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Abstract

In recent years, it has become clear that both AMPA (a-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid)- and NMDA (N-methyl-D-aspartate)-type glutamate receptors, and many of their
interacting partners, are palmitoylated proteins. Interfering with palmitoylation dramatically
affects receptor trafficking and distribution and, in turn, can profoundly alter synaptic
transmission. Increased knowledge of synaptic palmitoylation not only will aid our understanding
of physiological neuronal regulation, but also may provide insights into, and even novel treatments
for, neuropathological conditions. In the present paper, we review recent advances regarding the
regulation of ionotropic glutamate receptor trafficking and function by palmitoylation.
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Introduction

Glutamate receptors, the major excitatory neurotransmitter receptors in the mammalian
brain, must be targeted to precise subcellular locations. In mature neurons, glutamate
receptors are concentrated on dendritic spines. These tiny structures are the sites of synaptic
connections, via which neurons communicate with one another. For normal higher brain
function, neurons face the challenge of not only targeting glutamate receptors correctly to
spines and synapses, but also regulating receptor number and function in response to
experience. Considerable evidence suggests that experience-dependent changes in glutamate
receptor number and function are critical for higher forms of behaviour such as learning and
memory, and are impaired in disease states.

Post-translational synaptic regulation: phosphorylation compared with

palmitoylation

Changes in glutamate receptor number and/or function must be rapid, and thus often involve
post-translational modification of existing receptors [1-4]. It is therefore unsurprising that
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protein phosphorylation, the best-known post-translational regulatory mechanism, is heavily
linked to the regulation of receptor trafficking and function. Indeed, both serine/threonine
and tyrosine phosphorylation influence distribution and channel properties of different
glutamate receptor subtypes [1,4-6]. Glutamate-receptor-binding proteins are also key
targets for phosphorylation-dependent regulation [7-9].

Despite its clear importance in receptor regulation, phos-phorylation is a charge-based
regulatory mechanism, whereas receptors are predominantly found in a highly hydrophobic
lipid-rich environment. Phosphorylation therefore appears to be imperfectly suited to
regulate the countless budding and fusion events between trafficking vesicles and the plasma
membrane that receptors undergo. In contrast, these events would appear to be perfect
candidates for regulation by S-palmitoylation, the reversible addition of the fatty acid
palmitate to cysteine residues in target proteins [10-12]. Palmitoylation can direct
transmembrane proteins to specific microdomains within the plasma membrane and can also
target otherwise soluble proteins to either the plasma membrane or to specific vesicles [12].
It is now clear that the major ionotropic glutamate receptors and several of their binding
partners are also targets for regulation by palmitoylation [13-16]. Moreover, research in this
field has revealed several new roles for palmitoylation at the cell biological level. It is now
apparent that palmitoylation is frequently not simply a constitutive targeting motif; instead,
cycles of palmitate addition and removal are highly dynamic, on both receptors and their
interacting proteins. Moreover, palmitoylation levels can be regulated by changes in
neuronal activity or other stimuli [17]. Finally, recent evidence suggests that this
multilayered regulation is facilitated by the targeting of specific DHHC (Asp-His-His-Cys)
family PAT (palmitoyl acyltransferase) enzymes to different subcellular locations in neurons
[13,15,18]. In the present paper, we focus on the palmitoylation-dependent regulation of
AMPA (a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) and NMDA (A-methyl-D-
aspartate) subtype glutamate receptors (AM-PARs and NMDARs respectively) and their
binding partners, which is emerging as a key synaptic regulatory mechanism.

