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Abstract

NMDA receptors for the neurotransmitter glutamate are widely distributed in the central nervous system, playing impor-
tant roles in brain development, function and plasticity. Alterations in their activity are also important mediators in neu-
ropsychiatric and neurodegenerative disorders. The different NMDA receptor subunits (GluN1, GluN2A-D and GIuN3A,
B) share a similar structure and membrane topology, with an intracellular C-terminus tail responsible for the interaction
with proteins important for the trafficking of the receptors, and to control their surface distribution and signalling activity.
The latter sequence varies among subunits but consistently contains the majority of post-translational modification sites on
NMDA receptors. These modifications, including phosphorylation, ubiquitination, and palmitoylation, regulate interactions
with intracellular proteins. Differences in the amino acid sequence between NMDA receptor subunits lead to a differential
regulation by post-translational modifications. Since NMDA receptors are formed by oligomerization of different subunits,
and each subunit is regulated in a specific manner, this creates multiple possibilities for regulation of these receptors,
with impact in synaptic function and plasticity. This review addresses the diversity of mechanisms involved in the post-
translational modification of NMDA receptor subunits, and their impact on the activity and distribution of the receptors,
as well as their function in nerve cells.
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Introduction plasticity [4-6]. Dysregulation of the activity of NMDAR

is also associated with different types of diseases of the ner-

The N-methyl-D-aspartate receptors (NMDAR) are widely
distributed in the brain [1-3], playing important roles
in synaptic development, synaptic transmission and in
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NMDAR are ligand-gated ion channels, formed by the
assembly of two GluN1 obligatory subunits and two sub-
units belonging to the GIuN2 family (GluN2A to GIuN2D).
Alternatively, NMDAR may also be formed by oligomer-
ization of GIuN1 together with GIuN3 (GluN3A, 3B) sub-
units [4—6, 8]. GIuN1 subunits contain the glycine/D-serine
binding site, while GIuN2 subunits are responsible for the
interaction with glutamate. GluN3 subunits also bind gly-
cine and, therefore, the receptors containing this subunit
together with GluN1 are activated by glycine alone [5, 6,
8]. Activation of NMDAR receptors containing GluN1 and
GIluN2 subunits requires interaction with the two co-ago-
nists, glutamate and glycine/D-serine, and depolarization of
the membrane, allowing the entry of Na" and Ca?" [4, 9].

The expression of GIuN2 subunits is differentially reg-
ulated during development and in different brain regions.
In rodents, GIuN2B and Glu2D are highly expressed early
in development, but the expression of the former subunit
becomes restricted to the forebrain in the adult [10-12].
On the other hand, the expression of GIluN2A starts at birth
and increases progressively to become widely expressed
throughout the CNS. Accordingly, during development of
the cerebral cortex and hippocampus, GluN2B is partly
replaced by GIuN2A in the composition of NMDAR [10,
13, 14]. The expression of GluN2C is also developmentally
regulated, and this subunit is more abundant in the adult cer-
ebellum, where it replaces GluN2B found at earlier stages
of development [12]. Depending on their subunit compo-
sition, the NMDAR exhibit distinct electrophysiological
and signalling properties. Thus, the observed switch from
GluN2B- to GluN2A-containing NMDAR observed during
development results in a decreased Ca®"-permeability and
charge transfer, as well as in a faster rate of deactivation,
rise and decay times [15].

The abundance and subunit composition of synaptic
NMDAR is controlled by the balance between the rate of
synthesis and assembly of new receptors, which take place
in the Golgi apparatus at the soma or in dendritic Golgi out-
posts, their dendritic transport, the rate of receptor delivery
to the plasma membrane, their lateral diffusion, and the inter-
nalization, recycling and degradation [15—17]. In addition,
the surface distribution of NMDAR is determined by the
equilibrium in the exchange between the synaptic and extra-
synaptic pools of the receptor. More than one third of the
NMDAR are located extrasynaptically, being the remaining
concentrated within the postsynaptic region [18-21]. Analy-
sis of the dynamics of NMDAR showed that GluN2A-con-
taining NMDAR display a lower diffusion coefficient when
compared with receptors containing GluN2B subunits, both
in the synaptic and extrasynaptic regions [22], although
distinct results were obtained depending on the methodol-
ogy used to assess the receptor dynamics [23]. However,
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GIluN2A- containing NMDAR are more stable at the syn-
apse when compared with receptors with GluN2B subunits
[22, 23]. Compared to NMDAR containing GIuN2A or
GluN2B subunits, receptors with GIuN3A subunits display
the lowest residence time at the synapse and the highest
synaptic-extrasynaptic exchange rate [23].

At the synapse, NMDAR and their intracellular scaf-
fold proteins are present in nanodomains which were pro-
posed to align with presynaptic sites of neurotransmitter
release [24]. In vivo studies also showed that NMDAR
can be found in two distinct populations: complexes with
approximately 0.8MDa and supercomplexes with about 1.5
MDa [25, 26]. This synaptic organization provides a high
efficiency in synaptic transmission and in synaptic plastic-
ity [27, 28]. GluN2A- and GluN2B-containing NMDAR
show a largely non-overlapping nanoscale distribution in
hippocampal synapses, pointing to the differential contribu-
tion of specific sorting mechanisms depending on the recep-
tor composition [27, 28]. In addition, the nanoclusters of
GluN2A-containing NMDAR are more abundant and larger
than those with GluN2B subunits. However, the molecular
mechanisms that determine the differential distribution of
GluN2A- and GluN2B-containing NMDAR at the synapse
remain to be elucidated. Extrasynaptic NMDAR are also
distributed in small nanodomains that are more abundant
than their synaptic counterparts [28].

Topology of NMDA Receptor Subunits and
Receptor Anchoring at the Synapse

All NMDAR subunits are formed by the assembly of four
subunits which share a similar structure. Their extracellular
region includes an extracellular N-terminal domain (NTD),
also referred to as amino-terminal domain (ATD), which is
relevant in the assembly of the receptors, their trafficking and
regulation, and a ligand-binding domain (LBD), also named
agonist binding domain (ABD). The transmembrane region
of each subunit comprises three transmembrane domains
(M1, M3 and M4), and a re-entrant loop (M2) that forms
the pore of the receptor. Finally, the intracellular C-terminal
domain (CTD) of NMDAR subunits shows great diversity
when the different NMDAR subunits are compared, both in
their amino acid sequence and in length (50 and 650 amino
acids in GluN1 and in GluN2B, respectively). The CTD of
NMDAR subunits plays a key role in the interaction with a
large number of intracellular proteins and in the regulation
of the receptors, acting as molecular hubs for the integration
of regulatory and signalling events [4, 29].

The distribution of NMDAR between the synaptic and
extrasynaptic compartments is determined by proteins
belonging to the membrane-associated guanylate kinase
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(MAGUK) family, in particular PSD-95 (postsynaptic den-
sity-95), PSD-93, SAP97 (synapse associated protein-97;
also known as DLG 1) and SAP102 [30-33]. These proteins
are characterized by the presence of three conserved PDZ
(post-synaptic  density-95/discs-large/zona-occludens-1)
domains, one SH3 domain (SRC Homology 3 Domain) and
a GK (guanylate kinase-like) modular domain that is catalyt-
ically inactive [34-36]. Both GIuN2A and GIuN2B possess
a conserved PDZ-binding motifs (Glu-Ser[Asp/Glu]Val)
which allow direct high affinity interaction with MAGUK
family members. Protein-protein interaction studies per-
formed in extracts from the rat hippocampus showed a pref-
erential binding of GluN2A to PSD-93, PSD95 and SAP97,
while GIuN2B complexes were enriched in SAP102 and
PSD-95 [37]. Disruption of the interaction of GluN2A- and
GluN2B-containing NMDAR with MAGUKSs (membrane-
associated guanylate kinase proteins) using biomimetic
competing ligands showed a differential regulation by the
interaction of the two receptor types with the PDZ scaffold.
It was proposed that the regulation of GluN2A-containing
NMDAR would involve changes in the pool of receptors
within stable nanodomains, while the NMDAR possess-
ing GluN2B subunits are regulated through changes in the
nanodomain topography with a stable receptor pool [28,
38]. These findings, together with the evidence showing that
GluN2B-MAGUK interactions are only essential for the 1.5
MDa NMDAR supercomplexes [25], suggest that the two
pools of receptors belong to distinct protein complexes at
hippocampal synapses. Furthermore, since knockout of
either PSD95 or PSD93 blocks the assembly of almost all
NMDAR-MAGUK supercomplexes of ~1.5 MDa, a single
MAGUK protein alone does not appear sufficient for the
formation of these structures but instead both scaffold pro-
teins are required. In addition, the SH3 domains present in
MAGUKSs can interact with SH3-binding motifs present in
GIuN2A and GIuN2B [39, 40], but the functional relevance
of this interaction remains to be investigated.

The C-terminus of NMDAR subunits contains several
sites for post-translational modifications, including phos-
phorylation, ubiquitination, palmitoylation and acetylation,
with impact on the regulation of the receptors. In particular
the long C-terminus tail of GluN2 subunits allows multiple
mechanisms of regulation of the receptors and triggers a
large diversity of intracellular cascades. For example, for
the GluN2B subunit that has a particularly long CTD, 11
putative sites for tyrosine phosphorylation were identified,
together with 18 sites for serine phosphorylation, and 8
cysteine residues that can undergo palmitoylation [29]. In
total, this would comprise a total of 237 possible variants of
GluN2B, but the number may be even higher considering the
lysine residues that are known to be ubiquitinated but have
not been identified yet. The diversity of post-translational

modifications (PTM) of NMDAR subunits and the effect on
the trafficking and activity of the receptors, as well as on
synaptic regulation, will be discussed in the next sections.

Regulation of NMDA Receptors by
Phosphorylation

Phosphorylation of amino acids at the C-terminal tail of
NMDAR subunits is the best characterized mechanism of
regulation of these receptors. Phosphorylation affects dif-
ferentially the trafficking and surface distribution of the
NMDAR depending on their subunit composition, provid-
ing a precise mechanism to control the different receptors
depending on the stimuli received by neurons.

The GluN1 obligatory subunit of NMDAR is phosphor-
ylated on Ser896 and Ser897 by protein kinase C (PKC)
and protein kinase A (PKA), respectively [41, 42] (Figs. 1B
and 2A). Modification of these residues releases the recep-
tors from the endoplasmic reticulum, possibly by masking
the neighbour ER retention/retrieval motif (Arg-X-Arg)
located in positions 893—895 [43, 44]. After release from the
endoplasmic reticulum NMDAR can be found on the cell
surface after 2-3 h [43]. PKC also phosphorylates GluN1
on Ser890, but this modification of the receptors appears
to play a role in the control of NMDAR dynamics at the
cell surface (Fig. 2B) [41, 42]. In addition, phosphorylation
of GIuN1 CTD on Tyr837 controls the surface expression
of NMDAR by regulating the endocytosis of the recep-
tors. Phosphorylation of this residue by Src-family kinases
(SFK) disrupts the interaction with the AP2 (clathrin adap-
tor protein 2) complex, thereby preventing the endocytosis
of the receptors [45, 46].

