel between iGluRs and K+ channels, an analogous position in
the pore loop of the KCNQ3 potassium channel also slows channel transit from the
ER relative to KCNQ2 (Gomez-Posada et al. 2010), suggesting that this site is
critical to the general tetrameric channel fold.

Fig. 11.4 (continued) GluA2 results in a switch from Q607 (green), which allows efficient
homomeric and heteromeric assembly, to R607 (magenta), which, due to charge repulsion of the
arginines, allows heteromic assembly with Q but disfavours homomeric assembly and in turn ER
export, giving rise to a stable pool of ER-resident GluA2 (Fig. 11.1a). Note that GluA1, GluA3 and
GluA4 express Q at the analogous position, resulting in a favoured heteromeric Q/R pore
stoichiometry in native AMPA receptors. Q607 and R607 TMD structures are homology models
of the full-length pore modelled against the KcsA pore (Greger et al. 2003)
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In addition to the pore sector, the extracellular domains also come into contact in
the context of the crystallized GluA2cryst tetramer. The lower lobes of the NTD pack in
the region of V209, and the LBDs form a small packing interface between two
symmetrical helices (Sobolevsky et al. 2009). However, both of these inter-dimer
contacts are only seen in one subunit pair. Also, different three-dimensional structures
of the overexpressed GluA2 homotetramer and purified native AMPAR complexes
reconstructed by electron microscopy show different inter-dimer arrangements and
also show that the extracellular domains adopt different quaternary arrangements
dependent on subunit inclusion and gating status (Midgett and Madden 2008;
Nakagawa et al. 2005). Therefore, the inter-dimer interfaces in the extracellular
domains might be transient and are unlikely the primary drivers of tetrameric assembly. Moreover, as discussed above, the LBD ‘dimer’ interface is putatively formed
only upon channel tetramerization (Fig. 11.2b) (Nakagawa 2010). This suggests that
variability in the LBD interface (flip/flop splicing and R/G editing) may also contribute to differential channel assembly at the level of tetramerization; as yet this question
has not been explored experimentally and LBD dimer variability affecting tetrameric
assembly is still speculative at this point.
AMPARs co-assemble with a variety of different auxiliary and modulatory
subunits. At what stage these auxiliary factors, including TARPs (transmembrane
AMPA receptor regulatory proteins), cornichons and CKAMP-44 (reviewed in
Guzman and Jonas 2010; Jackson et al. 2011), complex with the core receptor is
not fully resolved. TARPs, the best-studied auxiliary factors, do not co-purify
stably with dimeric assembly intermediates, suggesting that they bind to alreadyassembled, tetrameric AMPARs (Shanks et al. 2010). Moreover, TARPs appear to
associate in varying stoichiometries, depending on expression levels (Kim et al.
2010; Shi et al. 2009; Kato et al. 2010). Since TARP expression is not homogenous
across neuronal populations, cell-type-specific receptor modulation by these
cofactors can be expected (see below).

11.4

Why Heteromers?

The ability for receptors to assemble as heteromers imparts significant diversity
and flexibility in the regulation of nervous system function. Much of what is
inferred about the oligomeric state of native receptors comes from single-cell
profiling of subunit mRNA expression, in situ localization of subunit mRNA or
protein, and subunit-specific pharmacology or genetic manipulations. Overall, the
findings reveal a predominance of heteromeric receptors, which vary in abundance
during development and in a tissue- and neuron-specific manner. As discussed
above, in the principal neurons of the vertebrate CNS, GluA2-containing
AMPAR heteromers prevail, whereas interneurons often express a large population
of GluA2-lacking receptors.
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11.4.1 The Functional Dominance of Q/R-Edited GluA2
Heteromerization can have important consequences on AMPAR functional
properties, trafficking and subcellular localization. Of particular significance, the
incorporation of the Q/R-edited GluA2 subunit renders the channel pore impermeable to divalent cations, thus disarming them as an activator of calcium-dependent
signalling cascades (Cull-Candy et al. 2006; Isaac et al. 2007). In addition, GluA2
inhibits the voltage-dependent block of the pore by intracellular polyamines, which
can have consequences for short-term synaptic plasticity (Rozov and Burnashev
1999; Rozov et al. 1998) and redefine the rules for long-term changes in synaptic
strength (Kullmann and Lamsa 2008). Furthermore, the attenuation of singlechannel conductance and desensitization by GluA2 provides a means to regulate
synaptic strength (Liu and Cull-Candy 2000) and shape synaptic transmission (Zhu
2009; Gardner et al. 2001a). Recently, it has also been suggested that incorporation
of GluA2 can alter the capacity for regulation of receptor function by type II TARPs
(Kato et al. 2008; Soto et al. 2009). These various means by which Q/R-edited
GluA2 can have potent effects on receptor properties have prompted it to be
referred to as the ‘functionally dominant’ subunit.