Regulation of AMPA-type glutamate receptors by palmitoylation

AMPARs mediate the majority of fast excitatory transmission at central synapses. Neurons
expend huge amounts of energy to dynamically traffic AMPARS, which are constantly
inserted, internalized and recycled, even at synapses that maintain a consistent stable
synaptic strength [2]. Changing the balance of AMPAR trafficking into and out of synapses
is a major way by which synaptic strength can be altered and probably underlies several
forms of synaptic plasticity and behaviour [1,19,20]. The short cytoplasmic tails of
AMPARSs are critical for regulation of their trafficking. AMPAR tails contain multiple
phosphorylation sites, plus binding motifs for several interactors. In addition, all four
AMPAR subunits (GluA1-GluA4) also have a cysteine residue close to the beginning of
their cytoplasmic tail, which is palmitoylated [13]. All four mammalian AMPAR subtypes
were found to be palmitoylated in cultured neurons and endogenously in forebrain [17].
Palmitoylation of the AMPAR GIuA1 subunit juxtamembrane cysteine residue is reported to
influence binding of GIuALl to the protein 4.1N and to regulate GIuAl insertion into the
plasma membrane [21] (Figure 1).

The C-terminal juxtamembrane cysteine residue is the major palmitoylation site on
AMPARSs expressed alone [13]. However, AMPARS co-expressed with the broad-specificity
DHHC family PAT DHHC3/GODZ are also palmitoylated at a second site, close to the
channel-forming region of the receptor subunit [13,22]. GODZ is exclusively localized to
the Golgi apparatus [22] and AMPARs palmitoylated by co-transfected GODZ are trapped
intracellularly [13] (Figure 1). This palmitoylation event may act as a ‘quality-control’ step,
perhaps preventing forward trafficking of AMPARSs that are incompletely folded and/or
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have not yet undergone a full complement of other modifications, e.g. glycosylation.
However, more recent studies suggest that, particularly for the GIuA2 subunit, endogenous
palmitoylation occurs within the ER (endoplasmic reticulum) and is actually increased by
agents that disrupt Golgi membrane integrity [23]. As GODZ has only been demonstrated to
palmitoylate AMPARS when overexpressed, it is possible that other PATs perform this role
endogenously in neurons. More work will be necessary to determine where in neurons
AMPAR channel pore palmitoylation occurs and how it is regulated.

Although cell biological effects of AMPAR palmitoylation have been described in cultured
neurons, how palmitoylation affects AMPAR trafficking and plasticity /n7 vivois largely
unexplored. However, in a recent impressive series of experiments, AMPAR subunits were
reported to be palmitoylated in the nucleus accumbens, a brain region central to the effects
of drugs of abuse [24]. Palmitoylation of the GIuA1 and GluA3 subunits was markedly, but
transiently, increased following intraperitoneal injection of cocaine. The broad-spectrum
palmitoylation inhibitor 2-Br (2-bromopalmitate) blocked both cocaine-induced
palmitoylation and intracellular redistribution of GluAl and GIuA3. When combined with
earlier reports of glutamate-dependent AMPAR depalmitoylation in cortical neurons [13],
this suggests that AMPAR palmitoylation occurs in multiple brain regions and can be
dynamically regulated by extracellular signals.

Regulation of NMDA-type glutamate receptors by palmitoylation

In contrast with AMPARSs, which are constantly trafficked into and out of synapses, synaptic
NMDARSs have been historically considered to be more stable, especially in mature neurons.
However, it is now clear that NMDARSs can also be trafficked rapidly, both constitutively
and in response to changes in neuronal activity [3]. Palmitoylation is now emerging as an
additional regulator of NMDAR trafficking.

NMDARSs are heteromeric combinations of an obligatory NR1 subunit plus different NR2
subunits, with NR2A and NR2B the major NR2 subunit types in forebrain [3,4]. Both NR2A
and NR2B contain long intracellular tails, both of which are palmitoylated [14,17]. In this
case, the ‘two-site’ arrangement of palmitoylation sites seen in AMPARS is replaced by a
‘two-cluster’ arrangement, with palmitoylation occurring on two separate groups of cysteine
residues in the long NR2 intracellular C-terminal tails [14]. In transfected non-neuronal
cells, it appears that no single site in either cluster is dominant, such that all must be mutated
for palmitoylation to be eliminated. The consequences of palmitoylation of each cluster
differ markedly. Cluster Il palmitoylation causes both NR2A- and NR2B-containing
receptors to accumulate in the Golgi apparatus, again possibly serving as a quality-control
step in receptor maturation, as postulated for the channel pore AMPAR palmitoylation site
(Figure 1A). In contrast, NR2A/NR2B palmitoylation on cysteine cluster I is linked to
increased levels of phosphorylation by Src-family tyrosine kinases, which in turn decreases
rates of receptor internalization [14] (Figure 1B). As with AMPAR palmitoyla-tion,
NMDAR palmitoylation is regulated by neuronal activity, but little is known about the PATs
responsible, and which site(s) are most sensitive to activity changes.