The GluN2A subunit of NMDAR can also be phosphor-
ylated on multiple residues located in the C-terminal tail,
providing the opportunity for multiple forms of regulation
(Fig. 1B). DYRKIA (dual-specificity tyrosine phosphor-
ylation-regulated kinase 1 A) phosphorylates GIuN2A on
Ser1048, thereby impairing the internalization of NMDAR
and increasing their surface expression [47]. However, the
mechanisms whereby GluN2A phosphorylation on Ser1048
affect the internalization of the receptors remain to be inves-
tigated. Interestingly, an increased GluN2A expression and
prolonged decay of NMDAR-induced calcium transients
was observed in cerebellum of TgDyrkl1A mice, a mouse
model of Down syndrome, suggesting a role for GluN2A
phosphorylation in the disease [48].

A major difference between GIuN2A- and GluN2B-con-
taining NMDAR is that the former receptors are preferen-
tially targeted for degradation after internalization, whereas
the latter pool of receptors are often recycled back to the
plasma membrane. The difference arises mainly from the
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Fig. 1 NMDA receptor structure A
and post-translational modifi-

cations (PTMs). (A) NMDA
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presence of specific CTD motifs close to the TM4 in the
GluN1 (Tyr837-Try-Lys) and GluN2A subunits (Tyr842-
Try-Lys), which target them for degradation [45, 46]. This
mechanism is antagonized by Ca’*/calmodulin-dependent
kinase Ila (CaMKIla)-mediated GIuN2A phosphorylation
on Ser1459 which makes possible the interaction with the
sorting nexin 27 (SNX27)-retromer complex, thereby pro-
moting the recycling of the receptors back to the synapse
(Fig. 2C) [49]. An increase in GIuN2A phosphorylation by
CaMKIlIa was observed following stimulation of cultured
hippocampal neurons with glycine, to model long-term
synaptic potentiation (LTP) [49]. Since GluN2A phosphor-
ylated on Ser1459 shows a decreased affinity for PSD-95
[50], the receptor may need to be dephosphorylated before
arriving back at the synapse.

In addition to the modulation of receptor trafficking,
GIluN2A phosphorylation also controls the activity of the
receptor. Studies performed in co-cultures of neurons with
HEK293 cells transfected with cDNAs encoding human
GluN1 and SEP-tagged rat GluN2A subunits, showed that
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mutations of Ser1459, including the rare S1459G human
epilepsy variant, prolong the decay times of NMDAR-
mediated currents by increasing the duration of the receptor
channel opening [49]. The activity of GluN2A-containing
NMDAR can also be controlled by PKA and PKC-medi-
ated phosphorylation. This subunit is phosphorylated by
PKA on Ser900 and Ser929, two residues located in the
membrane-proximal region of the CTD which is known
to control NMDAR desensitization. Accordingly, calci-
neurin-mediated dephosphorylation or mutation of the two
sites enhanced the desensitization and decreased the cur-
rents mediated by NMDAR [51-53]. PKC phosphorylates
GluN2A in serine residues located closer to the C-terminus
(Ser1291 and Ser1312), and this post-translational modifi-
cation upregulates receptor activity [54]. Furthermore, the
PKC-mediated phosphorylation of GIuN2A enhances the
effects of allosteric modulators of NMDAR, which also bind
to extracellular domains, indicating that posttranslational
modifications in the C-terminus region of the receptor are
coupled to conformational alterations in the extracellular
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Fig. 2 Regulation of GIuN1 and GIuN2A by phosphorylation. Phos-
phorylation of amino acids at the C-terminal tail of NMDAR subunits
is the best-characterized mechanism of regulation of these receptors,
affecting trafficking and surface distribution in a subunit-dependent
manner. (A) Within the endoplasmic reticulum (ER), phosphorylation
of the GluN1 subunit at Ser896 and Ser897 by PKC and PKA, respec-
tively, masks the nearby ER retention motif (Arg-X-Arg), allowing
the release of the receptor. Once released, NMDAR traffic through the
Golgi apparatus and reach the cell surface. (B) At the plasma mem-
brane, PKC-mediated phosphorylation at Ser890 regulates NMDAR
surface dynamics. Additionally, Src family kinases (SFK) phosphor-
ylate GluN1 at Tyr837, disrupting its interaction with the AP2 com-

region of the receptor. An additional PKC phosphorylation
site on GluN2A, Ser1416, has a local effect to decrease the
affinity of this NMDAR subunit for Ca®"- and calmodulin-
dependent protein kinase II (CaMKII) [55]. Interestingly,
CaMKII-mediated phosphorylation of PSD95 on Ser73

plex, thereby inhibiting clathrin-mediated endocytosis and stabiliz-
ing the receptor on the membrane. (C) NMDAR internalization and
post-endocytic fate depend on their subunit composition. GluN2A-
containing receptors are primarily targeted for lysosomal degradation
after endocytosis. However, phosphorylation of GIluN2A at Ser1459
by CaMKIla promotes interaction with the SNX27-retromer complex,
redirecting the receptor toward recycling instead of degradation. Nota-
bly, phosphorylated GIuN2A exhibits reduced affinity for PSD-95,
suggesting that dephosphorylation may be required before the receptor
reintegrates into the synapse. Created in BioRender. Corti, E. (2025)
https://BioRender.com/s80x528

results in a decreased interaction of the MAGUK with the
GluN2A-CaMKII complex [56].

Phosphorylation of GIuN2A by the Src tyrosine kinase
(on Tyr1105, Tyr1267 and Tyr1387) impairs the blockade
of the receptor channel by Zn?", which is mediated at the
NTD of the complex [57]. This observation further suggests
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that phosphorylation of GluN2A at the CTD induces confor-
mational changes in the receptor with impact in the extra-
cellular domains. The mechanisms by which modification
of the GIuN2A CTD affects the conformation and function
of the extracellular domains remain to be determined. Src-
mediated phosphorylation of GIuN2A on a different tyro-
sine residue, located at position 1325, was also proposed
to mediate the effects of PACI receptors to cause LTP of
hippocampal CA1 synapses using conditions of synaptic
stimulation that would otherwise produce long-term synap-
tic depression (LTD) [58]. However, how phosphorylation
of this residue affects NMDAR dynamics and/or activity
remains to be investigated.

The proline-directed serine/threonine kinase cyclin-
dependent kinase-5 (Cdk5) was also shown to phosphory-
late the GluN2A C-tail, on Ser1232 [59, 60]. Interestingly,
inhibition of the interaction of Cdk5 with GluN2A with
a specific peptide prevented the death of CAl neurons
induced by bilaterally occluding common carotid arteries
[60]. PSD9S is also a substrate of CdkS5, being phosphory-
lated in a domain responsible for the interaction with Src
[61]. Phosphorylation of PSD95 may regulate the interac-
tion of Src with the NMDAR complex, with impact on the
modulation of GIuN2A (see above) and Glu2B subunits (see
below) by the Src kinase.

GluN2B-containing NMDAR can also be regulated by
phosphorylation of multiple residues mediated by different
protein kinases, which control the trafficking and activity of
the receptors (Fig. 1B). Despite the similarity in the amino
acid sequence between the C-terminal domain of GIluN2A
and Glu2B, the mechanisms involved in the regulation of
the receptors containing these subunits is quite different.
The available evidence indicates that GluN2B phosphory-
lation is mainly involved in the control of the distribution
of NMDAR at the cell surface and their internalization. In
particular, phosphorylation on Ser1480 by casein kinase 2
(CK2) occurs within the PDZ ligand domain of GluN2B and
therefore decreases the anchoring of the receptors at the syn-
apse by disrupting their interaction with MAGUK proteins
(Fig. 3A) [62]. Under these conditions the GluN2B-contain-
ing NMDAR are free to diffuse laterally to extrasynaptic
sites where they are no longer phosphorylated by protein
kinases associated with MAGUKSs and may undergo dephos-
phorylation by striatal-enriched protein tyrosine phospha-
tase (STEP) [63] or by protein phosphatase 1 (PP1) [64].

Fyn/Src kinases can bind directly to MAGUK proteins,
including PSD-95 and SAP102, and are enriched at the PSD
[65]; Src also interacts with the GIuN1 subunits of NMDAR
through the mitochondrial encoded protein ND2 [65]. These
tyrosine kinases phosphorylate GluN2B on Tyrl472, a
residue that belongs to the consensus tyrosine-based motif
(Tyr-Glu-Lys-Leu) recognized by the clathrin adaptor AP2
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as part of the mechanism involved in the internalization of
the receptors [46, 66—69]. Phosphorylation of GluN2B on
Tyr1472 blocks the interaction with the AP2 complex and
concomitantly the endocytosis of the receptors (Fig. 3B, C).
Therefore, the CK2-mediated phosphorylation of GluN2B
on Ser1480 is associated with a decrease in the phosphory-
lation on Tyr1472 which is followed by internalization of
the receptors [70]. Most of these receptors are recycled back
to the cell surface after internalization. In contrast, in those
receptors that are endocytosed through the action of the
first AP2 binding motif present in GluN2B, close to the M4
domain, or by a mechanism mediated by the signal present
in GluN1 (at Tyr842), Tyr1472 can remain phosphorylated
after internalization and constitute a signal for interaction
with the E3 ubiquitin ligase Mind bomb 2 (Mib2) (see
below). The resulting ubiquitination of GluN2B CTD tags
the receptors for degradation in late endosomes [67, 69].

The network of signalling mechanisms contributing to
the regulation of GluN2B-containing NMDAR is influenced
by the action of Cdk5, which binds directly to GluN2B and
phosphorylates Ser1116 thereby decreasing the surface
expression of the receptors in an activity-dependent manner
(Fig. 3B) [71]. Phosphorylation of GluN2B on Ser1116 CTD
decreases the Src-mediated phosphorylation of the receptor
subunit, on Tyr1472, thereby increasing the internalization
of the receptors [72]. Importantly, inhibition of the inter-
action between GluN2B and CdkS with a small-interfering
peptide facilitated synaptic transmission recorded in cortical
pyramidal neurons and improved fear memory [71].

