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Abstract

In the mammalian central nervous system, the majority of fast excitatory synaptic transmission is
mediated by glutamate acting on AMPA-type ionotropic glutamate receptors. The abundance of
AMPA receptors at the synapse can be modulated through receptor trafficking, which dynamically
regulates many fundamental brain functions, including learning and memory. Reversible
posttranslational modifications, including phosphorylation, palmitoylation and ubiquitination of
AMPA receptor subunits are important regulatory mechanisms for controlling synaptic AMPA
receptor expression and function. In this review, we highlight recent advances in the study of
AMPA receptor posttranslational modifications and discuss how these modifications regul ate
AMPA receptor trafficking and function at synapses.

Introduction

The amino acid glutamate is the predominant excitatory neurotransmitter in the brain. After
release from presynaptic nerve terminals, glutamate binds to postsynaptic ionotropic
glutamate receptors to mediate excitatory synaptic transmission. These ionotropic glutamate
receptors are tetrameric cation channels consisting of three distinct subtypes: AMPA,
NMDA and kainate receptors [1]. Among them, AMPA receptors conduct the majority of
fast, moment-to-moment synaptic transmission and are the primary driving force for
postsynaptic depolarization. The abundance of AMPA receptors at synapsesis a crucial
factor in determining synaptic efficacy. Convincing evidence has demonstrated that AM PA
receptors undergo activity-dependent recruitment to or removal from synapses during
synaptic plasticity, including long-term potentiation (L TP), long-term depression (LTD) or
homeostatic plasticity, to ensure proper synaptic communication [2-6]. In addition, channel
biophysical properties of AMPA receptors can be modulated to influence synaptic
transmission[1,7]. It has been demonstrated that both trafficking and functional properties of
the AMPA receptor depend on subunit composition, subunit-specific protein-protein
interactions and posttranslational modifications[1,3-6].

AMPA receptors are assembled from four subunits, GIuA1 - A4 (previously termed
GluR1-4 or GluR-A to -D) to form homomeric or heteromeric channels[1,8,9]. In the adult
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hippocampus, the majority of AMPA receptors are GIUA1L/A2 heteromers with arelatively
minor fraction consisting of GIUA2/A3 heteromers[10,11]. Each subunit is an integral
membrane protein with an extracellular amino terminal domain, three membrane-spanning
domains (M1, 3 and 4), a hydrophobic hairpin domain (M2), which forms the channel pore,
and three intracellular domains, Loopl, Loop2 and carboxyl-tail (C-tail) (Figure 1). C-tails
of the AMPA receptor subunits have long been shown to play critical rolesin receptor
trafficking and function [3-6]. Recent studies have also implicated other intracellular
domainsin the regulation of AMPA receptor-mediated synaptic transmission. Both the
Loopl and Loop2 domains regulate AM PA receptor trafficking [12,13]. The pore lining
domain also functionsin the trafficking of the AMPA receptor early in the secretory
pathway [14,15]. The function of these domainsin receptor trafficking and channel
properties is subject to tight regulation through reversible posttranslational modifications,
which influence exocytosis, endocytosis, degradation and channel gating of the AMPA
receptor.

Here we will review the latest developments of AMPA receptor phosphorylation,
palmitoylation and ubiquitination, in which there has been significant progress over the past
few years. We will discuss the modulation of channel biophysical properties by AMPA
receptor phosphorylation and examine the role of phosphorylation of individual AMPA
receptor subunitsin receptor trafficking and synaptic plasticity. In addition, we will review
recent studies on AMPA receptor palmitoylation and ubiquitination. Finally, we will
highlight how different posttranslational modifications interact with each other to modulate
AMPA receptors. Other AMPA receptor posttranslational modifications, including
glycosylation and proteolysis, which have previously been shown to be involved in receptor
assembly, trafficking and degradation, have recently been reviewed [1], and thus are not
included in the current review.