Regulation of glutamate-receptor-binding proteins by palmitoylation

Direct palmitoylation of glutamate receptors themselves is an important regulatory
mechanism. However, receptor-interacting proteins, particularly those of the PDZ domain
family [25], guide receptors to specific subcellular locations and play important roles in
receptor regulation. Many PDZ domain proteins are themselves palmitoylated [10], and this
is emerging as another locus for the control of receptor localization and trafficking.
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Several years before reports of NMDAR palmitoylation, it was known that the major NR2-
interacting protein PSD (postsynaptic density)-95 is palmitoylated and that this modification
is critical for PSD-95 targeting to synapses [26,27]. At first glance, these findings would
suggest that PSD-95 palmitoylation should influence NMDAR synaptic trafficking,
clustering and/or function. Indeed, the PSD-95 palmitoylation state does alter NMDAR
desensitization, a property that in turn may affect NMDAR activation during prolonged or
repeated exposure to glutamate [28]. However, completely removing palmitate from PSD-95
with the inhibitor 2-Br does not affect NMDAR clustering, at least over short time courses
(8 h) [26].

However, over the same periods during which NMDARs are minimally affected, blocking
PSD-95 palmitoylation with 2-Br dramatically affects AMPAR synaptic clustering. Thus
synaptic AMPARSs are rapidly dispersed by 2-Br treatment, or by overexpression of a non-
palmitoylatable PSD-95 [26,29]. Links between palmitoylated PSD-95 and AMPAR
regulation are strengthened further when the influence of neuronal activity is considered. In
neurons treated with glutamate, PSD-95 is depalmitoylated and dispersed and AMPARs
internalize. Overexpression of a constitutively membrane-bound (prenylated) form of
PSD-95 blocks both PSD-95 cluster dispersal and AMPAR internalization [26]. The
underlying molecular basis for these dramatic effects of PSD-95 palmitoylation on
AMPARSs has not been fully elucidated. However, evidence points to a key role for a pool of
PSD-95 complexed with AMPAR auxiliary subunits of the TARP (transmembrane AMPA
receptor regulatory protein) family (Figure 2). In particular, wild-type PSD-95
overexpression increases AMPAR-mediated transmission, an effect likely to be mediated by
direct TARP binding, but this effect is not seen with non-palmitoylatable C3S/C5S PSD-95
[30]. Intriguingly, the major hippocampal TARP CACNGS (calcium channel, voltage-
dependent, ysubunit 8) is also likely to be palmitoylated [17], although the role of this
modification is as yet unknown.

Enzymatic control of PSD-95 palmitoylation is also multilayered. Originally, several DHHC
family PATs (DHHC2, DHHC3, DHHC7 and DHHC15) capable of palmitoylating PSD-95
were identified [31]. Of these, DHHC2 and DHHC3 are the major PSD-95 PATS expressed
in hippocampal neurons, where they play different roles [18]. The Golgi-localized DHHC3
appears to regulate constitutive PSD-95 palmitoylation, whereas the synaptodendritic
DHHC2 regulates activity-dependent changes in PSD-95 palmitoylation at and near
synapses. Synaptodendritic PSD-95 palmitoylation is functionally important because both
DHHC2 and palmitoylated PSD-95 are required for long-term activity-dependent increases
in surface AMPAR expression [18].