The Fyn/Src-mediated phosphorylation of GluN2B may
account for the effects of BDNF to induce the synaptic
accumulation of NMDAR in cultured hippocampal neurons
[73, 74]. In fact, activation of TrkB (tropomyosin recep-
tor kinase B) receptors for BDNF was shown to activate
Fyn with the downstream phosphorylation of GIuN2B on
Tyr1472 [75]. To what extent these synaptic alterations
in GluN2B-containing NMDAR account for the effects
of BDNF in LTP of hippocampal synapses [74, 76] has
not been investigated. Studies performed with mice with
a knock-in mutation of Tyr1472 to a phenylalanine also
showed that phosphorylation of this residue is essential
for fear learning in experiments using auditory fear con-
ditioning test, and in amygdaloid synaptic plasticity [77].
An attenuation of neuropathic pain was also observed in
knock-in mice with a mutation of the Tyr1472 site to phe-
nylalanine [78]. On the other hand, GluN2B phosphoryla-
tion on Tyrl1070 increases in mice subjected to acute and
chronic restraint stress. Experiments with knock-in mice
with a mutation on Tyr1070 showed alterations similar to
those induced by antidepressants, without affecting cogni-
tive or anxiety related behaviours. Mutation of Tyr1070 also
reduced non-synaptic NMDA currents and upregulated the
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Fig. 3 Regulation of GIuN2B by phosphorylation. The phosphoryla-
tion of GluN2B on different residues by distinct enzymes represents an
important strategy to regulate the trafficking and activity of NMDAR.
(A) GIuN2B interacts with MAGUK proteins through its PDZ-bind-
ing motif in the C-terminus. This interaction is disrupted upon phos-
phorylation of Ser1480 by CK2, that decreases the anchoring of the
receptor at the synapse. GluN2B-containing NMDAR are then free
to diffuse laterally to extrasynaptic sites, where they may be dephos-
phorylated by STEP or by PP1. (B) Upon synaptic activation, GluN2B
is phosphorylated by Cdk5 on Ser1116. This promotes the interaction
between the consensus tyrosine-based motif (Tyr-Glu-Leu-Lys) and
the adaptor complex AP2, followed by clathrin-dependent internaliza-
tion and recycling to the perisynaptic membrane. At the same time,
phosphorylation on Serl1116 by Cdk5 decreases phosphorylation on
Tyr1472 by Fyn/Src kinase. Fyn/Src kinase interacts with MAGUK
proteins directly and with GIuN1 thanks to the mitochondrial-encoded
protein ND2. Phosphorylation on Tyr1472 by Fyn/Src kinase, a resi-

due that belongs to the Tyr-Glu-Leu-Lys motif, disrupts the interac-
tion between NMDAR and AP2, thereby decreasing the internaliza-
tion of the receptor. (C) When the interaction between NMDAR and
AP2 occurs through a distinct Tyr-Glu-Leu-Lys motif, located closer
to the M4 domain in GIuN2B, or through GluN1, Tyr1472 can remain
phosphorylated. This is a signal for the E3 ligase Mib2 to ubiquitinate
GluN2B, targeting the receptor for proteasome-mediated degradation.
(D) Under conditions of prolonged synaptic activity, such as in LTP,
the high Ca®" influx activates CaMKII that phosphorylates GluN2B
on Ser1303. Active CaMKII acts as a scaffolding protein for CK2,
facilitating the phosphorylation of GluN2B on Ser1480. In condi-
tions of lower Ca?" entry such as LTD, DAPK1 is activated through
PP2B-dependent dephosphorylation and phosphorylates GluN2B on
Ser1303. This prevents the binding of CaMKII to GluN2B and accu-
mulation within the synapse. Created in BioRender. Corti, E. (2025)
https://BioRender.com/d52t992
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number of glutamatergic synapses in pyramidal neurons of
layer 5 of the medial prefrontal cortex [79]. Additional stud-
ies are required to elucidate how GluN2B phosphorylation
on this site affects the surface distribution of NMDAR.

Another phosphorylation site that is important in the reg-
ulation of GluN2B-containing NMDAR is Ser1303, which
is a substrate of CaMKIla and PKC (Fig. 3D) [80]. GluN2B
phosphorylation on Ser1303 under conditions of synaptic
activity characterized by an increase in the [Ca']; prevents
the interaction with CaMKII which takes places in residues
1290-1310 [81]. Since CK2 binds the active CaMKII [82],
the latter kinase can act as a scaffold to facilitate GluN2B
phosphorylation on Serl480 [82] as described above.
Therefore, the decreased interaction between GIuN2B and
CaMKII resulting from the phosphorylation of the NMDAR
subunit on Ser1303 has an impact on the phosphorylation
of Ser1480 and will ultimately affects phosphorylation of
Tyr1472. Together, this indicates that GluN2B phosphoryla-
tion of Ser1303, Tyr1472 and Ser1480 is regulated by four
different protein kinases which act together in the control of
the synaptic expression of NMDAR containing this subunit.
This mechanism of GluN2B regulation may contribute to
change the GluN2A/GIluN2B ratio during sustained synap-
tic activity, for example during LTP induction [83, 84].

The interaction and regulation of GluN2B-containing
NMDAR by death-associated protein kinase 1 (DAPKI)
has attracted the interest of the investigators in the field
of stroke since a peptide that prevents the interaction of
the kinase with GluN2B protected brain damage induced
by middle cerebral artery occlusion (MCAO), a model
of focal brain ischemia, without affecting the physiologi-
cal activation of NMDAR [85, 86]. DAPK1 is a Ca**- and
calmodulin-dependent serine/threonine protein kinase that
interacts with GluN2B in the region between amino acids
1292 and 1304, and phosphorylates the receptor subunit on
Ser1303. Interestingly, disruption of the interaction between
GluN2B and DAPKI1 was also found to have rapid anti-
depressant-like effects and reversed chronic unpredictable
stress (CUS)-induced alterations in the rat medial prefrontal
cortex (MPFC) [87]. Inhibition of DAPK1 also normalized
extrasynaptic GluN2B phosphorylation on Ser1303 and sur-
face expression in cortico-striatal neurons, and prevented
striatal spine loss in cortico-striatal co-cultures isolated
from YAC128 HD mice, a model of Huntington’s disease
[88]. Under normal physiological conditions, the regulation
of DAPK 1-mediated phosphorylation of GIuN2B was pro-
posed to play a role in LTD based on the results showing
that inhibition of the kinase blocks LTD in CA1 synapses
[89]. The low-frequency stimulation required to induce
LTD is associated with a low influx of Ca?>" and activation
of DAPKI1 through PP2B-mediated dephosphorylation.
Under these conditions, DAPK1 phosphorylates GluN2B
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on Ser1303, which prevents the binding of CaMKIla to the
receptor subunit and accumulation within the PSD, further
enhancing the interaction with DAPK1 [89]. In summary,
the Ser1303 phosphorylation site on GluN2B provides the
opportunity for integration of multiple signals received
by neurons, since it can be regulated by different kinases
(PKC, DAPK1 and CaMKII) depending on the physiologi-
cal context.

GIuN2C and GIuN2D subunits can also be regulated
by phosphorylation, but these mechanisms have been
investigated to a lower extent when compared with the
modulation of GIluN2A and GluN2B-containing NMDAR.
These NMDAR subunits possess a shorter C-terminal tail
(Fig. 1B) and therefore, it is not surprising that they exhibit
a simpler pattern of regulation by protein kinases. PKB/Akt-
mediated phosphorylation of GluN2C on Ser1096 upregu-
lates the surface expression of the receptors in cultured
cerebellar granule cells following stimulation with IGF-1
or neuronal activation [90]. Phosphorylation of GIuN2C on
Ser1096 allows the interaction of the receptor with the adap-
tor protein 14-3-3¢ which mediates protein export from the
endoplasmic reticulum, followed by an increase in surface
expression [90]. In addition, GluN2C can be phosphorylated
on Ser1244 by PKA and PKC. Although this phosphoryla-
tion site is located adjacent to the consensus PDZ ligand,
phosphorylation of GIluN2C on Ser1244 does not affect the
PDZ interaction and had no impact on the surface distribu-
tion of the receptors in an heterologous system. Importantly,
NMDAR containing a phosphomimetic mutant of GluN2C
exhibited a faster rise and decay of NMDA -evoked currents
[91]. However, these observations have not been validated
in receptors expressed under more physiological conditions.

In rodents, GIuN3A subunits are expressed after birth,
with peak levels achieved at the end of the postnatal week.
The expression levels of this subunit decrease afterwards,
but significant levels of GluN3 A are found in the adult brain
in basolateral amygdala, ventral hippocampus, paraven-
tricular nucleus, and other ‘high-order’ thalamic nuclei [8,
92-94]. This is distinct from the pattern of expression of
GluN3B, which is only found during the postnatal period
and in the brain stem and spinal cord [95]. GIuN3A- and
GluN3B-containing NMDAR differ from the more conven-
tional receptors belonging to this class because they are not
activated by glutamate, they display a robust desensitization,
very low sensitivity to blockade by Mg?* and reduced Ca*"
permeability when compared with the receptors containing
GluN1 and GIuN2 subunits [8, 92, 93]. Studies performed
in mice showed a role for GluN3A-containing NMDAR
in the control of internal states, emotional responses and
stress-related behaviours [8, 96, 97]. The C-terminus region
of GluN3 lacks the PDZ-binding motif present in GluN1
and GIuN2 subunits of NMDAR and in fact share few
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characteristics with these receptor subunits. Therefore, their
anchoring to the synapse is not mediated by MAGUKSs, but
instead require the participation of other scaffold proteins
such as plectin [98]. However, the proteins that interact with
the GluN3 C-termini largely remain to be investigated [96].

The C-terminal tail of GIuN3A contains an endocytic
motif (Tyr971-Trp972-Leu973) which binds the AP2 com-
plex for internalization by a clathrin-dependent mechanism.
Phosphorylation of the tyrosine residue within this domain
(Tyr971 in mice; Tyr980 in humans) leads to internalization
of the receptors with a consequent downregulation in their
activity [99]. This contrasts with the effect of GluN2B phos-
phorylation on Tyr1472, which decreases the internalization
of NMDAR (see above).

Proteomics studies performed in rat [100, 101] and mice
[102] revealed other phosphorylation sites in NMDAR sub-
units [29], but their role in the regulation of the receptors
remains to be investigated.

Ubiquitination of NMDA Receptors

Ubiquitination of proteins can change their localization,
activity and/or stability. Substrate proteins can be modified
either by a monoubiquitin, multiple monoubiquitin (multi-
ubiquitination) or by polyubiquitin chains (polyubiquitina-
tion). In the polyubiquitination of proteins, any of the seven
lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48,
Lys63) of ubiquitin can be linked to the previous one, giv-
ing rise to chains with different sizes and configurations
[103—-105]. The diversity of patterns in protein ubiquitina-
tion allows for distinct outcomes in the modified proteins.
GluN1, GluN2B and GIuN2D subunits of NMDAR were
shown to be ubiquitinated, a process that is mediated by E3
ubiquitin-ligase enzymes, following the activity of an ubig-
uitin-activating enzyme (E1) and an ubiquitin-conjugating
enzyme (E2).