Phosphorylation

GluAl

Phosphorylation is a ubiquitous mechanism critical for the rapid regulation of trafficking
and function of ion channels. Indeed, AMPA receptor phosphorylation is an important
regulatory mechanism that controls many aspects of receptor function [16,17]. Several
protein kinases including both the serine/threonine kinases, PKA, PKC and CaMKII, and
tyrosine kinases, such as the Src family tyrosine kinases, phosphorylate AMPA receptor
subunits and have been implicated in the modulation of receptor biophysical properties and
activity-dependent receptor trafficking [16,17]. While all four subunits of the AMPA
receptor are phosphorylated and their rolesin receptor trafficking and function have been
previously reviewed [16-18], recent studies on AMPA receptor phosphorylation have
focused primarily on GluA1 and GIuA2, the two most abundant subunits in hippocampal
neurons [10,11]. Therefore, we will restrict our focus in the current review to the latest
progress on GluA 1 and GIuA2 phosphorylation.

Previous studies have shown that phosphorylation of the GIuA1 C-tail directly modulates
the receptor’ s biophysical properties. For example, phosphorylation at S831, a PKC and
CaMKI|I site [19-22], leads to increased single channel conductance, and phosphorylation at
S845, a PKA site [20], enhances mean open probability of homomeric GIUA 1 receptors
[23,24]. It was subsequently shown that heteromerization of GIuA 1 with GIuA2 abolished
the S831 phosphorylation-mediated increase in single channel conductance [25]; however,
this effect can be restored by coexpression of GIUA1/A2 heteromers with transmembrane
AMPA receptor regulatory proteins (TARPS) [26], which are auxiliary subunits of neuronal
AMPA receptors [7,27]. This suggests that the effect of S831 phosphorylation on AMPA
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receptor channel conductance depends on stoichiometry of the AMPA receptor complex,
providing an additional layer of regulation of AMPA receptor function by phosphorylation.
Mechanistically, phosphorylation at S831 increases the likelihood of AMPA receptor
opening at larger conductance states, probably through promoting simultaneous activation of
multiple subunits during gating [26]. As the majority of neuronal AMPA receptors contain
TARPs[7], an increase in conductance of the AMPA receptor-TARP complex
phosphorylated at GIuA1 S831 may contribute to L TP-associated enhancement of AMPA
receptor conductance at synapses [24,28-31].

In addition to modulating AMPA receptor channel biophysics, phosphorylation of GluA1
functionsin synaptic plasticity through the regulation of receptor trafficking. The role of
S831 phosphorylation in AMPA receptor trafficking remains unclear. It has been shown that
GluA1 lacking phosphorylation on S831 can be delivered to synapsesin a CaMKII-
dependent manner [32]. In addition, hippocampal LTP isintact in knockin mice lacking
phosphorylation at S831 [33], suggesting that S831 phosphorylation is unlikely to play a
significant role in the regulation of activity-dependent AMPA receptor insertion into
synapses. These data also indicate that enhanced channel conductance of GluA1-containing
AMPA receptors phosphorylated on S831, as discussed above, unlikely represents a major
mechanism underlying LTP expression. Similarly, knockin mice lacking phosphorylation at
S845 also express normal LTP [33]. Thisisinteresting, considering that LTPisimpaired in
double knockin mice lacking phosphorylation at both S831 and S845 sites[34]. It is
plausible that while neither S331 nor S845 is absolutely required for LTP, these two sites
can substitute for each other, and thus either siteis sufficient to mediate LTP.
Phosphorylation on S831 and S845 may function in LTP through lowering the threshold for
AMPA receptor trafficking to synapses [35,36], likely through enhancing AMPA receptor
delivery to extrasynaptic membranes (Figure 2a) [37]. Indeed, it has been shown that the
probability to successfully induce LTP is enhanced in GluA1 S831D and S845D
phosphomimetic double knock-in mice [36].

In contrast to LTP, LTD iscritically dependent on S845, but not on S831 phosphorylation,
as knockin mice lacking phosphorylation at S845, but not at S831, have deficitsin
hippocampal LTD [33]. It has previously been shown that LTD is associated with a
persistent dephosphorylation at S845 (Figure 2a) [38-40], which regulates AMPA receptor
endocytosis and degradation [34,41,42]. Thusit islikely that S845 phosphorylation is
involved in LTD through the regulation of AMPA receptor endocytosis. GIUA1 S845
phosphorylation aso contributes to stabilization of GluA2-lacking AMPA receptors at
perisynaptic membranes, although the role of such regulation by GIuA1 S845
phosphorylation in hippocampal synaptic plasticity remains unclear [43].