Other palmitoylated MAGUKs (membrane-associated guanylate kinases)

PSD-95 belongs to a family of MAGUKS, each containing three PDZ domains, an SH3 (Src
homology 3) domain and a region homologous with yeast guanylate kinases [25]. Of the
three other mammalian MAGUKS, PSD-93 (also known as Chapsyn), SAP (synapse-
associated protein) 97 and SAP102, only PSD-93 has been demonstrated to be palmitoylated
[32]. Indeed, two PSD-93 isoforms, each with a different pattern of N-terminal cysteine
residues, can be palmitoylated. However, the role of PSD-93 palmitoylation is less clear
than that of PSD-95. PSD-93 palmitoylation can drive clustering of ion channels in
transfected non-neuronal cells [32], but appears to be dispensable for synaptic targeting of
either PSD-93 splice form in neurons [33]. The precise role of neuronal PSD-93
palmitoylation, and the PAT(s) responsible, therefore remains to be determined. It is
noteworthy that the MAGUK SAP102 is not palmitoylated, despite possessing multiple N-
terminal cysteine residues that score highly in palmitoylation site prediction programs (e.g.
[34]). Instead, the cysteine-containing N-terminal domain of SAP102 is dedicated to binding
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Zn2* ions [32]. This finding demonstrates the need to confirm bioinformatically predicted
palmitoylation sites experimentally.

Palmitoylation of GRIP (glutamate-receptor-interacting protein) 1, GRIP2
and direct AMPAR interactors

Whereas NMDARs predominantly bind MAGUK family PDZ domain proteins, AMPARS
have a distinct set of PDZ domain interactors, which include the multi-PDZ domain GRIP1
and GRIP2 (also known as ABP for AMPAR-binding protein) [35,36]. Both GRIPs directly
bind and regulate GluA2-containing AMPARSs.

Each GRIP exists in multiple splice forms, and the splice forms GRIP1b and GRIP2b (the
latter is also known as pABP-L) contain a unique N-terminal cysteine residue that is
palmitoylated [37]. Similar to the role of PSD-95 palmitoylation, overexpressed
palmitoylated GRIP2b is targeted to dendritic spines [16,38]. GRIP2b overexpression
dramatically increases spine number and size, even causing enlarged presynaptic puncta of
synaptophysin that contact the GRIP2b-expressing neuron [38]. However, whether
endogenously palmitoylated GRIP2b plays a similar role is unclear.

In contrast with the synaptic targeting of palmitoylated PSD-95 and GRIP2b, palmitoylation
of GRIP1b has a different function. In this case, palmitoylation directs GRIP1b to a specific
type of dendritic vesicle: recycling endo-somes [15]. GRIP1 plays a specific role in activity-
dependent GIuA2 recycling [39] and mimicking palmitoylation of GRIP1b with a
constitutive lipid-attachment motif enhances activity-dependent GluA2 trafficking back to
the plasma membrane [15] (Figure 3). The palmitoylation-mimicking form of GRIP1b also
interacts more strongly with kinesin motor proteins. This suggests that palmitoylated
GRIP1b may serve to “bridge’ receptor-containing vesicles with the motor proteins that
move these vesicles within dendrites [15].

Why should palmitoylated GRIP1b and GRIP2b localize to such distinct places in neurons
and play such different roles? At least two plausible explanations exist for this. First, the
GRIP2b N-terminus surrounding the palmitoylated cysteine residue contains a string of
basic residues, whereas GRIP1b lacks this polybasic motif. Polybasic motifs co-operate with
lipid modifications to direct plasma membrane/spine targeting of other proteins [40,41],
whereas a single lipid modification can result in intracellular or vesicular targeting [42].
Secondly, the kinesin-binding region of GRIP1b is poorly conserved in GRIP2, suggesting
that GRIP2 is unlikely to regulate trafficking of vesicular cargo. Thus differential lipid
modification, often in combination with neighbouring amino acids, can allow otherwise
similar proteins to play very different roles in neurons. This increases the molecular toolkit
available to a neuron to regulate different aspects of receptor trafficking and localization.

How is palmitoylation of GRIP1b and GRIP2b regulated? The PATSs responsible for
GRIP1b palmitoylation were identified recently as the related enzymes DHHCS5 and
DHHCS8 [15], with DHHCS5 being the dominant GRIP1b PAT. Consistent with this
observation, DHHCS5 and palmitoylated GRIP1b are similarly localized predominantly in
dendritic shafts, and only rarely at synapses.

