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Abstract

N-methyl-D-aspartate (NMDA) receptors are critical for neuronal development and synaptic
plasticity. The molecular mechanisms underlying the synaptic localization and functional regulation
of NMDA receptors have been the subject of extensive studies. In particular, phosphorylation has
emerged as a fundamental mechanism that regulates NMDA receptor trafficking and can alter the
channel properties of NMDA receptors. Here we summarize recent advances in the characterization
of NMDA receptor phosphorylation, emphasizing subunit-specific phosphorylation, which
differentially controls the trafficking and surface expression of NMDA receptors.
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1. Introduction

lonotropic glutamate receptors mediate most excitatory neuronal transmission in the brain and
play essential roles in the regulation of synaptic activity. Dysfunction of these receptors
contributes to many neurological and psychiatric disorders, including Alzheimer's disease,
Parkinson's disease, and schizophrenia (Cull-Candy et al., 2001;Waxman and Lynch, 2005).
Depending on their specific response to different pharmacological agents, ionotropic glutamate
receptors can be subdivided into N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA), and kainate receptors (Dingledine et al.,
1999;Hollmann and Heinemann, 1994). Among the ionotropic glutamate receptors, NMDA
receptor channels have several unique features, including voltage-sensitive block by
extracellular Mg2*, high permeability to Ca2*, and unusually slow activation/deactivation
kinetics (Cull-Candy et al., 2001). The Mg?* block acts as a molecular coincidence switch,
with Mg2* being removed from the pore of the channel when postsynaptic cells are depolarized.
The relief of the Mg2* block, together with agonist binding, leads to Ca2* influx through the
NMDA receptor channel that in turn regulates synaptic strength through Ca2*-activated
signaling cascades.

Three families of genes (NR1, NR2 and NR3) have been identified that encode the NMDA
receptor subunits (Cull-Candy et al., 2001). Functional NMDA receptors are tetramers
composed of two essential NR1 subunits assembling with two NR2 subunits or in some cases,
an NR2 and an NR3 subunit (Cull-Candy and Leszkiewicz, 2004). Crystallographic analysis,
in combination with biochemical and electrophysiological studies, indicates that the NR1-NR2
heterodimer is the functional unit in tetrameric NMDA receptors (Furukawa et al., 2005). A
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unique feature of NMDA receptors is that receptor activation requires the binding of the co-
agonist glycine in addition to glutamate (Erreger et al., 2004). Therefore, functional NMDA
receptors require both an NR1 subunit, which contains the glycine binding site, and an NR2
subunit, which binds to glutamate. In addition to the formation of diheteromeric receptors (e.g.
NR1/NR2B), there is compelling evidence for the existence of trineteromeric NMDA receptors
(e.9. NR1/NR2A/NR2B) (Cull-Candy and Leszkiewicz, 2004). Many studies have
demonstrated that NR2 and NR3 subunits confer distinct electrophysiological properties to the
NMDA receptors (Cull-Candy and Leszkiewicz, 2004). Therefore, variability in NMDA
receptor subunit composition is an important source of diversity for functional regulation of
NMDA receptors.

The specific subunit composition of NMDA receptors varies at distinct synapses in different
developmental stages. The NR1 subunit is a single gene product and, as an essential subunit,
is found ubiquitously throughout the brain. In contrast, NR2 subunits (NR2A-D) are encoded
by four distinct genes and are differentially expressed throughout the brain and during
development. Among NR2 subunits, the expression patterns of NR2A and NR2B are relatively
broad and both are developmentally regulated, with a concurrent decrease in NR2B and
increase in NR2A expression as neurons mature. NR2C is restricted primarily to the cerebellum
and is expressed later in development. In contrast, NR2D is predominantly expressed early in
development and is localized mainly in thalamic and hypothalamic nuclei and in the brainstem
(Monyer et al., 1994). The NR3A subunit is widely distributed early in development (Ciabarra
et al., 1995;Sucher et al., 1995), whereas NR3B is restricted primarily to motor neurons
(Chatterton et al., 2002). Endogenous NMDA receptors typically contain NR1 and NR2
subunits, with NR3 subunits only incorporated in a subpopulation of NMDA receptors playing
a modulatory role (Cull-Candy and Leszkiewicz, 2004).