More recently, two additional phosphorylation sitesin the GIuA1 C-tail, S818 and T840,
have been identified [44-46]. Phosphorylation of S818 by PKC promotes GIuA 1 synaptic
insertion and preventing S818 phosphorylation diminishes LTP [45]. Interestingly, S818
phosphorylation may work in concert with phosphorylation at S831 and S845 to trigger
stable incorporation of GIUA1 into synapses, which underlies LTP expression (Figure 2a)
[45], consistent with a synergistic role for the multiple phosphorylation sitesin the GIuA1
C-tail in controlling AMPA receptor trafficking. In contrast, although T840 is
phosphorylated by PKC and p70S6 kinase /n vitro, phosphorylation at this site does not
appear to play asignificant rolein LTP [44,46]. Instead, phosphorylation on T840 may
functionin LTD [44,46], suggesting distinct functional consequences for phosphorylation of
the GIuA 1 C-tail sitesin different forms of synaptic plasticity.

In addition to the multiple phosphorylation sites on the GluA1 C-tail, recently the GluA1
Loopl domain was shown to be phosphorylated on S567. Biochemical studies demonstrated
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that CaMKII phosphorylates S567, although it is arelatively weak substrate compared to
S831 in the C-tail [12], raising the possibility that this residue may be atarget for additional
regulation by other kinases. Interestingly, although GluA2 Loopl contains a homologous
residue T574, it is not as efficiently phosphorylated by CaMKII [12], indicating that other
sequence determinantsin GIuA1 Loopl likely play arole in the preferential phosphorylation
by CaMKII. GluA1 Loopl itself facilitates AMPA receptor targeting to synapses, and
phosphorylation at S567 negatively modul ates L oopl-dependent synaptic delivery of AMPA
receptors (Figure 2b) [12]. Such a dual mechanism mediated by GluA1 Loopl and S567
phosphorylation controls synaptic targeting of GluA1-containing receptors [12]. Any role
for S567 phosphorylation in synaptic plasticity remains to be determined.

It largely remains unclear how phosphorylation events on GIuA 1 engage AMPA receptor
trafficking machinery to regulate receptor targeting and synaptic plasticity. One possibility
isthat phosphorylation may modulate GIuA 1-mediated protein-protein interactions that
function in AMPA receptor trafficking. Indeed, one elegant study recently showed that PKC
phosphorylation at GIuA1 S818 enhances the GIluA1 interaction with a neuronal specific
actin-binding protein 4.1N, which leads to increased exocytosis of AMPA receptors at
extrasynaptic membranes and underlies synaptic delivery of AMPA receptors during LTP
induction (Figure 2a) [47].

The regulation of AMPA receptor trafficking and synaptic plasticity by GIuA1
phosphorylation has important implications for animal cognition. For example, in double
knockin mice lacking phosphorylation at the S831 and S845 sites, both the retention of
newly acquired spatial memory and norepinephrine-mediated enhancement of contextual
learning are impaired [34,35]. In addition, arecent study from Huganir’s group uncovers an
imperative role for GIUA 1 S845 phosphorylation in fear memory erasure [48],
demonstrating how altered AMPA receptor trafficking induced by GIuA 1 phosphorylation
modulates animal behavior. Taken together, these studies reveal the behavioral significance
of GluA1 phosphorylation and highlight the importance of GIuA1 phosphorylation-mediated
modulation of AMPA receptor trafficking in brain function.

The vast majority of AMPA receptorsin the forebrain contain GIluA2 [10,11,14], which
controls calcium permeability of AMPA receptors and confers characteristic biophysical
properties (reviewed in [49]). There are two serine phosphorylation sites in the GluA2 C-tail
(S863 and S880) [50-52]. Of these, S880 is awell-characterized site that has been suggested
to play an important role in receptor trafficking. S880 is located within the GIuA2 C tail
PDZ ligand (-SgggV K1) that binds to two different PDZ proteins, GRIP/ABP (glutamate
receptor interacting protein/AMPA receptor binding protein) and PICK1 (protein interacting
with C-kinase 1) [53-56]. Phosphorylation at S880, mediated by PKC, differentially
regulates the GluA2 interaction with GRIP/ABP and PICK 1 [50,51]. While phosphorylation
of GIuA2 at S880 disrupts the interaction with GRIP/ABP, its binding to PICK 1 remains
intact [50,51]. As GRIP/ABP has been suggested to anchor AMPA receptors at both
synaptic and intracellular compartments and PICK 1 has been shown to promote receptor
trafficking, such differential regulation of GIuA2 interactions with GRIP/ABP or PICK 1 by
S880 phosphorylation provides a dynamic modulation of AMPA receptor trafficking and
synaptic plasticity (reviewed in [3-5,49]).