Interestingly, both DHHC5 and DHHCS8 terminate in identical PDZ ligands that directly
bind the PDZ domains of GRIP1b. This direct binding is necessary for DHHC5/DHHCS to
palmitoylate GRIP1b in transfected heterologous cells, and for DHHCS to target GRIP1b to
dendritic vesicles in neurons [15] (Figure 3). PDZ ligand-dependent recognition of specific
substrates has been reported previously for protein kinases [43,44], and its use by DHHC5/8
may be an example of convergent evolution.

Biochem Soc Trans. Author manuscript; available in PMC 2013 November 15.
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The PAT(s) responsible for GRIP2b palmitoylation is less clear. Although co-transfected
DHHC5 and DHHCS8 also bind the PDZ domains of GRIP2 in heterologous cells, ShRNA
(short hairpin RNA)-mediated DHHC5 knockdown in neurons only mildly reduces GRIP2b
palmitoylation (G.M. Thomas and R.L. Huganir, unpublished work). This is consistent with
the localization of DHHCS5 in dendritic shafts, compared with the spine localization of
GRIP2b. It is possible that GRIP2b palmitoylation is mediated by DHHCS, which is
reported to have a more synaptic localization than DHHCS [15,45]. However, other PATS
may contribute to GRIP2b regulation.

Consistent with their roles in synaptodendritic palmitoyla-tion, it is also of note that loss of
either DHHC5 or DHHCS leads to behavioural impairments in mice [45,46]. Even more
intriguingly, both of these PATS are linked to neurodevelopmental and/or neuropsychiatric
conditions in human genetic studies [15,45]. Whether known or additional DHHC5/DHHCS8
substrates underlie these links is unclear. PSD-95 palmitoylation is reported to be reduced in
DHHCB8-knockout mice [47]. However, in hippocampal neurons, DHHC2 appears to be the
dominant PSD-95 PAT, raising the possibility that DHHCB8-dependent effects may be
indirect consequences of impaired neurodevelopment.

Palmitoylation of other glutamate-receptor-regulatory proteins

In the present paper, we have focused on the palmitoylation of glutamate receptors and their
direct interactors, but many other synaptic proteins are now known to be palmitoylated.
Currently, the effects of palmitoylation of the majority of these proteins remain
uninvestigated, but will probably turn out to regulate diverse aspects of synaptic function.
For example, palmitoylation of AKAP (A-kinase-anchoring protein) 79/150, a scaffold
protein that binds both protein phosphatases and kinases, and regulates both NMDARs and
AMPARSs, was reported to be palmitoylated [17,48]. Similar to GRIP1b, palmitoylation
targets AKAP79 to recycling endosomes. Unexpectedly, a non-palmitoylatable form of
AKAP79 markedly increases the number of glutamatergic synapses, suggesting that
palmitoylation normally restricts AKAP79-dependent signals to appropriate locations [48].
Thus palmitoylation, normally considered a ‘gain-of-function” modification, can also serve
as a tether or “brake’ to restrict inappropriate signaling. Additional investigation may thus
shed new light on to new roles for palmitoylation at the cellular level.

Current knowledge, outstanding questions

The last few years have seen considerable steps forward in our understanding of the extent
and roles of synaptic palmitoylation. Several advances aided this progress, including the
discovery of the DHHC family PATSs, refinements of non-radioactive methods to track
palmitoylation [49] and the use of sShRNA knockdown/rescue approaches to probe the roles
of specific palmitoylation events [48]. This last approach is particularly well suited to
investigating palmitoylation in cultured neurons. Despite this progress, current knowledge is
clearly far from complete. So what major challenges lie ahead?