NMDA receptor subunits contain a long extracellular N-terminal domain, three true
transmembrane segments, a re-entrant pore loop, and an intracellular C-terminal domain of
variable length. The C-terminal domain is the most divergent region of the protein when
comparing NMDA receptor subunits, consistent with it playing a critical role in the diversity
conferred on NMDA receptors by different subunit compositions. Whereas the N-terminal
domain and extracellular loop form the ligand-binding pocket (Furukawa and Gouaux, 2003),
the C-terminal tail regulates receptor interactions with a variety of cytosolic proteins. These
protein-protein interactions dictate the precise intracellular trafficking and localization of
NMDA receptors. In addition, different NMDA receptor subunits can couple receptors to
distinct intracellular signaling complexes. For example, NR2B specifically interacts with the
protein SynGAP, which is a Ras GTPase activating protein demonstrated to selectively inhibit
NMDA-stimulated ERK signaling (Kim et al., 2005). Also, NR2A and NR2B bind to active
calcium/calmodulin-dependent protein kinase 11 (CaMKII) with different affinities (Strack and
Colbran, 1998), which results in different forms of synaptic plasticity (Barria and Malinow,
2005). Finally, the C-termini of NMDA receptor subunits are substrates for post-translational
modifications such as phosphorylation. Phosphorylation regulates many cellular processes
including protein activity, localization and mobility. In addition, phosphorylation is an
important regulator of many protein-protein interactions. Direct phosphorylation of ionotropic
glutamate receptors is a key mechanism regulating channel function and receptor localization
at synapses (Lee, 2006).

2. Functional regulation of NMDA receptors by serine/threonine
phosphorylation

Many serine/threonine phosphorylation sites have been identified in NMDA receptor subunits,
which are substrates for CAMP-dependent protein kinase A (PKA), protein kinase C (PKC),
protein kinase B (PKB), CaMKIlI, cyclin-dependent kinase-5 (Cdk5), and casein kinase |1
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(CKII) (Figure 1). These kinases can regulate intracellular trafficking or channel properties of
NMDA receptors, resulting in changes in synaptic strength underlying many forms of synaptic
plasticity (Lee, 2006). Although in some cases the regulation of NMDA receptors by
phosphorylation is due to the phosphorylation of other neuronal substrates (Lan et al.,
2001;Sigel et al., 1994;Zheng et al., 1999), in this review we will focus on the recent progress
in characterizing the direct phosphorylation of NMDA receptors.

There is ample evidence that NMDA receptor function is regulated by a variety of protein
kinases (Mammen et al., 1999;Roche et al., 1994). The majority of studies have focused on the
second messenger activated serine/threonine kinases. For example, activation of PKC
potentiates NMDA receptor-mediated currents (Chen and Huang, 1992). It has been suggested
that the effect of PKC on NMDA receptor regulation is the result of an increase in the opening
rate of NMDA receptor channels and upregulation of receptor surface expression (Lan et al.,
2001;Luetal., 1999). However, there is also evidence that PKC activation can suppress NMDA
receptor-mediated currents (Markram and Segal, 1992). These findings are supported by
findings showing that PKC activation induces a rapid dispersal of NMDA receptors from
synaptic sites (Fong et al., 2002). As with PKC, PKA also regulates NMDA receptor function.
Activation of PKA increases the amplitude of NMDA receptor-mediated excitatory
postsynaptic currents (Raman et al., 1996). Consistently, synaptic targeting of NMDA
receptors is increased by PKA activation (Crump et al., 2001). In addition, recent studies have
shown that PKA inhibitors reduce the relative fraction of Ca2* influx through NMDA receptors,
suggesting that PKA regulates calcium permeability of NMDA receptors (Skeberdis et al.,
2006).