In addition to S880, recent studiesimplicate arole for GIUA2 tyrosine phosphorylation in
AMPA receptor trafficking and plasticity. An early study demonstrated that GIUA2 is
tyrosine phosphorylated at tyrosine 876 (Y 876) both /n vitroand in vivo by the Src family
tyrosine kinases [57]. Interestingly, like S880, Y 876 phosphorylation causes a reduction of
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GluA2 binding to GRIP but does not affect receptor interactions with PICK1 [57].
Importantly, interfering with GIuA2 tyrosine phosphorylation impairs AMPA-, NMDA- and
insulin-induced endocytosis of the GIUA2 subunit and LTD, suggesting acritical role for the
regulation of GIUA2 tyrosine phosphorylation in activity-dependent AMPA receptor
trafficking [57-62]. GIUAZ2 tyrosine phosphorylation is also involved in Homerla-dependent
homeostatic scaling [63]. A recent study shows that GIUA?2 tyrosine phosphorylation at

Y 876 controls BRAG2 activity, which is a guanine-nucleotide exchange factor (GEF) for
the coat-recruitment GTPase Arf6, to initiate the internalization of AMPA receptors during
LTD induction [64]. In this scenario, upon binding to GluA2, BRAG2 is activated by the
tyrosine-rich motif in the GIuA2 C-tail, triggering Arf6 activation, which in turn contributes
directly to the formation of clathrin-coated vesicles for receptor endocytosis [64]. Tyrosine
phosphorylation on Y876 in the GIuA2 C-tail negatively regulates BRAG2 activity, thus
preventing the receptor from endocytosis [64].

Palmitoylation

Protein S-palmitoylation is a posttranslational modification whereby palmitic acid is
covalently attached to intracellular cysteine residues of the protein substrates by palmitoyl
acyltransferase (PAT), primarily mediated by alarge DHHC (Asp-His-His-Cys) protein
family [65,66]. Palmitoylation is alabile and reversible process with de-palmitoylation
regulated by palmitoyl thioesterase (PTE) [65,66]. Such bidirectional lipid modifications
play important rolesin localization, trafficking and function of proteins and are widely
involved in the regulation of neuronal development and synaptic transmission. Dysfunction
of protein palmitoylation has been implicated in a number of neurological and psychiatric
disorders, including Huntington’s disease, mental retardation and schizophrenia [66].

All four AMPA receptor subunits are palmitoylated at two conserved sites, one within the
pore domain (C585 in GluA1), and the other one in the C-tail juxtamembrane region (C811
in GluA1) [15]. Palmitoylation of AMPA receptor subunitsin the M2 hairpin structure,
mediated by the palmitoyl acyltransferase DHHC3, occursin the early secretory pathway
within the endoplasmic reticulum (ER), where it regulates the stability of AMPA receptors
and protects the receptors from degradation (Figure 3) [15,67]. Once the receptors are
transported to the Golgi apparatus, palmitoylation acts to suppress AMPA receptor surface
trafficking by accumulating receptors in the Golgi apparatus (Figure 3) [15]. Thus,
depalmitoylation of AMPA receptorsin the M2 hairpin structure in the Golgi apparatus acts
as atriggering signal for receptor forward trafficking. On the other hand, palmitoylation at
the GIuA1 C-tail C811 inhibits the GIuA1-4.1N protein interaction, an interaction playing an
important rolein stabilizing AMPA receptors on the surface, thus enhances stimulation-
induced endocytosis of AMPA receptors (Figure 3) [15,47].