11.4.2 Subunit-Specific Accessory Factors
The formation of heteromeric receptors provides a means to expand the repertoire of
interactions with scaffolding proteins and thus regulate AMPAR trafficking (Shepherd
and Huganir 2007). GluA1 and GluA3 have long and short cytoplasmic carboxyterminal domains (CTDs) respectively, whereas GluA2 and GluA4 can undergo
alternative splicing to include either long or short CTDs (Bredt and Nicoll 2003).
These AMPAR CTDs can participate in a variety of different protein interactions to
regulate receptor trafficking. Long CTD subunit variants of GluA1 and GluA4 interact
with band 4.1 protein, to could stabilize AMPAR surface expression via the spectrinactin cytoskeleton (Coleman et al. 2003; Shen et al. 2000; Lin et al. 2009). In addition,
GluA1 has a unique motif conforming to the general consensus for type I PDZ
interactions to enable SAP97-mediated secretory trafficking (Sans et al. 2001).
Short CTD subunits, on the other hand, have a clathrin-adaptor AP2 interaction site
critical for clathrin-mediated endocytosis and central to the recycling of synaptic
AMPARs (Sheng and Hoogenraad 2007). This site overlaps with the NSF-binding
site in GluA2, which plays a critical role in the membrane fusion and synaptic
expression of AMPA receptors (Steinberg et al. 2004; Luthi et al. 1999; Huang et al.
2005). In addition, the short CTD terminus has a type II PDZ ligand with phosphorylation-modulated PDZ interactions that are central to sorting of synaptic AMPA
receptors and for synaptic plasticity in the cerebellum (Cull-Candy et al. 2006;
Chung et al. 2000; Xia et al. 2000). Also of interest, it has recently been demonstrated
that incorporation of subunits with short CTDs into heteromeric receptors blocks the
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effects of a type II TARP auxiliary subunit (Soto et al. 2009). In general, factors
controlling the subunit specificity or stoichiometry of auxiliary subunits to AMPARs
could tune channel gating and potentially modify interactions with scaffolding
proteins (Kim et al. 2010; Shi et al. 2009; Milstein and Nicoll 2008). Finally, multiple
subunit-specific sites for post-translational modifications such as phosphorylation and
palmitoylation further expand the repertoire of mechanisms regulating AMPA receptor function and trafficking (Bredt and Nicoll 2003; Shepherd and Huganir 2007).
Therefore, combinatorial protein interactions resulting from the formation of
heteromeric receptors is likely fundamental in tuning the regulation of AMPA
receptors and the plasticity of synaptic transmission.
The same concepts for combinatorial CTD protein interactions likely also apply
to the extracellular domain of the receptor. For example, the NTD of GluA2 (but not
GluA1) directly interacts with the synaptic adhesion molecule N-cadherin to
stimulate presynaptic development (Saglietti et al. 2007). In addition, AMPA
receptor clustering and excitatory synaptogenesis is facilitated by trans-synaptic
interactions of the secreted pentraxin NARP with the NTDs of GluA1–3 (but not
GluA4) (O’Brien et al. 2002). In contrast, synaptic recruitment of GluA4 receptors
is mediated by another pentraxin, NP1 (Sia et al. 2007). Together, combinatorial
subunit-protein interactions might shed light on input-specific recruitment of
AMPA receptors differing in oligomeric state (Zhu 2009; Good and Lupica 2010;
Kielland et al. 2009; Soler-Llavina and Sabatini 2006; Harms et al. 2005; Gardner
et al. 2001b; Toth and McBain 1998).