The F-box protein Fbx2 (F-box only protein 2) belongs
to the SCF (Skp1-Cullin-F-box) complex and binds to high-
mannose glycans present in the extracellular domain of
GluN1. It was proposed that GluN1 ubiquitination through
this pathway plays a role in the degradation of NMDAR that
are internalized following activity-dependent dispersal of
the receptors away from the synapse (Fig. 4A). This mecha-
nism of regulation of NMDAR is limited to the population
of receptors containing GluN2A subunits since studies per-
formed in Fbxo2 KO mice showed no alterations in GluN2B
protein levels in the hippocampus [106]. Interestingly, Fbx2
is associated with endoplasmic reticulum associated deg-
radation (ERAD) of proteins [107], a pathway involved in
the removal of misfolded proteins and orphan subunits that
exit the endoplasmic reticulum. This suggests that ERAD

may also play a role in the regulation of NMDAR after the
activity-dependent internalization from the neuronal sur-
face. Fbxo2 KO mice also exhibited an upregulation in the
number of axo-dendritic shaft synapses, without affecting
dendritic spine density and hippocampal synaptic transmis-
sion and plasticity, suggesting a role for the SCF complex
in the control of synapse formation [106]. The regulation of
GluN1 by ubiquitination may be subjected to modulation by
interaction with neurofilament-L (NF-L) proteins (Fig. 4A,
B). Indeed, studies performed in NFL KO mice showed an
increase in K48-linked GluN1 ubiquitination in hippocam-
pal synaptic fractions, and a decrease in total GluN1 pro-
tein levels [108]. The Lys48 polyubiquitin chain is the main
form of ubiquitin modification involved in protein degrada-
tion by the ubiquitin-proteasome system [105]. The regula-
tion of GluN1 by Fbx2 may also be relevant in the response
to stress since an upregulation of this NMDAR subunit
was observed in the prefrontal cortex of mice subjected to
repeated stress, and the effect was blocked using an RNAi
against Fbxo2 as well as by administration of glucocorticoid
receptor antagonists [109].

A recent study identified KCTD13 (potassium channel
tetramerization domain 13) as a novel E3 ligase substrate
adaptor important in the regulation of the abundance of
GluN1. KCTD3 binds to the scaffold protein CULLIN3
(CUL3), a RING domain protein, to ubiquitinate GluN1
thereby promoting the degradation of the NMDAR at the
proteasome (Fig. 4B). Lys860 was identified as the main
site for GIuN1 ubiquitination mediated by KCTD13, and
the ubiquitin chains were Lys48-linked. As expected from
these findings, downregulation of KCTD13 increased the
amplitude of NMDAR-mediated currents in hippocampal
synapses [110]. A decrease in the KCTD13 protein levels
was also observed in the brain tissue from patients with
temporal lobe epilepsy (TLE). The KCTD13 protein lev-
els in the hippocampus were dynamically changed in the
mice subjected to hippocampal injection of kainate, used
as a model of TLE, but were significantly decreased in the
chronic phase characterized by an hyperexcitability of the
abnormal neuronal networks [110]. Additional studies are
required to elucidate how KCTD13 and Fbx2 cooperate to
control the degradation of NMDAR by regulation of GIuN1
subunits.

The E3 ligase Parkin, which is associated with Parkin-
son’s disease (PD), may also play a role in the regulation of
GluN1 by ubiquitination (Fig. 4C). Indeed, overexpression
of Parkin in non-neuronal cells increased GluN1 ubiquitina-
tion, an effect that was impaired in PD-associated mutant
forms of the protein. Studies performed in cultured hippo-
campal neurons showed that Parkin-mediated GluN1 ubiq-
uitination is not coupled to the degradation of NMDAR but
instead are important in the internalization and recycling of
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Fig. 4 Regulation of NMDAR by ubiquitination. Ubiquitination is a
PTM that affects NMDAR location, activity and stability as a con-
sequence of the interaction between the C-terminus tail of NMDAR
subunits and different E3 ubiquitin-ligase enzymes. (A) For example,
following activity-dependent dispersal and internalization of GluN1-
GluN2A homodimers, GluN1 is trafficked to the endosome and ubiq-
uitinated by F-box protein 2 (Fbx2). NMDAR are then targeted to
proteasome-mediated degradation. (B) Another E3 ligase that interacts
with GluN1 is KCTD13, that binds to the scaffold protein Cullin 3
(CUL3) and promotes ubiquitination of GIuN1 on Lys860 via chains
of Lys48-linked ubiquitin. Upon ubiquitination, NMDAR are inter-
nalized and trafficked to endosomes, before being targeted for prote-
asome-mediated degradation. Downregulation of KCTD13 in a model
of TLE affects its interaction with CUL3 resulting in a synaptic accu-
mulation of NMDAR. (A and B) Ubiquitination of NMDAR is also
antagonized by neurofilament-L proteins but the molecular mechanism
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remains unknown. Moreover, GluN1 is a substrate for the deubiquiti-
nating enzyme USP6, that removes ubiquitin chains from target pro-
teins. It was hypothesized that deubiquitinated NMDAR are trafficked
back to the surface and re-inserted in the synaptic membrane, but the
exact sequence of events is unknown. (C) Parkin is an E3 ligase that
ubiquitinates GluN1, but this PTM is not associated to degradation of
the receptors. Nedd4 is an E3 ligase that ubiquitinates GIuN3A but the
relevance of this PTM is still unknown. (D) In synapses of the dorsal
horns in the spinal cord, the E3 ligase Cbl-b interacts with GluN2B and
ubiquitinates this subunit by adding Lys63-linked ubiquitin chains.
This promotes internalisation and proteasome- or lysosome-mediated
degradation of NMDAR. Injection of complete Freund’s adjuvant
triggers peripheral inflammation that leads to a dephosphorylation of
Cbl-b and a decrease in the interaction between Cbl-b and the C-ter-
minus of GIuN2B. Created in BioRender. Corti, E. (2025) https://Bio
Render.com/r30q768
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the receptors [111]. However, the downregulation of surface
GluN1 observed in studies with transfected cultured neu-
rons, which showed a role for Parkin in the maintenance of
surface GluN|1, contrast with the results obtained in experi-
ments with Parkin KO mice, which showed the opposite
effects [112]. These differences may be due to the use of
different models, but additional studies are required to elu-
cidate the regulation of GluN1 by Parkin.

Deubiquitinating enzymes counter the signal induced
by E3-ligases by removing ubiquitin from these substrates,
thereby decreasing their degradation in the proteasome.
GluN1 is a substrate of deubiquitinate USP6 (ubiquitin-
specific protease 6) (Fig. 4B) and studies performed in
transgenic mice overexpressing the human enzyme in the
cerebral cortex and hippocampus showed a downregulation
in NMDAR ubiquitination, associated with an increase in
the abundance of NMDAR subunits in the cerebral cortex
(GIuN1, GluN2A and GluN2B) and hippocampus (GIuN1
and GIuN2B), and in the surface expression of GluN1 in
cultured neurons isolated from the same animals. This
upregulation in the surface expression of NMDAR was cor-
related with an increase in LTP and a decrease in LTD in
hippocampal CA1 synapses. In addition, downregulation of
USP6 in cultured neurons derived from human embryonic
stem cells impaired the clustering of NMDAR at the post-
synaptic densities and decreased synaptic function [113].

The GluN2B subunit of NMDAR can also be regulated
by ubiquitination, mediated in this case by the E3 ligase
Mind bomb-2 (Mib2) (Fig. 3C). Interaction of this enzyme
with the GIuN2B cytoplasmic tail (between amino acids
1170 and 1482), and the ubiquitination of the NMDAR
subunit, depend on the phosphosphorylation of GluN2B
by the tyrosine kinase Fyn. GluN2B ubiquitination is fol-
lowed by degradation of the NMDAR by the proteasome,
with a consequent reduction in the receptor activity [69].
These results correlate with the observed impairment in the
early- and late-phases of hippocampal LTP in Mib2 knock-
out mice [114]. Surprisingly, no alterations were observed
in the basal synaptic transmission and in LTD in hippocam-
pal CA1 synapses in Mib2 knock-out mice, as well as in the
total levels of GluN2B. However, whether there were altera-
tions in GluN2B ubiquitination in the hippocampus of Mib2
knock-out mice was not investigated. The observed upregu-
lation in GluN2B protein levels in the cerebral cortex and
hippocampus of transgenic mice overexpressing the human
USP6 suggests that this enzyme plays an important role in
the control of the rate of GluN2B-containing NMDAR deg-
radation by regulating the growth of polyubiquitin chains
[113].

Neurons of the spinal cord dorsal horn are enriched in
the E3 ubiquitin ligase casitas B-lineage lymphoma b (Cbl-
b), which also regulates GluN2B-containing NMDAR by

ubiquitination. It was proposed that Cbl-b interacts with
GluN2B through its N-terminal tyrosine kinase binding
domain to limit the synaptic abundance of NMDAR con-
taining this subunit in adult mice (Fig. 4D). Induction of
peripheral inflammation in mice through intraplantar injec-
tion of complete Freund’s adjuvant led to a dephosphoryla-
tion of Cbl-b with a consequent decrease in the interaction
of the ubiquitin ligase with the GluN2B C-terminal tail, and
reduction in ubiquitination of the target protein. Together,
this work showed that the composition of NMDAR in
dorsal horn synapses is controlled by ubiquitination, and
peripheral inflammation impairs these mechanisms, thereby
enhancing nociception [115]. Cbl-b is also concentrated in
synaptic regions at the CA1l, CA3 and dentate gyrus in the
hippocampus and cb/-b null mice exhibit an enhancement in
short-term plasticity and increased long-term memory [116].
However, to what extent Cbl-b also controls the dynamics
of GluN2B-containing NMDAR in the hippocampus has
not been investigated.

Abiochemical study also identified an interaction between
the E3 ligase Nedd4 (neural precursor cell-expressed devel-
opmentally downregulated) and the C-terminal region of
GIluN2D [117] (Fig. 4C), but the role ubiquitination in the
regulation of NMDAR containing this subunit under physi-
ological conditions remains to be investigated.

Studies performed in cultured hippocampal neurons
showed that neuronal activity is coupled to the activation
of the proteasome and induce a redistribution of the pro-
teasomes from the dendritic shaft to dendritic spines. This
redistribution of the proteasomes is mediated by CaMKII «
-mediated phosphorylation of the Rpt6 proteasome subunit
[103, 118]. This redistribution may facilitate the degradation
of NMDAR by the proteasome following internalization.

Regulation of NMDA Receptor Function by
Palmitoylation

S-palmitoylation is a posttranslational modification of pro-
teins consisting in the covalent attachment of the lipid pal-
mitate, a 16-carbon saturated fatty acid, to the SH group
of target proteins through thioester bonds. This is a revers-
ible reaction catalysed by palmitoyl acyl transferases (PAT)
[119], being depalmitoylation mediated by palmitoyl-pro-
tein thioesterases (PPT) [120].