AMPA receptor palmitoylation is highly regulated by neuronal activity. Glutamate
stimulation rapidly induces depal mitoylation of AMPA receptors without affecting total
receptor levelsin neuronal cultures[15,67]. Thisis similar to the regulation of
palmitoylation of PSD-95, a major postsynaptic density protein critical for AMPA receptor
trafficking, which also undergoes activity-dependent depalmitoylation [68]. Conversely,
blockade of neuronal activity by tetrodotoxin (TTX) increases palmitoylation of AMPA
receptors [67]. As palmitoylation of the AMPA receptor plays an important role in the
regulation of receptor trafficking [15,47,67], such activity-dependent modul ation of

pal mitoylation/depal mitoylation of the AMPA receptor provides an important mechanism
for synaptic plasticity.
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Ubiquitination

Ubiquitination is an evolutionally conserved posttrandational process that attaches asingle
ubiquitin or polymeric ubiquitin chains to lysine residues of a substrate protein (reviewed in
[69]). Protein ubiquitination is catalyzed by a sequential action of three enzymes: the
ubiquitin-activating enzyme (E1), the ubiquitin-conjugating enzyme (E2), and the ubiquitin
ligase (E3) [69]. The E3 ligase transfers ubiquitin to its targets at |ysine residue(s) and
determines substrate specificity [69]. In contrast to the relatively small numbers of E1 and
E2 enzymes, there are hundreds of E3 ligases, allowing for enormous diversity and
specificity. Ubiquitination is a reversible modification in that various deubiquitinases can
cleave or trim polyubiquitin chains and terminate the ubiquitination-induced signaling [69].
Modification of proteins with ubiquitin generally serves as atargeting signal for protein
degradation that is mediated by the proteasome or lysosomal machinery and plays an
important role in intracellular trafficking of membrane proteins [69]. Many key synaptic
proteins are direct targets for activity-dependent, ubiquitination-mediated degradation,
including Shank, PSD-95 and NMDA receptors [70].

Early studies have indicated a crucial role for ubiquitination-mediated signaling in
regulating AMPA receptor trafficking and turnover [71-73]. In addition, AMPA receptorsin
C. eéleganswere shown to be ubiquitinated nearly a decade ago [74], which regulates the
density of the receptors at synapses [75]. Recently, both GluA1 and GluA 2 subunits of
mammalian AMPA receptors were shown to be direct targets of ubiquitination in cultured
neurons [76-78]. Ubiquitination of GIUA1 in neurons primarily occurs on the cell surface,
mainly on residue K868 in the C-tail, and can be rapidly induced by treatment of an AMPA
receptor agonist, AMPA [76,78]. Importantly, GIuA1 ubiquitination precedes and is
required for AMPA-induced endocytosis of the receptors[76,78]. Supporting this notion,
blockade of polyubiquitination or proteasome activity prevents AMPA-induced
internalization of GIuA1 [71]. Upon ubiquitination, a portion of internalized GIuA1 is
degraded by the lysosome, which controls the total level of GIuUAL in neurons[78]. For
GluA2, its ubiquitination can be induced by blocking GABAergic inhibitory transmission
with bicuculline and also depends on AMPA receptor activation [77]. Interestingly,
bicuculline-induced GluA2 ubiquitination can be rapidly reversed by restoring normal
activity in the cultured neurons, indicating that ubiquitination of AMPA receptorsis ahighly
regulated process sensitive to ongoing neuronal activity [77]. In contrast to GIuA1
ubiquitination, GluA2 ubiquitination occurs after receptor endocytosis [77], suggesting a
subunit-specific regulation of AMPA receptor trafficking by ubiquitination. Notably,
NMDA application, although capable of inducing AMPA receptor internalization, does not
trigger ubiquitination on either GIuA1 or GIUA2 [76-78]. Instead, NM DA -induced AMPA
receptor internalization depends on ubiquitination of PSD-95 [ 73], demonstrating a pathway
specific recruitment of the ubiquitin-proteasome system for AMPA receptor trafficking.