Although NR1 is an essential NMDA receptor subunit and as such is expressed throughout the
brain, there is considerable diversity imparted on NR1 due to alternative splicing of exons 5,
21, and 22, which generate eight NR1 protein variants. Exon 5, which encodes the extracellular
N-terminal domain, modulates the pharmacological properties of NMDA receptors
(Rumbaugh et al., 2000; Traynelis et al., 1998;Traynelis et al., 1995). Exon 21 (also known as
the C1 cassette) and exon 22 encode the intracellular C-terminal domain and mRNA splicing
at these exons regulates protein-protein interactions, receptor trafficking, and NR1
phosphorylation (Ehlers et al., 1998;Ehlers et al., 1996;Lin et al., 1998;Mu et al., 2003;0kabe
etal., 1999;Scott et al., 2001;Standley et al., 2000; Tingley et al., 1993). NR1 is phosphorylated
by PKC on two residues (S890 and S896) within exon 21 (Tingley et al., 1997).
Phosphorylation of S890 disrupts the clustering of the NR1 subunit (Tingley et al., 1997). S896
is also phosphorylated by PKC; however, phosphorylation of this residue alone has no effect
on NR1 clustering, instead phosphorylation of S896 together with PKA phosphorylation of
S897 are required to increase NMDA receptor surface expression (Scott et al., 2001).
Interestingly, S896 and S897 of NR1 are highly phosphorylated in ER and Golgi, suggesting
that phosphorylation at these two sites is an important regulator of intracellular trafficking of
the NR1 subunit through the biosynthetic pathway (Scott et al., 2003). Recent studies indicate
that NR1 is phosphorylated by two different PKC isoforms in cerebellar granule cells (Sanchez-
Perez and Felipo, 2005), with S890 being preferentially phosphorylated by PKCg and S896
by PKCa. Therefore, S890 and S896 phosphorylation are differentially regulated and this may
play a unique role in receptor regulation depending on the spatio-temporal distribution and
activation of particular isoforms of PKC.

Although NR2 subunits are also necessary components of NMDA receptor complexes, unlike
NR1, each NR2 subunit confers distinct channel properties that differentially affect synaptic
NMDA receptor function. For example, NMDA receptors containing the NR2A subunit display
fast kinetics with ~100 ms deactivation time constant (Cull-Candy and Leszkiewicz, 2004).
Expression of NR2A gradually increases to a steady-state level as neurons mature (Cull-Candy
et al., 2001). Thus, as the newly synthesized NR2A is incorporated into synapses during
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development, there is a decrease in decay time of NMDA receptor-mediated currents. Most
studies suggest that NR2A is confined to synaptic sites (Li et al., 2002;Stocca and Vicini,
1998; Tovar and Westbrook, 1999), and the C-terminal domain of NR2A is essential for the
synaptic localization of NR2A-containing NMDA receptors (Steigerwald et al., 2000).
However, recent studies in cultured hippocampal neurons report that NR2A can also be targeted
to extra-synaptic regions (Thomas et al., 2006).

PKC can potentiate NR2A-containing receptor currents via the phosphorylation of NR2A on
S1291 and S1312 (Grant et al., 2001;Jones and Leonard, 2005). Another PKC target in NR2A,
S14186, is phosphorylated by PKC in vitro (Gardoni et al., 2001). Phosphorylation of S1416
decreases the binding affinity of aCaMKII for NR2A, providing a molecular mechanism for a
direct cross talk between aCaMKII and PKC signaling pathways. In addition to PKC and
CaMKIlI, Cdk5 also phosphorylates NR2A (Li et al., 2001), which enhances NMDA receptor
activity, and inhibition of this phosphorylation protects CA1 pyramidal neurons from ischemic
insults (Wang et al., 2003). By measuring NMDA receptor currents from NR1/NR2A
expressing HEK-293 cells, S900 and S929 were identified as putative phosphorylation sites
based on alanine-scanning mutagenesis analysis, but the relevant kinase remains to be
identified (Krupp et al., 2002). De-phosphorylation of S900 and S929 by protein phosphatase
I1b (calcineurin) modulates desensitization of NR1/NR2A-containing NMDA receptors
(Krupp et al., 2002).