The GIuN2A and GIuN2B NMDAR subunits (but not
GluN1 subunits) are both palmitoylated in one or more cys-
teine residues belonging to two cysteine clusters located in
their C-terminal tail. The Cysteine cluster I is located next
to TM4 of both subunits, and includes Cys848, Cys853 and
Cys870 in the case of GluN2A, and Cys849, Cys854 and
Cys871 in GluN2B [121]. DHHC17/huntigtin-associated
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Fig. 5 Regulation of NMDA Receptor Function by Palmitoylation.
Palmitoylation is a post-translational modification that involves the
attachment of palmitate to cysteine residues, influencing protein traf-
ficking and surface expression. In GluN2A and GluN2B NMDAR
subunits, palmitoylation occurs at two cysteine clusters within their
C-terminal tails. Cysteine cluster I, located near the plasma membrane,
regulates receptor internalization, while cysteine cluster I, positioned

protein 14 (HIP14) is the only PAT identified so far as medi-
ator of palmitoylation of GluN2B cysteine cluster I (Fig. 5).
DHHC3/GODZ, a Golgi apparatus-specific protein, medi-
ate the palmitoylation of Cysteine cluster II located in the
middle of the C-terminal tail of GluN2A and GIuN2B, and
HIP14L also targets the same cysteine residues in GluN2B
[122, 123].

The palmitoylation state of the GIuN2A and GluN2B
subunits in the Cysteine cluster I located next to the plasma
membrane controls the surface expression and internal-
ization of both types of receptors (Fig. 5). In particular, it
regulates the constitutive internalization of NMDAR during
development, possibly by affecting the Fyn-mediated phos-
phorylation of tyrosine-based internalization motifs present
in the C-terminus tails of GIuN2 subunits [46]. These motifs
are adjacent to Cysteine cluster I and are necessary and suf-
ficient for internalization of NMDAR by allowing the inter-
action with the p2 subunit of the AP2 complex (see above).
Therefore, GIuN2 palmitoylation on the Cysteine cluster I
decreases the clathrin-mediated internalization of the recep-
tors, thereby enhancing their surface expression [122]. In
particular, the GluN2B subunit C-terminus tail contains
the motif Tyr1472-Glu-Lys-Leu, which is the major tar-
get of Src kinases. Activity-dependent phosphorylation of
GluN2B on Tyrl472 by Fyn prevents clathrin-mediated
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in the middle of the C-terminal tail, is associated with palmitoylation
in the Golgi apparatus and affects receptor trafficking. DHHC17/
HIP14 mediates palmitoylation at cluster I in GIuN2B, impacting
receptor retention, while DHHC3/GODZ targets cluster II in both sub-
units, influencing receptor trafficking. DHHC14/HIP14L also contrib-
utes to GluN2B palmitoylation. Created in BioRender. Corti, E. (2025)
https://BioRender.com/g25p911

internalization of these receptors [67, 68], and controls the
synaptic distribution of GluN2B-containing NMDAR in
hippocampal neurons [67] and in the amygdala [77]. Mice
with mutations in the GIuN2B Cysteine cluster I showed
a reduction in GluN2B phosphorylation in Tyr1472 in the
hippocampus and cerebral cortex [124], which is coupled
to receptor internalization [68]. Interestingly, these mice
were characterized by a limb-clasping response showing a
role for palmitoylation of NMDAR in complex higher brain
functions [124].

The Cysteine cluster I present in GIluN2B also plays an
important role in the Ca®'-induced inhibition of NMDAR
by endogenous neurosteroids. Studies performed in cultured
hippocampal neurons and in an heterologous system showed
that an increase in [Ca®']; leads to the depalmitoylation of
GIluN2B C-terminal tail at the Cysteine cluster I thereby
enhancing the sensitivity to inhibition by neurosteroids,
which reduce the probability of channel opening [125].

The depalmitoylating enzyme palmitoyl-protein thioes-
terase 1 (PPT1) was shown to play an important role in the
surface retention of GluN2B-containing NMDAR and in
development in the mouse visual cortex [126]. These obser-
vations point to an important role for this enzyme in the
control of GluN2B palmitoylation levels. The GluN2C and
GluN2D C-terminal tails are shorter, when compared with
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GIluN2A and GIuN2B, but share homology with one and
two palmitoylated cysteines, respectively [122]. However,
it remains to be determined whether NMDAR containing
these subunits are also regulated by this mechanism.

Interestingly, alterations in the regulation of NMDAR by
palmitoylation have been shown to play a role in diseases of
the nervous system. Studies performed in neuronal cultures
prepared from YAC128 mice, a model to study Hunting-
ton’s disease, showed a decrease in the HIP14L-mediated
palmitoylation of GIuN2B, specifically on Cysteine cluster
II, which was associated with an upregulation in extrasynap-
tic GluN2B-containing NMDAR in striatal neurons. It was
proposed that alterations in GluN2B palmitoylation levels
by HIP14L may contribute to activate cell death-signaling
pathways in Huntington’s disease, leading to striatal atro-
phy and motor impairment [123]. Mutations in the depalmi-
toylating enzyme PPT1 are associated with infantile ceroid
lipofuscinosis (CLN1), a paediatric neurodegenerative dis-
order. As expected, studies performed with Ppt/™~ mice
showed an upregulation in GIuN2B palmitoylation associ-
ated with alterations in dendritic spine morphology, which
may underlie CLN1 [126]. Whether changes in NMDAR
palmitoylation contribute to neuropsychiatric diseases
remains to be investigated.

Concluding Remarks

NMDAR are very dynamic and their distribution at the
synapse and in extrasynaptic locations is determined by
interaction with multiple binding partners and regulated
post-translational modifications. These multiple levels of
regulation play a key role in the control of the numerous
functions played by NMDAR, under normal physiological
conditions and in diseases of the nervous system. The avail-
able evidence shows a differential nanodomain distribution
of GluN2A- and GluN2B-containing NMDAR at the syn-
apse [27, 28], and in nanocolumns adjacent to pre-synaptic
glutamate release sites [24]. Additional superresolution
imaging studies [38] are required to determine how this dif-
ferential distribution of NMDAR receptors is regulated by
post-translational modifications. The diversity of synaptic
responses mediated by NMDAR discussed in this article is
further increased considering that their activity depends on
the depolarization of the membrane resulting from the acti-
vation of AMPA receptors, which are also regulated by post-
translational modifications [127]. In addition, differences
may be expected between distinct brain regions depending
on the local composition of the synaptic proteome.

The study of the regulation and function of NMDAR has
been largely focused on GluN2A and GluN2B-containing
NMDAR, which are highly expressed in the cerebral cortex

and in the hippocampus, and have been implicated in neuro-
logical disorders. Future research should also improve the
knowledge in the specific mechanisms controlling the distri-
bution and function of NMDAR with other subunit composi-
tions. Differences in their C-terminal tail suggest a differential
interaction with other binding partners important in the control
of NMDAR endosomal trafficking, supercomplex formation
and synaptic plasticity. Proteomics studies have been instru-
mental along the years in the identification of glutamate recep-
tor binding partners that control their intracellular trafficking
and surface distribution (e.g [25, 26]), and may also contribute
to the identification of novel posttranslational modifications
of NMDAR as well as new interactors. Fluorescence imag-
ing studies together with electrophysiology experiments are
widely used tools to investigate the functional implications
of the interaction of NMDAR with specific proteins, and the
influence of posttranslational modifications (see above for
references).

The analysis of the functional role of specific post-trans-
lational modifications in NMDAR subunits is typically per-
formed in mutant mice, in which specific amino acids are
mutated to impair the mechanism under investigation and ana-
lyze the impact on plasticity and cognition. However, given
the diversity of post-translational modifications involved in
the regulation of NMDAR, and the possibility of combining
several modifications in a single receptor subunit, additional
studies using novel mutant mice are required to better under-
stand how post-translational modifications can affect synaptic
function, plasticity mechanisms and cognition. In vivo studies
should also contribute to understand how post-translational
modifications of NMDAR are coupled to the multiple forms
of plasticity and are coordinated in cognitive responses. Addi-
tional studies are also required to better understand how the
impairment of NMDAR function is coupled to neuropsychiat-
ric and neurodegenerative disorders.

Acknowledgements The work in the author’s laboratory was funded
by the European Regional Development Fund (ERDF), through the
Centro 2020 Regional Operational Programme and the COMPETE
2020 Operational Programme for Competitiveness and Internation-
alisation and Portuguese national funds via Fundag@o para a Ciéncia
e a Tecnologia (FCT), under projects UI/BD/154202/2022 (to ET),
2021.08008.BD (to EC), PTDC/MED-NEU/3736/2020 (to CBD),
UIDB/04539/2020, UIDP/04539/2020 and LA/P/0058/2020.

Author Contributions ET and EC prepared the figures and wrote the
manuscript. CD wrote the manuscript.

Funding Open access funding provided by FCT|FCCN (b-on). The
work in the author’s laboratory was funded by the European Regional
Development Fund (ERDF), through the Centro 2020 Regional Opera-
tional Programme and the COMPETE 2020 Operational Programme
for Competitiveness and Internationalisation and Portuguese national
funds via Fundagao para a Ciéncia ¢ a Tecnologia (FCT), under projects
UI/BD/154202/2022 (to ET), 2021.08008.BD (to EC), PTDC/MED-
NEU/3736/2020 (to CBD), UIDB/04539/2020, UIDP/04539/2020 and

@ Springer



110 Page 14 of 17

Neurochemical Research (2025) 50:110

LA/P/0058/2020.

Data Availability No datasets were generated or analysed during the
current study.

Declarations
Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Monaghan DT, Cotman CW (1985) Distribution of N-methyl-D-
aspartate-sensitive L-[*H]glutamate-binding sites in rat brain. J
Neurosci 5:2909-2919

2. Petralia RS, Wang YX, Wenthold RJ (1994) The NMDA recep-
tor subunits NR2A and NR2B show histological and ultrastruc-
tural localization patterns similar to those of NR1. J Neurosci
14:6102-6120

3. Petralia RS, Yokotani N, Wenthold RJ (1994) Light and electron
microscope distribution of the NMDA receptor subunit NMDAR1
in the rat nervous system using a selective anti-peptide antibody. J
Neurosci 14:667-696

4. Hansen KB, Wollmuth LP, Bowie D, Furukawa H, Menniti FS,
Sobolevsky Al Swanson GT, Swanger SA, Greger IH, Nakagawa
T, McBain CJ, Jayaraman V, Low CM, Dell’ Acqua ML, Diamond
JS, Camp CR, Perszyk RE, Yuan H, Traynelis SF (2021) Struc-
ture, function, and pharmacology of glutamate receptor Ion chan-
nels. Pharmacol Rev 73:298-487

5. Paoletti P, Bellone C, Zhou Q (2013) NMDA receptor subunit
diversity: impact on receptor properties, synaptic plasticity and
disease. Nat Rev Neurosci 14:383-400

6. Dupuis JP, Nicole O, Groc L (2023) NMDA receptor func-
tions in health and disease: old actor, new dimensions. Neuron
111:2312-2328

7. Leboyer M, Berk M, Yolken RH, Tamouza R, Kupfer D, Groc L
(2016) Immuno-psychiatry: an agenda for clinical practice and
innovative research. BMC Med 14:173

8. Bossi S, Pizzamiglio L, Paoletti P (2023) Excitatory GluN1/
GIuN3A glycine receptors (eGlyRs) in brain signaling. Trends
Neurosci 46:667-681

9. Duarte CB, Santos PF, Carvalho AP (1996) [Ca®']; regulation by
glutamate receptor agonists in cultured chick retina cells. Vis Res
36:1091-1102

10. Monyer H, Burnashev N, Laurie DJ, Sakmann B, Seeburg PH
(1994) Developmental and regional expression in the rat brain
and functional properties of four NMDA receptors. Neuron
12:529-540

11. Ishii T, Moriyoshi K, Sugihara H, Sakurada K, Kadotani H, Yokoi
M, Akazawa C, Shigemoto R, Mizuno N, Masu M et al (1993)

@ Springer

12.