Which E3 ligase(s) mediates AMPA receptor subunit ubiquitination? Recently, Nedd4
(neural precursor cell expressed, developmentally down-regulated) has been identified as an
E3 ligase that ubiquitinates GIUA1 [76,78]. Nedd4 was originally isolated from a screen
from embryonic mouse brain [79]. Recent studies show that Nedd4 is enriched at synapses,
physically interacts with GIuA1 and mediates ubiquitination of GIuA1 in heterologous cells
and neurons [76,78]. Overexpression of Nedd4 in neurons increases GIUA 1 ubiquitination,
reduces surface levels of GIuA1, diminishes AMPAR-mediated synaptic transmission, and
facilitates targeting of AMPA receptors to late endosomal/lysosomal compartments for
degradation [76,78]. Conversely, knockdown of Nedd4 through RNA interference decreases
GluA1 ubiquitination and inhibits AMPA-induced endocytosis of GIuA 1-containing AM PA
receptors[76,78]. Another recent report demonstrates the ubiquitin E3 ligase, anaphase-
promoting complex (APC), aso promotes GIuA 1 ubiquitination [80]. The APC complex
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interacts with and ubiquitinates GIuA 1, and has been reported to control downregulation of
synaptic GluA 1 induced by EphA4 activation during homeostatic plasticity [80]. Neither
Nedd4 nor the Apc complex, however, appearsto interact with GIuA2 [76,78,80],
suggesting that distinct E3 ligases may exist in neurons to catalyze ubiquitination of the
GluA2 subunit. Currently, it isunclear how neuronal activity regulates E3 ligases for AMPA
receptor ubiquitination. It is plausible that recruitment and activation of E3 ligases for
AMPA receptors depends on calcium, as both GluA1 and GluA2 ubiquitination require local
increase of calcium concentration [76,77].

Cross-talk among posttranslational modifications

An emerging concept is that different posttrandational modifications functionally cross talk
with each other to provide fine regulation of trafficking and function of the target proteins.
For example, it has been demonstrated that pal mitoylation of the p2-adrenergic receptor, the
kainate receptor GluK 2 subunit or NMDA receptor GIuN2 subunits modulates their
phosphorylation levels, thus altering receptor trafficking and function [81-84]. Likewise,
tyrosine phosphorylation of Parkin, an E3 ligase, inhibits its autoubiquitination, thereby
stabilizing the protein [85]. More recently, an intriguing posttransational cross-talk
mechanism was discovered to modulate the function of the BK channel, a voltage-gated
potassium channel. In this case, the cytosolic C-tail of the BK channel interacts with the
plasma membrane via palmitoylation at multiple C-tail cysteine residues. PKA
phosphorylation at a serine residue close to palmitoylation sites |eads to dissociation of the
BK channel C-tail from the plasma membrane, and thus inactivation of the channel [86].
Indeed, these expanding lines of evidence highlight the importance of cross-modulations of
proteins by different posttranslational modificationsin controlling their precise cellular
function [81-88]. Such interplay greatly expands the complexity and potential specificity of
the biological functions of posttranslational modifications.

Recent progress also demonstrates the significance of such cross-talk among
posttranslational modifications in the regulation of AMPA receptor trafficking. One elegant
exampleisthe functional interaction between C811 palmitoylation and nearby S818
phosphorylation in the GIuA1 C-tail in controlling AMPA receptor trafficking (Figure 3)
[47]. In this scenario, the absence of C811 palmitoylation on GIuA1 facilitates
phosphorylation at S818, which in turn promotes the interaction between GluA1 and 4.1N
and subsequently GIUA1 exocytosis [47]. It is possible that palmitoylation at C811 inhibits
nearby phosphorylation by introducing allosteric restriction of PKC accessto its substrates,
amechanism previously proposed for the cross-modulation of the p2-adrenergic receptor by
phosphorylation and palmitoylation [82]. In addition, it has been shown that phosphorylation
at the GIuA1 C-tail can prevent GIuA 1 degradation by lysosomes [89], suggesting a
potential cross-modulation between AMPA receptor phosphorylation and ubiquitination.
Furthermore, the palmitoylation state of the GIuA2 subunit in the M2 hairpin structure
(C610) iscritical for GIUA2 stahility in the ER [67]. A palmitoylation-deficient mutant of
GluA2 (C610S) is unstable in the ER and rapidly subjected to lysosomal degradation [67],
indicating that palmitoylation at C610 may suppress the ubiquitination and subsegquent
GluA2 degradation. As has been demonstrated for other proteins, such cross-talk by
different posttranslational modifications likely represents a common mechanism for
controlling various aspects of AMPA receptor trafficking and function.