NR2B is found in most brain regions early in neuronal development (Cull-Candy et al.,
2001). Although the expression of NR2B declines somewhat as animals reach maturity, it
remains substantial in cortex and hippocampus even in adult. Compared with NR2A, NR2B-
containing NMDA receptors exhibit slow Kinetics with ~250 ms deactivation time constant
(Cull-Candy and Leszkiewicz, 2004). The decreased NR2B/NR2A ratio is thought to account
for the developmental switch in decay time of NMDA receptor-mediated currents (Cull-Candy
etal., 2001). NR2B is located at both synaptic and extrasynaptic compartments early in
development, and as neurons mature NR2B become enriched at extrasynaptic sites (Li et al.,
2002;Tovar and Westbrook, 1999). It has been demonstrated that NR2B-containing NMDA
receptors undergo more robust endocytosis than NR2A-containing receptors and preferentially
traffic through recycling endosomes (Lavezzari et al., 2004;Roche et al., 2001;Scott et al.,
2004). In addition, NR2B-containing NMDA receptors have higher surface mobility than
NR2A-containing receptors (Groc et al., 2006).

As with NR2A, NR2B-containing receptors are regulated by PKC. Sequence alignment of
NR2A and NR2B shows that S1303 and S1323 of NR2B are analogous to the PKC substrates,
S1291 and S1312, on NR2A. Phosphorylation of synthetic peptides indicates that these two
sites on NR2B are PKC substrates in vitro (Liao et al., 2001). Studies in oocytes show that
phosphorylation of S1303 and S1323 is required for PKC potentiation of NR1/NR2B receptor
currents (Liao et al., 2001). Intriguingly, earlier studies demonstrated that S1303 of NR2B is
also phosphorylated by CaMKI|I in vitro and in hippocampal neurons (Omkumar et al.,
1996). Phosphorylation of S1303 by CaMKII inhibits receptor-kinase interactions and
promotes slow dissociation of preformed CaMKII-NR2B complexes (Strack et al., 2000).
However, recent studies in striatum are at odds with these findings, showing that reduced
phosphorylation of S1303 is correlated with the dissociation of CaMKII-NR2B complex during
cocaine treatment (Liu et al., 2006). Nevertheless, it appears that CaMKII phosphorylation of
S1303 regulates NMDA receptors in a different way from PKC phosphorylation of the same
site. Therefore, although there is no doubt that NR2B S1303 can be phosphorylated, the
physiologically relevant kinase could be PKC or CaMKII or both.

NR2B is also phosphorylated by CKII on S1480 within the PDZ domain binding site at the
extreme C-terminus, and phosphorylation of S1480 disrupts the interaction between NR2B
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and PSD-95 (Chung et al., 2004) (Figure 2). Phosphorylation within the PDZ ligand on
receptors/channels that bind to PDZ proteins is a common regulatory mechanism, which
disrupts protein-protein interactions. For example, PKA phosphorylation of the potassium
channel Kir 2.3 within the PDZ binding domain disrupts binding to the PSD-95 family of
proteins (Cohen etal., 1996). Although phosphorylation of the PDZ binding domain of a variety
of channels/receptors can disrupt binding to PDZ proteins, the relevant kinases differ. CKIlI
phosphorylation on S1480 of NR2B is the first example of CKII regulating PSD-95 binding
to a receptor, and S1480 phosphorylation ultimately regulates NMDA receptor surface
expression (Figure 2).