15.

16.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Molecular characterization of the family of the N-methyl-D-
aspartate receptor subunits. J Biol Chem 268:2836-2843
Akazawa C, Shigemoto R, Bessho Y, Nakanishi S, Mizuno N
(1994) Differential expression of five N-methyl-D-aspartate
receptor subunit mRNAs in the cerebellum of developing and
adult rats. J Comp Neurol 347:150-160

Sheng M, Cummings J, Roldan LA, Jan YN, Jan LY (1994)
Changing subunit composition of heteromeric NMDA receptors
during development of rat cortex. Nature 368:144—147

Wenzel A, Fritschy JM, Mohler H, Benke D (1997) NMDA recep-
tor heterogeneity during postnatal development of the rat brain:
differential expression of the NR2A, NR2B, and NR2C subunit
proteins. J Neurochem 68:469-478

Vieira M, Yong XLH, Roche KW, Anggono V (2020) Regulation
of NMDA glutamate receptor functions by the GluN2 subunits. J
Neurochem 154:121-143

Gardoni F, Di Luca M (2021) Protein-protein interactions at the
NMDA receptor complex: from synaptic retention to synaptonu-
clear protein messengers. Neuropharmacology 190:108551

. Horak M, Petralia RS, Kaniakova M, Sans N (2014) ER to syn-

apse trafficking of NMDA receptors. Front Cell Neurosci 8:394
Harris AZ, Pettit DL (2007) Extrasynaptic and synaptic NMDA
receptors form stable and uniform pools in rat hippocampal slices.
J Physiol 584:509-519

Petralia RS, Wang YX, Hua F, Yi Z, Zhou A, Ge L, Stephenson
FA, Wenthold RJ (2010) Organization of NMDA receptors at
extrasynaptic locations. Neuroscience 167:68—-87

McQuate A, Barria A (2020) Rapid exchange of synaptic and
extrasynaptic NMDA receptors in hippocampal CA1 neurons. J
Neurophysiol 123:1004—1014

Tovar KR, Westbrook GL (1999) The incorporation of NMDA
receptors with a distinct subunit composition at nascent hippo-
campal synapses in vitro. J Neurosci 19:4180—4188

Groc L, Heine M, Cousins SL, Stephenson FA, Lounis B, Cognet
L, Choquet D (2006) NMDA receptor surface mobility depends on
NR2A-2B subunits. Proc Natl Acad Sci U S A 103:18769-18774
Kortus S, Rehakova K, Klima M, Kolcheva M, Ladislav M,
Langore E, Barackova P, Netolicky J, Misiachna A, Hemelikova
K, Humpolickova J, Chalupska D, Silhan J, Kaniakova M, Hrcka
Krausova B, Boura E, Zapotocky M, Horak M (2023) Subunit-
dependent surface mobility and localization of NMDA receptors
in hippocampal neurons measured using Nanobody Probes. J
Neurosci 43:4755-4774

Tang AH, Chen H, Li TP, Metzbower SR, MacGillavry HD, Blan-
pied TA (2016) A trans-synaptic nanocolumn aligns neurotrans-
mitter release to receptors. Nature 536:210-214

Frank RA, Komiyama NH, Ryan TJ, Zhu F, O’Dell TJ, Grant
SG (2016) NMDA receptors are selectively partitioned into com-
plexes and supercomplexes during synapse maturation. Nat Com-
mun 7:11264

Frank RA, Grant SG (2017) Supramolecular organization of
NMDA receptors and the postsynaptic density. Curr Opin Neuro-
biol 45:139-147

Zeng M, Shang Y, Araki Y, Guo T, Huganir RL, Zhang M (2016)
Phase transition in postsynaptic densities underlies formation of
synaptic complexes and synaptic plasticity. Cell 166:1163—1175
elll2

Kellermayer B, Ferreira JS, Dupuis J, Levet F, Grillo-Bosch D,
Bard L, Linares-Loyez J, Bouchet D, Choquet D, Rusakov DA,
Bon P, Sibarita JB, Cognet L, Sainlos M, Carvalho AL, Groc L
(2018) Differential Nanoscale Topography and Functional Role
of GIuN2-NMDA receptor subtypes at glutamatergic synapses.
Neuron 100:106-119.e107

Ishchenko Y, Carrizales MG, Koleske AJ (2021) Regulation of
the NMDA receptor by its cytoplasmic domains: (how) is the tail
wagging the dog? Neuropharmacology 195:108634


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Neurochemical Research (2025) 50:110

Page 150f 17 110

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Kornau HC, Schenker LT, Kennedy MB, Seeburg PH (1995)
Domain interaction between NMDA receptor subunits and the
postsynaptic density protein PSD-95. Science 269:1737—-1740
Niethammer M, Kim E, Sheng M (1996) Interaction between the
C terminus of NMDA receptor subunits and multiple members of
the PSD-95 family of membrane-associated guanylate kinases. J
Neurosci 16:2157-2163

Muller BM, Kistner U, Kindler S, Chung WJ, Kuhlendahl S, Fen-
ster SD, Lau LF, Veh RW, Huganir RL, Gundelfinger ED, Garner
CC (1996) SAP102, a novel postsynaptic protein that interacts
with NMDA receptor complexes in vivo. Neuron 17:255-265
Kim E, Cho KO, Rothschild A, Sheng M (1996) Heteromultimer-
ization and NMDA receptor-clustering activity of Chapsyn-110, a
member of the PSD-95 family of proteins. Neuron 17:103-113
Long JF, Tochio H, Wang P, Fan JS, Sala C, Niethammer M,
Sheng M, Zhang M (2003) Supramodular structure and syner-
gistic target binding of the N-terminal tandem PDZ domains of
PSD-95. J Mol Biol 327:203-214

McGee AW, Dakoji SR, Olsen O, Bredt DS, Lim WA, Pre-
hoda KE (2001) Structure of the SH3-guanylate kinase module
from PSD-95 suggests a mechanism for regulated assembly of
MAGUK scaffolding proteins. Mol Cell 8:1291-1301

Doyle DA, Lee A, Lewis J, Kim E, Sheng M, MacKinnon R
(1996) Crystal structures of a complexed and peptide-free mem-
brane protein-binding domain: molecular basis of peptide recog-
nition by PDZ. Cell 85:1067-1076

Sans N, Petralia RS, Wang YX, Blahos J 2nd, Hell JW, Wenthold
RJ (2000) A developmental change in NMDA receptor-associated
proteins at hippocampal synapses. J Neurosci 20:1260-1271
Petit-Pedrol M, Groc L (2021) Regulation of membrane NMDA
receptors by dynamics and protein interactions. J Cell Biol
220:¢202006101

Cousins SL, Kenny AV, Stephenson FA (2009) Delineation of
additional PSD-95 binding domains within NMDA receptor NR2
subunits reveals differences between NR2A/PSD-95 and NR2B/
PSD-95 association. Neuroscience 158:89-95

Cousins SL, Stephenson FA (2012) Identification of N-methyl-D-
aspartic acid (NMDA) receptor subtype-specific binding sites that
mediate direct interactions with scaffold protein PSD-95. J Biol
Chem 287:13465-13476

Tingley WG, Ehlers MD, Kameyama K, Doherty C, Ptak JB,
Riley CT, Huganir RL (1997) Characterization of protein kinase
A and protein kinase C phosphorylation of the N-methyl-D-aspar-
tate receptor NR1 subunit using phosphorylation site-specific
antibodies. J Biol Chem 272:5157-5166

Sanchez-Perez AM, Felipo V (2005) Serines 890 and 896 of the
NMDA receptor subunit NR1 are differentially phosphorylated
by protein kinase C isoforms. Neurochem Int 47:84-91

Scott DB, Blanpied TA, Swanson GT, Zhang C, Ehlers MD (2001)
An NMDA receptor ER retention signal regulated by phosphory-
lation and alternative splicing. J Neurosci 21:3063-3072

Scott DB, Blanpied TA, Ehlers MD (2003) Coordinated PKA and
PKC phosphorylation suppresses RXR-mediated ER retention
and regulates the surface delivery of NMDA receptors. Neuro-
pharmacology 45:755-767

Vissel B, Krupp JJ, Heinemann SF, Westbrook GL (2001) A use-
dependent tyrosine dephosphorylation of NMDA receptors is
independent of ion flux. Nat Neurosci 4:587-596

Scott DB, Michailidis I, Mu Y, Logothetis D, Ehlers MD (2004)
Endocytosis and degradative sorting of NMDA receptors by con-
served membrane-proximal signals. J Neurosci 24:7096-7109
Grau C, Arato K, Fernandez-Fernandez JM, Valderrama A,
Sindreu C, Fillat C, Ferrer I, de la Luna S, Altafaj X (2014)
DYRKI1A-mediated phosphorylation of GluN2A at ser(1048)
regulates the surface expression and channel activity of GluN1/
GluN2A receptors. Front Cell Neurosci 8:331

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Altafaj X, Ortiz-Abalia J, Fernandez M, Potier MC, Laffaire
J, Andreu N, Dierssen M, Gonzalez-Garcia C, Cena V, Marti
E, Fillat C (2008) Increased NR2A expression and prolonged
decay of NMDA-induced calcium transient in cerebellum of
TgDyrk1A mice, a mouse model of Down syndrome. Neurobiol
Dis 32:377-384

Yong XLH, Zhang L, Yang L, Chen X, Tan JZA, Yu X, Chan-
dra M, Livingstone E, Widagdo J, Vieira MM, Roche KW, Lynch
JW, Keramidas A, Collins BM, Anggono V (2021) Regulation
of NMDA receptor trafficking and gating by activity-dependent
CaMKIlIalpha phosphorylation of the GluN2A subunit. Cell Rep
36:109338

Mota Vieira M, Nguyen TA, Wu K, Badger JD 2nd, Collins BM,
Anggono V, Lu W, Roche KW (2020) An Epilepsy-Associated
GRIN2A rare variant disrupts CaMKlIlalpha Phosphorylation of
GluN2A and NMDA receptor trafficking. Cell Rep 32:108104
Krupp JJ, Vissel B, Thomas CG, Heinemann SF, Westbrook GL
(2002) Calcineurin acts via the C-terminus of NR2A to modu-
late desensitization of NMDA receptors. Neuropharmacology
42:593-602