In addition to phosphorylation, palmitoylation, and ubiquitination, two other
posttransational modifications, sumoylation and nitrosylation, have recently been
demonstrated to play key rolesin modulating synaptic protein function [90,91]. Indeed, a
recent study shows that reciprocal nitrosylation and palmitoylation of PSD-95 controlsits
synaptic targeting [91]. However, it remains unclear if AMPA receptors can be sumoylated
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or nitrosylated. If AMPA receptors can be sumoylated or nitrosylated, what roles do these
modifications play in the regulation of AMPA receptor trafficking, and how do these
modifications interact with other posttransl ational modifications discussed in this review?

Conclusions

Reversible posttranslational modifications, including phosphorylation, palmitoylation and
ubiquitination, have been shown to control various aspects of AMPA receptor trafficking
and functional modulation. Recent advances highlight how posttrand ational modifications
regulate protein-protein interactions that mediate receptor trafficking and how different
posttranslational modifications interact with each other to precisely regulate AMPA
receptor-mediated synaptic transmission. It will continue to be important to identify
molecular and biochemical mechanisms underlying posttransational modifications of
AMPA receptor trafficking and function, which will provide key insights into the
mechanisms for synaptic plasticity. In addition, it will be equally important to determine the
local signal transduction pathways that give rise to posttranslational modifications of AMPA
receptorsin ahighly spatialy and temporally controlled manner.
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Figure 1.

Topology and posttranslational modification sites of AMPA receptor subunits

Each AMPA receptor subunit is an integral membrane protein with an extracellular amino
terminal domain (NTD), three transmembrane domains (M1, 3 and 4), a hydrophobic hairpin
domain (M2), which underlies the formation of the channel pore, and three intracellular
domains, Loopl, Loop2 and the carboxyl-tail (C-tail). The S1 domain in the N-terminus and
the S2 domain that links M3 and M4 underlie the formation of glutamate binding domain.
(a) Schematic drawings of the GIuA1 subunit. The residues that are palmitoylated (in green),
phosphorylated (in red) and ubiquitinated (in purpl€) are highlighted. (b) Schematic
drawings of the GIUA2 subunit. The residues that are palmitoylated (in green) and
phosphorylated (in red) are highlighted. Sub-domains that mediate the interaction with 4.1N
protein (a) or GRIP/ABP and PICK1 (b) are also indicated (in yellow).
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Figure2.

Phosphorylation of GIuA1 regulates AMPA receptor trafficking.

(a) Phosphorylation on S818, S831 and S845 of the GIuA1 C-tail enhances delivery of the
receptor to the neuronal surface. Among these phosphorylation events, phosphorylation at
SB818 facilitates the GIUA 1 interaction with 4.1N protein, which stabilizes the receptor on the
surface. Conversely, dephosphorylation, especially at S845, appears to be important for
receptor endocytosis. (b) Phosphorylation on S567 in the GIuA1 Loopl domain negatively
regulates AMPA receptor trafficking to synapses and thus dephosphorylation at this siteisa
prerequisite for synaptic insertion of the receptor. The arrows (brown) represent specific
steps of AMPA receptor trafficking.
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Figure 3.

Palmitoylation of the AMPA receptor plays versetile roles in receptor trafficking.
Palmitoylation at C585 in the GIuA1 M2 hairpin structure takes place at the endoplasmic
reticulum (ER) and functions in stabilizing the receptor in the ER. Once the receptor is
trafficked to the Golgi apparatus, depalmitoylation at C585 is required for forward
trafficking of the receptor. Palmitoylation of GIuA1 at C811 in the C-tail inhibits nearby
PK C phosphorylation on S818. Phosphorylation of S818 enhances the GIUA1 interaction
with 4.1N protein, thus stabilizing the receptor on the surface. Therefore, palmitoylation of
C811 negatively regulates the GluA1-4.1N interaction, facilitating stimulation-induced
endocytosis of the AMPA receptor. The arrows (brown) represent specific steps of AMPA
receptor trafficking.
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