NR2C-containing NMDA receptors possess unique channel properties, including low
conductance openings exhibiting specific kinetics and low sensitivity to magnesium. The
majority of NR2C is expressed in cerebellar granule cells, consistent with a unique role in
cerebellum. In addition to its dominant expression in cerebellar granule cells, several recent
studies have suggested that NR2C may also play an important role in other areas of the brain.
For instance, three recent studies indicate that NR2C-containing NMDA receptors are
expressed on the processes of oligodendrocytes, which are responsible for myelination
(Karadottir etal., 2005;Micu et al., 2006;Salter and Fern, 2005). These oligodendrocyte NMDA
receptors are activated during ischemia to mediate calcium accumulation in myelin; however,
the physiological roles of these receptors during ischemia are not known. In addition, one group
has recently reported that NR2C-containing receptors are expressed in spiny stellate cells in
layer 4 rodent somatosensory cortex (Binshtok et al., 2006). These NR2C-containing receptors
are expressed at intracortical synapses whereas thalamocortical synapses contain NR2A-
containing NMDA receptors. Therefore, distinct trafficking mechanisms likely exist to
selectively target the different NMDA receptor subtypes to the different postsynaptic locations
in these neurons.

Until recently, there were no studies on NR2C phosphorylation. However, new studies
demonstrate that NR2C, like other NMDA receptor subunits, is specifically phosphorylated
by a variety of kinases. NR2C is phosphorylated at S1244 by PKA and PKC (Chen et al.,
2006). Although this residue is located adjacent to the PDZ binding motif, phosphorylation of
S1244 does not influence the PDZ interaction nor does it affect surface-expression of NR2C.
However, a phosphomimetic mutation at S1244 accelerates the kinetics of NMDA-evoked
currents, suggesting that phosphorylation of NR2C on S1244 maybe important in regulating
the channel properties of NMDA receptor in the cerebellum. NR2C is also phosphorylated by
protein kinase B (PKB) at S1096 (Chen et al., 2005). Although this serine is conserved in other
NR2 subunits, the PKB recognition motif is not, suggesting that NR2C may be uniquely
phosphorylated by PKB. The analogous serine in NR2B is the well-characterized CaMKI|
phosphorylation site (S1303) (Figure 1). Phosphorylation of S1096 on NR2C regulates receptor
binding to 14-3-3e (Chen et al., 2005). The 14-3-3 family of proteins have been shown to
mediate ER export of a variety of proteins (O'Kelly etal., 2002; Yuan et al., 2003). Interestingly,
mutation of S1096 to alanine reduces the surface expression of NR2C-containing NMDA
receptors in HEK-293 cells, suggesting that PKB phosphorylation of NR2C modulates receptor
trafficking by regulating the interaction between NR2C and 14-3-3e.

3. Tyrosine phosphorylation of NMDA receptors

In addition to serine/threonine phosphorylation, NMDA receptor function is also regulated by
protein tyrosine kinases (PTKSs). For example, NMDA receptor currents are potentiated by
increasing PTK activity and reduced by decreasing PTK activity (Wang and Salter, 1994;Wang
et al., 1996). PTKSs, especially Src and Fyn, are important modulators of NMDA receptors.
Early studies characterizing the molecular components of the PSD revealed that several
proteins were highly phosphorylated on tyrosine residues (Ellis et al., 1988). Subsequent
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analyses revealed that NR2B is the predominant tyrosine-phosphorylated protein in the PSD
(Moon et al., 1994). NR2A and NR2D are also tyrosine phosphorylated; however, NR1 does
not appear to be phosphorylated on tyrosine residues (Dunah et al., 1998;Lau and Huganir,
1995). Three tyrosine phosphorylation sites on NR2A (Y1292, Y1325 and Y1387) have been
identified as targets for Src-mediated phosphorylation (Yang and Leonard, 2001;Zheng et al.,
1998). Tyrosine phosphorylation of NR2A potentiates NMDA receptor currents (Kohr and
Seeburg, 1996;Zheng et al., 1998). In addition, Y842 of NR2A is also phosphorylated, and de-
phosphorylation of this residue may regulate the interaction of NMDA receptor with the AP-2
adaptor, a protein complex that is involved in clathrin-coated endocytic vesicle formation
(Vissel et al., 2001). NR2B also contains three tyrosine phosphorylation sites (Y1252, Y1336
and Y1472), which are phosphorylated by Fyn, with Y1472 as the major phosphorylation site
(Nakazawa et al., 2001;Takasu et al., 2002). Y1472 is within a tyrosine-based internalization
motif (YEKL), which binds directly to the medium chain of the AP-2 adaptor (Lavezzari et
al., 2003;Roche et al., 2001). Phosphorylation of NR2B Y1472 disrupts its binding to AP-2,
thereby resulting in inhibition of NR2B-mediated endocytosis (Figure 2). Interestingly,
tyrosine phosphorylation of NR2B is controlled by STEP (striatal enriched tyrosine
phosphatase), a family of brain-specific protein tyrosine phosphatases found at the PSD of
glutamatergic synapses (Salter and Kalia, 2004). Recent studies suggested that STEP activation
promotes de-phosphorylation of NR2B on Y1472, leading to increased endocytosis of NMDA
receptors (Snyder et al., 2005). Y1472 is only a few amino acids away from the CKIlI
phosphorylation site on NR2B, which also regulates surface expression of NMDA receptors
(Lavezzari et al., 2003;Prybylowski et al., 2005). These phosphorylation sites appear to have
opposing roles, as phosphorylation of Y1472 stabilizes NMDA receptors on the plasma
membrane, whereas phosphorylation of S1480 decreases surface expression (Figure 2).
Therefore, surface expression and trafficking of NR2B-containing NMDA receptors are
specifically regulated by both serine/threonine and tyrosine phosphorylation.