11.4.3 Differential Activity Patterns Result in Synapse-Specific
Heteromer Recruitment
The recruitment of different AMPA receptor oligomers to synapses by activity or
external cues has been demonstrated at various synapses in the nervous system. In the
cerebellar cortex, stimulation of parallel fibre-derived stellate synapses induced a
switch to GluA2-containing receptors and a concomitant decrease in the size of the
synaptic current (Liu and Cull-Candy 2000), an effect more recently shown to be
synapse specific (Soler-Llavina and Sabatini 2006). In a related in vivo study, noradrenaline release caused by fear-inducing stimulus was also shown to trigger a switch
in AMPA receptor composition at these synapses by boosting expression of the GluA2
subunit (Liu et al. 2010). Plasticity at stellate cell synapses may provide a means to
regulate this inhibitory network and optimize cerebellar learning (Jorntell et al. 2010).
Strong emotional cues have also been shown to trigger changes in the AMPA receptor
composition at synapses in the lateral amygdala. Here, fear conditioning has been
shown to trigger both potentiation at thalamic inputs and a slow but transient
incorporation of GluA2-lacking receptors, which impart the capacity for fear memory
erasure by long-term depression (Clem and Huganir 2010).
Plasticity of the oligomeric state of AMPA receptors onto cortical pyramidal
neurons has also been demonstrated. Whisker experience induced pathway-specific
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strengthening of spared excitatory inputs onto layer 2/3 pyramidal cells of barrel
cortex by recruitment of GluA2-lacking receptors (Clem and Barth 2006). In
addition, dark-rearing rodents resulted in reversible incorporation of GluA2-lacking
receptors and an increase in the size of synaptic currents of analogous connections
in the visual cortex (Goel et al. 2006), a finding that is consistent with in vitro
models of activity deprivation (Thiagarajan et al. 2005). Transient incorporation
of GluA2-lacking receptors has also been detected by some groups at CA1 Schaffer
collateral inputs in hippocampus, and that their calcium-permeability may be
required for consolidating LTP of synaptic strength (Plant et al. 2006; but see
Gray et al. 2007; Adesnik and Nicoll 2007).
In addition to these examples, a developmental switch from GluA2-lacking
receptors to heteromers containing this subunit has been demonstrated throughout
the nervous system including the retina (Osswald et al. 2007), neocortex (Kumar
et al. 2002) and hippocampus (Ho et al. 2007; Stubblefield and Benke 2010),
where the calcium-signalling capacity may play a role in juvenile forms of synaptic
plasticity (Jensen et al. 2003). In summary, these are a few examples where
heteromerization provides an important physiological means to regulate calcium
signalling through AMPA receptors and synaptic transmission.

11.4.4 Failure to Heteromerize Is Associated
with Neuropathology
There are also a number of conditions associated with insufficient heteromerization
resulting in pathological synaptic expression of calcium-permeable AMPA receptors.
Prolonged withdrawal from cocaine leads to the incorporation of GluA2-lacking
receptors at excitatory inputs onto neurons of the nucleus accumbens (Conrad et al.
2008). In contrast, single cocaine administration caused a redistribution of GluA2lacking receptors to synapses on dopaminergic cells of the ventral tegmental area
(VTA); this effect was reversed by stimulating LTD with mGluR1 enhancers (Bellone
and Luscher 2006). Interestingly, disruption of mGluR1 function reduced the level of
cocaine exposure required to induce the switch in synaptic AMPA receptors in the
nucleus accumbens (Mameli et al. 2009).
In the hippocampus, repeated morphine administration has been shown to
increase synaptic expression of GluA2-lacking receptors and reduce the magnitude
of LTD (Billa et al. 2010). Interestingly, recent findings show that the introduction
of GluA2-lacking receptors at CA1 synaptic inputs adds the capacity for antiHebbian LTP and attenuation of NMDAR-dependent learning (Wiltgen et al.
2010). Finally, toxic expression of calcium-permeable AMPA receptors has been
reported in a number of disease states including at CA1 neurons following ischemia
and in motor neurons of patients with sporadic amyotrophic lateral sclerosis, where
calcium-permeable AMPA receptor blockers or expression of the edited GluA2
subunit is neuroprotective (Liu and Zukin 2007; Peng et al. 2006; Hideyama et al.
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2010; Noh et al. 2005). In summary, the plasticity of AMPA receptor expression
and oligomerization is a key mediator in the pathology of various diseases.
Given the significance of forming AMPA receptor heteromers containing the
GluA2 subunit in protecting certain neuronal types from pathological demise,
modulation of AMPA receptor assembly may prove an appropriate therapeutic
approach. Recently, it has become apparent that dimerization properties of the
NTD impact the competence of subunits to heteromerize (Rossmann et al. 2011).
Furthermore, clamshell movements of some NTDs may alter dimer affinities, thus
making the putative capacity of these periplasmic binding protein homologs to bind
ligand an attractive drug target (Sukumaran et al. 2011). The emerging structures of
AMPA receptor NTDs and methods described to purify the soluble domain and
quantify their dimer affinities provide a potential platform for drug discovery.
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