Maki BA, Cole R, Popescu GK (2013) Two serine residues on
GluN2A C-terminal tails control NMDA receptor current decay
times. Channels (Austin) 7:126-132

Townsend M, Liu Y, Constantine-Paton M (2004) Retina-driven
dephosphorylation of the NR2A subunit correlates with faster
NMDA receptor kinetics at developing retinocollicular synapses.
J Neurosci 24:11098-11107

Jones ML, Leonard JP (2005) PKC site mutations reveal differen-
tial modulation by insulin of NMDA receptors containing NR2A
or NR2B subunits. ] Neurochem 92:1431-1438

Gardoni F, Bellone C, Cattabeni F, Di Luca M (2001) Protein
kinase C activation modulates alpha-calmodulin kinase II bind-
ing to NR2A subunit of N-methyl-D-aspartate receptor complex.
J Biol Chem 276:7609-7613

Gardoni F, Polli F, Cattabeni F, Di Luca M (2006) Calcium-
calmodulin-dependent protein kinase II phosphorylation modu-
lates PSD-95 binding to NMDA receptors. Eur J Neurosci
24:2694-2704

Zheng F, Gingrich MB, Traynelis SF, Conn PJ (1998) Tyrosine
kinase potentiates NMDA receptor currents by reducing tonic
zinc inhibition. Nat Neurosci 1:185-191

Yang K, Trepanier C, Sidhu B, Xie YF, Li H, Lei G, Salter MW,
Orser BA, Nakazawa T, Yamamoto T, Jackson MF, Macdonald
JF (2012) Metaplasticity gated through differential regulation of
GluN2A versus GIuN2B receptors by Src family kinases. EMBO
J31:805-816

Li BS, Sun MK, Zhang L, Takahashi S, Ma W, Vinade L,
Kulkarni AB, Brady RO, Pant HC (2001) Regulation of NMDA
receptors by cyclin-dependent kinase-5. Proc Natl Acad Sci U S
A 98:12742-12747

Wang J, Liu S, Fu Y, Wang JH, Lu Y (2003) CdkS5 activation
induces hippocampal CA1 cell death by directly phosphorylating
NMDA receptors. Nat Neurosci 6:1039-1047

Morabito MA, Sheng M, Tsai LH (2004) Cyclin-dependent
kinase 5 phosphorylates the N-terminal domain of the postsynap-
tic density protein PSD-95 in neurons. J Neurosci 24:865-876
Chung HJ, Huang YH, Lau LF, Huganir RL (2004) Regulation of
the NMDA receptor complex and trafficking by activity-depen-
dent phosphorylation of the NR2B subunit PDZ ligand. J Neuro-
sci 24:10248-10259

Chen BS, Gray JA, Sanz-Clemente A, Wei Z, Thomas EV, Nicoll
RA, Roche KW (2012) SAP102 mediates synaptic clearance of
NMDA receptors. Cell Rep 2:1120-1128

Chiu AM, Wang J, Fiske MP, Hubalkova P, Barse L, Gray
JA, Sanz-Clemente A (2019) NMDAR-Activated PPl

@ Springer



110 Page 16 of 17

Neurochemical Research (2025) 50:110

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

dephosphorylates GluN2B to Modulate NMDAR synaptic con-
tent. Cell Rep 28:332-341.e335

Rajani V, Sengar AS, Salter MW (2021) Src and fyn regulation
of NMDA receptors in health and disease. Neuropharmacology
193:108615

Lavezzari G, McCallum J, Lee R, Roche KW (2003) Differential
binding of the AP-2 adaptor complex and PSD-95 to the C-ter-
minus of the NMDA receptor subunit NR2B regulates surface
expression. Neuropharmacology 45:729-737

Prybylowski K, Chang K, Sans N, Kan L, Vicini S, Wenthold
RJ (2005) The synaptic localization of NR2B-containing NMDA
receptors is controlled by interactions with PDZ proteins and
AP-2. Neuron 47:845-857

Nakazawa T, Komai S, Tezuka T, Hisatsune C, Umemori H,
Semba K, Mishina M, Manabe T, Yamamoto T (2001) Character-
ization of Fyn-mediated tyrosine phosphorylation sites on GluR
epsilon 2 (NR2B) subunit of the N-methyl-D-aspartate receptor. J
Biol Chem 276:693-699

Jurd R, Thornton C, Wang J, Luong K, Phamluong K, Kharazia V,
Gibb SL, Ron D (2008) Mind bomb-2 is an E3 ligase that ubiq-
uitinates the N-methyl-D-aspartate receptor NR2B subunit in a
phosphorylation-dependent manner. J Biol Chem 283:301-310
Sanz-Clemente A, Matta JA, Isaac JT, Roche KW (2010) Casein
kinase 2 regulates the NR2 subunit composition of synaptic
NMDA receptors. Neuron 67:984-996

Plattner F, Hernandez A, Kistler TM, Pozo K, Zhong P, Yuen EY,
Tan C, Hawasli AH, Cooke SF, Nishi A, Guo A, Wiederhold T,
Yan Z, Bibb JA (2014) Memory enhancement by targeting CdkS5
regulation of NR2B. Neuron 81:1070-1083

Zhang S, Edelmann L, Liu J, Crandall JE, Morabito MA (2008)
Cdk5 regulates the phosphorylation of tyrosine 1472 NR2B
and the surface expression of NMDA receptors. J Neurosci
28:415-424

Leal G, Comprido D, de Luca P, Morais E, Rodrigues L, Mele M,
Santos AR, Costa RO, Pinto MJ, Patil S, Berentsen B, Afonso P,
Carreto L, Li KW, Pinheiro P, Almeida RD, Santos MAS, Bram-
ham CR, Duarte CB (2017) The RNA-Binding protein hnRNP
K mediates the Effect of BDNF on dendritic mRNA metabolism
and regulates synaptic NMDA receptors in hippocampal neurons.
eNeuro 4:ENEURO.0268-17.2017.

Afonso P, De Luca P, Carvalho RS, Cortes L, Pinheiro P,
Oliveiros B, Almeida RD, Mele M, Duarte CB (2019) BDNF
increases synaptic NMDA receptor abundance by enhancing the
local translation of Pyk2 in cultured hippocampal neurons. Sci
Signal 12:eaav3577

Li S, CailJ, Feng ZB, Jin ZR, Liu BH, Zhao HY, Jing HB, Wei TJ,
Yang GN, Liu LY, Cui YJ, Xing GG (2017) BDNF contributes
to spinal long-term potentiation and mechanical hypersensitivity
Via fyn-mediated phosphorylation of NMDA receptor GluN2B
subunit at Tyrosine 1472 in rats following spinal nerve ligation.
Neurochem Res 42:2712-2729

Leal G, Comprido D, Duarte CB (2014) BDNF-induced local
protein synthesis and synaptic plasticity. Neuropharmacol 76 Pt
C:639-656

Nakazawa T, Komai S, Watabe AM, Kiyama Y, Fukaya M,
Arima-Yoshida F, Horai R, Sudo K, Ebine K, Delawary M, Goto
J, Umemori H, Tezuka T, Iwakura Y, Watanabe M, Yamamoto
T, Manabe T (2006) NR2B tyrosine phosphorylation modulates
fear learning as well as amygdaloid synaptic plasticity. EMBO J
25:2867-2877

Matsumura S, Kunori S, Mabuchi T, Katano T, Nakazawa T, Abe
T, Watanabe M, Yamamoto T, Okuda-Ashitaka E, Ito S (2010)
Impairment of CaMKII activation and attenuation of neuropathic
pain in mice lacking NR2B phosphorylated at Tyr1472. Eur J
Neurosci 32:798-810

Springer

79.

80.

81.

82.

3.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Shi X, Zhang Q, Li J, Liu X, Zhang Y, Huang M, Fang W, Xu
J, Yuan T, Xiao L, Tang YQ, Wang XD, Luo J, Yang W (2021)
Disrupting phosphorylation of Tyr-1070 at GluN2B selectively
produces resilience to depression-like behaviors. Cell Rep
36:109612

Omkumar RV, Kiely MJ, Rosenstein AJ, Min KT, Kennedy
MB (1996) Identification of a phosphorylation site for calcium/
calmodulindependent protein kinase II in the NR2B subunit of the
N-methyl-D-aspartate receptor. J Biol Chem 271:31670-31678
O’Leary H, Liu WH, Rorabaugh JM, Coultrap SJ, Bayer KU
(2011) Nucleotides and phosphorylation bi-directionally modu-
late Ca®"/calmodulin-dependent protein kinase II (CaMKII)
binding to the N-methyl-D-aspartate (NMDA) receptor subunit
GIuN2B. J Biol Chem 286:31272-31281

Sanz-Clemente A, Gray JA, Ogilvie KA, Nicoll RA, Roche KW
(2013) Activated CaMKII couples GIuN2B and casein kinase 2 to
control synaptic NMDA receptors. Cell Rep 3:607-614

Lussier MP, Sanz-Clemente A, Roche KW (2015) Dynamic regu-
lation of N-Methyl-d-aspartate (NMDA) and alpha-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors by
posttranslational modifications. J Biol Chem 290:28596-28603
Dupuis JP, Ladepeche L, Seth H, Bard L, Varela J, Mikasova L,
Bouchet D, Rogemond V, Honnorat J, Hanse E, Groc L (2014)
Surface dynamics of GluN2B-NMDA receptors controls plastic-
ity of maturing glutamate synapses. EMBO J 33:842-861

Tu G, Fu T, Yang F, Yao L, Xue W, Zhu F (2018) Prediction of
GluN2B-CT1290-1310/DAPK1 Interaction by Protein-Pep-
tide docking and Molecular Dynamics Simulation. Molecules
23:3018.