4. Conclusion

Protein phosphorylation is an important mechanism modulating the function of NMDA
receptors. Although there has been considerable progress in studying NMDA receptor
regulation by phosphorylation, many aspects of NMDA receptor phosphorylation remain to
be explored. For example, phosphorylation of NR3A and NR3B has not been reported.
However, based on the studies in other NMDA receptor subunits and given the structural
similarity of these subunits with other NMDA family members, it is expected that NR3A and
NR3B are also phosphoproteins. Although much is known about the phosphorylation of
NMDA receptors, regulation of de-phosphorylation by protein phosphatases remains relatively
unexplored. De-phosphorylation events also modulate the dynamic activity of synapses and
provide a bi-directional control of synaptic activity. Thus, characterizing the opposing actions
of protein kinases and protein phosphatases will allow us to gain a more complete
understanding of the phosphorylation regulation that underlies neurotransmission and synaptic
plasticity in the brain. In addition, many phosphorylation sites in NR1 and NR2 subunits have
only been studied in vitro or in heterologous cells. Therefore, identifying and characterizing
the phosphorylation sites in neurons will provide important insights into the subunit-specific
signals that contribute to the regulation of NMDA receptor function. The major challenge in
NMDA receptor phosphorylation studies is to reveal the functional significance of each
phosphorylation event and understand how multiple phosphorylation events are coordinated
in response to stimuli that control synaptic activity.
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Figure 1.

Phosphorylation sites on the cytosolic tails of NMDA receptor subunits. The cytosolic tails of
NMDA receptor subunits NR1, NR2A, NR2B and NR2C contain about 100, 630, 640 and 400
amino acids, respectively. Each tail is phosphorylated on serine/threonine and/or tyrosine
residues by a variety of kinases. Among identified phosphorylation sites: NR2A is uniquely
phosphorylated by Cdk5; NR2B is uniquely phosphorylated by CKII; and NR2C is uniquely

phosphorylated by PKB.
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Figure 2.

Differential regulation of NR2B-containing NMDA receptor trafficking by phosphorylation.
Phosphorylation of NR2B on S1480 within the PDZ ligand by CKII disrupts the interaction
between surface NMDA receptors and the PSD-95 family of proteins, causing internalization
of surface-expressed NMDA receptors. However, phosphorylation of NR2B on Y1472 by Fyn
kinase disrupts the interaction between NMDA receptors and the AP2-clathrin endocytic
complex, leading to stabilization of the receptor on the cell surface. YEKL is a consensus AP-2
adaptor binding site, whereas ESDV is a consensus PDZ ligand.
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