First, the specific roles and substrates of many neuronal PATSs remain unclear. This
knowledge is likely to increase as individual PATSs and their binding partners are studied.
These advances will require some effort, but would appear achievable with current methods.
However, additional progress may require technical challenges to be overcome. For
example, studies with transfected non-palmitoylatable mutants strongly suggest that
AMPAR and NMDAR subunits are palmitoylated at multiple sites [13,14], yet current
methods cannot monitor individual palmitoylation sites on endogenous proteins. This
situation is similar to studies of protein phosphorylation some years ago, an issue that was
largely solved by the development of phospho-specific antibodies. Palmitoylation state-
specific antibodies that recognize individual sites could be similarly invaluable. Moreover, if
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suitable for immunocytochemistry, such antibodies would help to address where specific
palmitoylation events occur in neurons, another pressing question. Successfully generated
palmitoylation state-specific antibodies were reported recently in abstract form [50], and
their full description in the published literature is eagerly awaited.

Despite these challenges, recent progress has highlighted the importance of palmitoylation
in neuronal regulation. Hundreds of synaptic palmitoylated proteins have already been
identified proteomically, and this number will probably rise as lower-abundance proteins are
studied. The importance of palmitoylation for normal neuronal function is underscored by
the dramatic phenotypes frequently observed when specific palmitoylation events are either
mimicked or prevented, or when individual PATs are mutated or knocked out. One largely
unexplored area, however, is how mimicking or preventing specific palmitoylation events
could affect outcomes in neuropathological conditions. As mentioned above, DHHC family
PATSs and several palmitoylated proteins are already linked to both neurodevelopmental and
neuropsychiatric disorders. As PATs and thioesterases are, at least a priori, ‘druggable’, they
represent a novel group of enzymes that could be targeted to ameliorate a wide variety of
disease conditions. This exciting possibility gives us even more reason to look forward to
the next years of progress in the field of neuronal palmitoylation.
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AMPAR AMPA receptor

2-Br 2-bromopalmitate

GRIP glutamate-receptor-interacting protein

MAGUK membrane-associated guanylate kinase

NMDA N-methyl-D-aspartate

NMDAR NMDA receptor

PAT palmitoyl acyltransferase

PSD postsynaptic density

SAP synapse-associated protein

shRNA short hairpin RNA

TARP transmembrane AMPA receptor regulatory protein
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Figure 1. Two distinct rolesfor palmitoylation in trafficking and targeting of AMPA- and
NMDA-type glutamate r eceptors

(A) In neurons transfected with DHHC3 (orange), both AMPARs (red) and NMDARs (blue)
are palmitoylated, causing their retention in the Golgi. Only depalmitoylated receptors can
traffic forward to the plasma membrane. AMPAR retention requires a site near the AMPAR
channel pore, whereas NMDAR retention requires a cluster of cysteine residues (cysteine
cluster I1) in the NR2 C-terminus. (B) Additional sites on both AMPARs and NMDARs are
also palmitoylated. These sites do not affect initial targeting to the plasma membrane.
However, a C-terminal juxtamembrane site regulates activity-induced internalization of
AMPARSs, whereas a distinct cluster of cysteines residues (cysteine cluster 1) regulates
constitutive internalization of NMDARS.
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Figure 2. Possible mechanism for the selective loss of synaptic AMPARs and PSD-95 caused by
2-Br

Under basal conditions, PSD-95 is palmitoylated at synapses and probably forms distinct
complexes with both NMDARs and AMPARs. NMDARs bind PSD-95 directly, whereas
AMPARSs bind PSD-95 via TARPs. Acute (6-8 h) 2-Br treatment depalmitoylates and
declusters PSD-95. This leads to diffusion of synaptic AMPARS to extra-synaptic and/or
internal sites. However, despite the loss of synaptic PSD-95, synaptic NMDARs are
minimally affected, perhaps because they are stabilized by other protein—protein
interactions.
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Figure 3. Unique substrate recognition by DHHC5/DHHC8 PATs allows palmitoylated GRIP1b
toregulate vesicular AMPAR trafficking

(A) The C-terminal PDZ ligands of DHHC5 and DHHC8 bind GRIP1b. This binding is
necessary for the recognition of GRIP1b as a substrate for palmitoylation. (B) Palmitoylated
GRIP1b is targeted to recycling endosomes, where it accelerates activity-dependent
recycling of GluA2-containing AMPARS back to the plasma membrane.
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