Tu W, Xu X, Peng L, Zhong X, Zhang W, Soundarapandian MM,
Balel C, Wang M, Jia N, Zhang W, Lew F, Chan SL, Chen Y, Lu Y
(2010) DAPK1 interaction with NMDA receptor NR2B subunits
mediates brain damage in stroke. Cell 140:222-234

Li SX, Han Y, Xu LZ, Yuan K, Zhang RX, Sun CY, Xu DF,
Yuan M, Deng JH, Meng SQ, Gao XJ, Wen Q, Liu LJ, Zhu WL,
Xue YX, Zhao M, Shi J, Lu L (2018) Uncoupling DAPK1 from
NMDA receptor GluN2B subunit exerts rapid antidepressant-like
effects. Mol Psychiatry 23:597-608

Schmidt ME, Caron NS, Aly AE, Lemarie FL, Dal Cengio L, Ko
Y, Lazic N, Anderson L, Nguyen B, Raymond LA, Hayden MR
(2020) DAPK1 promotes extrasynaptic GluN2B phosphorylation
and striatal spine instability in the YAC128 mouse model of Hun-
tington Disease. Front Cell Neurosci 14:590569

Goodell DJ, Zaegel V, Coultrap SJ, Hell JW, Bayer KU (2017)
DAPKI1 mediates LTD by making CaMKII/GluN2B binding LTP
specific. Cell Rep 19:2231-2243

Chen BS, Roche KW (2009) Growth factor-dependent traffick-
ing of cerebellar NMDA receptors via protein kinase B/Akt phos-
phorylation of NR2C. Neuron 62:471-478

Chen BS, Braud S, Badger JD 2nd, Isaac JT, Roche KW (2006)
Regulation of NR1/NR2C N-methyl-D-aspartate (NMDA) recep-
tors by phosphorylation. J Biol Chem 281:16583-16590

Henson MA, Roberts AC, Perez-Otano I, Philpot BD (2010)
Influence of the NR3A subunit on NMDA receptor functions.
Prog Neurobiol 91:23-37

Perez-Otano I, Larsen RS, Wesseling JF (2016) Emerging roles of
GluN3-containing NMDA receptors in the CNS. Nat Rev Neuro-
sci 17:623-635

Hurley EP, Mukherjee B, Fang LZ, Barnes JR, Barron JC, Nafar F,
Hirasawa M, Parsons MP (2024) GIuN3A and excitatory Glycine
receptors in the adult Hippocampus. J Neurosci 44:¢0401242024
Chatterton JE, Awobuluyi M, Premkumar LS, Takahashi H,
Talantova M, Shin Y, Cui J, Tu S, Sevarino KA, Nakanishi N,
Tong G, Lipton SA, Zhang D (2002) Excitatory glycine receptors
containing the NR3 family of NMDA receptor subunits. Nature
415:793-798



Neurochemical Research (2025) 50:110

Page 17 of 17 110

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Otsu Y, Darcq E, Pietrajtis K, Matyas F, Schwartz E, Bessaih T,
Abi Gerges S, Rousseau CV, Grand T, Dieudonne S, Paoletti P,
Acsady L, Agulhon C, Kieffer BL, Diana MA (2019) Control of
aversion by glycine-gated GluN1/GluN3A NMDA receptors in
the adult medial habenula. Science 366:250-254

Bossi S, Dhanasobhon D, Ellis-Davies GCR, Frontera J, de Brito
Van Velze M, Lourenco J, Murillo A, Lujan R, Casado M, Perez-
Otano I, Bacci A, Popa D, Paoletti P, Rebola N (2022) GluN3A
excitatory glycine receptors control adult cortical and amygdalar
circuits. Neuron 110:2438-2454 ¢2438

Eriksson M, Samuelsson H, Samuelsson EB, Liu L, McKeehan
WL, Benedikz E, Sundstrom E (2007) The NMDAR subunit
NR3A interacts with microtubule-associated protein 1S in the
brain. Biochem Biophys Res Commun 361:127-132

Chowdhury D, Marco S, Brooks IM, Zandueta A, Rao Y, Haucke
V, Wesseling JF, Tavalin SJ, Perez-Otano I (2013) Tyrosine phos-
phorylation regulates the endocytosis and surface expression of
GluN3A-containing NMDA receptors. J Neurosci 33:4151-4164
Lundby A, Secher A, Lage K, Nordsborg NB, Dmytriyev A,
Lundby C, Olsen JV (2012) Quantitative maps of protein phos-
phorylation sites across 14 different rat organs and tissues. Nat
Commun 3:876

Ghafari M, Hoger H, Keihan Falsafi S, Russo-Schlaff N, Pollak
A, Lubec G (2012) Mass spectrometrical identification of hip-
pocampal NMDA receptor subunits NR1, NR2A-D and five
novel phosphorylation sites on NR2A and NR2B. J Proteome Res
11:1891-1896

Huttlin EL, Jedrychowski MP, Elias JE, Goswami T, Rad R,
Beausoleil SA, Villen J, Haas W, Sowa ME, Gygi SP (2010) A tis-
sue-specific atlas of mouse protein phosphorylation and expres-
sion. Cell 143:1174-1189

Caldeira MV, Salazar IL, Curcio M, Canzoniero LM, Duarte CB
(2014) Role of the ubiquitin-proteasome system in brain isch-
emia: friend or foe? Prog Neurobiol 112:50-69

Grabbe C, Husnjak K, Dikic I (2011) The spatial and tempo-
ral organization of ubiquitin networks. Nat Rev Mol Cell Biol
12:295-307

Swatek KN, Komander D (2016) Ubiquitin modifications. Cell
Res 26:399—422

Atkin G, Moore S, Lu Y, Nelson RF, Tipper N, Rajpal G, Hunt
J, Tennant W, Hell JW, Murphy GG, Paulson H (2015) Loss of
F-box only protein 2 (Fbxo2) disrupts levels and localization of
select NMDA receptor subunits, and promotes aberrant synaptic
connectivity. J Neurosci 35:6165-6178

Yoshida Y, Mizushima T, Tanaka K (2019) Sugar-recognizing
Ubiquitin ligases: Action mechanisms and Physiology. Front
Physiol 10:104

Yuan A, Veeranna, Sershen H, Basavarajappa BS, Smiley JF,
Hashim A, Bleiwas C, Berg M, Guifoyle DN, Subbanna S, Darji
S, Kumar A, Rao MV, Wilson DA, Julien JP, Javitt DC, Nixon
RA (2018) Neurofilament light interaction with GluN1 modu-
lates neurotransmission and schizophrenia-associated behaviors.
Transl Psychiatry 8:167

Yuen EY, Wei J, Liu W, Zhong P, Li X, Yan Z (2012) Repeated
stress causes cognitive impairment by suppressing glutamate
receptor expression and function in prefrontal cortex. Neuron
73:962-977

Gu J, Ke P, Guo H, Liu J, Liu Y, Tian X, Huang Z, Xu X, Xu D,
Ma'Y, Wang X, Xiao F (2023) KCTD13-mediated ubiquitination
and degradation of GluN1 regulates excitatory synaptic transmis-
sion and seizure susceptibility. Cell Death Differ 30:1726—1741
Zhu M, Cortese GP, Waites CL (2018) Parkinson’s disease-linked
parkin mutations impair glutamatergic signaling in hippocampal
neurons. BMC Biol 16:100

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Cremer JN, Amunts K, Schleicher A, Palomero-Gallagher N,
Piel M, Rosch F, Zilles K (2015) Changes in the expression of
neurotransmitter receptors in Parkin and DJ-1 knockout mice—A
quantitative multireceptor study. Neuroscience 311:539-551
Zeng F, Ma X, Zhu L, Xu Q, Zeng Y, Gao Y, Li G, Guo T, Zhang
H, Tang X, Wang Z, Ye Z, Zheng L, Zhang H, Zheng Q, Li K, Lu
J, Qi X, Luo H, Zhang X, Wang Z, Zhou Y, Yao Y, Ke R, Zhou Y,
Liu Y, Sun H, Huang T, Shao Z, Xu H, Wang X (2019) The deu-
biquitinase USP6 affects memory and synaptic plasticity through
modulating NMDA receptor stability. PLoS Biol 17:¢3000525
Kim S, Kim T, Lee HR, Kong YY, Kaang BK (2015) Mind
Bomb-2 regulates Hippocampus-dependent memory formation
and synaptic plasticity. Korean J Physiol Pharmacol 19:515-522
Zhang ZY, Bai HH, Guo Z, Li HL, Diao XT, Zhang TY, Yao L,
MalJ, Cao Z, Li YX, Bai X, Chen HK, Suo ZW, Yang X, Hu XD
(2020) Ubiquitination and functional modification of GluN2B
subunit-containing NMDA receptors by Cbl-b in the spinal cord
dorsal horn. Sci Signal 13:eaaw1519

Tan DP, Liu QY, Koshiya N, Gu H, Alkon D (2006) Enhancement
of long-term memory retention and short-term synaptic plasticity
in cbl-b null mice. Proc Natl Acad Sci U S A 103:5125-5130
Gautam V, Trinidad JC, Rimerman RA, Costa BM, Burlingame
AL, Monaghan DT (2013) Nedd4 is a specific E3 ubiquitin ligase
for the NMDA receptor subunit GIuN2D. Neuropharmacology
74:96-107

Bingol B, Schuman EM (2006) Activity-dependent dynamics
and sequestration of proteasomes in dendritic spines. Nature
441:1144-1148

Lemonidis K, Salaun C, Kouskou M, Diez-Ardanuy C, Cham-
berlain LH, Greaves J (2017) Substrate selectivity in the zZDHHC
family of S-acyltransferases. Biochem Soc Trans 45:751-758
Won SJ, Cheung See Kit M, Martin BR (2018) Protein depalmi-
toylases. Crit Rev Biochem Mol Biol 53:83-98

Hayashi T, Thomas GM, Huganir RL (2009) Dual palmitoylation
of NR2 subunits regulates NMDA receptor trafficking. Neuron
64:213-226

Hayashi T (2021) Post-translational palmitoylation of ionotropic
glutamate receptors in excitatory synaptic functions. Br J Phar-
macol 178:784-797

Kang R, Wang L, Sanders SS, Zuo K, Hayden MR, Raymond
LA (2019) Altered regulation of Striatal neuronal N-Methyl-D-
Aspartate receptor trafficking by Palmitoylation in Huntington
Disease Mouse Model. Front Synaptic Neurosci 11:3

Suzuki N, Oota-Ishigaki A, Kaizuka T, Itoh M, Yamazaki M,
Natsume R, Abe M, Sakimura K, Mishina M, Hayashi T (2024)
Limb-Clasping Response in NMDA Receptor Palmitoylation-
Deficient Mice. Mol Neurobiol 61:9125-9135

Hubalkova P, Ladislav M, Vyklicky V, Smejkalova T, Hrcka
Krausova B, Kysilov B, Krusek J, Naimova Z, Korinek M,
Chodounska H, Kudova E, Cerny J, Vyklicky L Jr (2021) Pal-
mitoylation controls NMDA receptor function and steroid sensi-
tivity. J Neurosci 41:2119-2134

Koster KP, Francesconi W, Berton F, Alahmadi S, Srinivas R,
Yoshii A (2019) Developmental NMDA receptor dysregulation
in the infantile neuronal ceroid lipofuscinosis mouse model. Elife
8:¢40316

Corti E, Duarte CB (2023) The role of post-translational modifi-
cations in synaptic AMPA receptor activity. Biochem Soc Trans
51:315-330

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer



	﻿Regulation of Synaptic NMDA Receptor Activity by Post-Translational Modifications
	﻿Abstract
	﻿Introduction
	﻿Topology of NMDA Receptor Subunits and Receptor Anchoring at the Synapse
	﻿Regulation of NMDA Receptors by Phosphorylation
	﻿Ubiquitination of NMDA Receptors
	﻿Regulation of NMDA Receptor Function by Palmitoylation
	﻿Concluding Remarks
	﻿References


