
An Epilepsy-Associated GRIN2A Rare Variant Disrupts CaMKIIα 
Phosphorylation of GluN2A and NMDA Receptor Trafficking

Marta Mota Vieira1, Thien A. Nguyen1, Kunwei Wu2, John D. Badger II1, Brett M. Collins3, 
Victor Anggono4, Wei Lu2, Katherine W. Roche1,5,*

1Receptor Biology Section, National Institute of Neurological Disorders and Stroke (NINDS), 
National Institutes of Health (NIH), Bethesda, MD 20892, USA

2Synapse and Neural Circuit Research Section, NINDS, NIH, Bethesda, MD 20892, USA

3Institute for Molecular Bioscience, University of Queensland, St Lucia, QLD 4072, Australia

4Clem Jones Centre for Ageing Dementia Research, Queensland Brain Institute, University of 
Queensland, St Lucia, QLD 4072, Australia

5Lead Contact

SUMMARY

Rare variants in GRIN genes, which encode NMDAR subunits, are strongly associated with 

neurodevelopmental disorders. Among these, GRIN2A, which encodes the GluN2A subunit of 

NMDARs, is widely accepted as an epilepsy-causative gene. Here, we functionally characterize 

the de novo GluN2A-S1459G mutation identified in an epilepsy patient. We show that S1459 

is a CaMKIIα phosphorylation site, and that endogenous phosphorylation is regulated during 

development and in response to synaptic activity in a dark rearing model. GluN2A-S1459 

phosphorylation results in preferential binding of NMDARs to SNX27 and a corresponding 

decrease in PSD-95 binding, which consequently regulates NMDAR trafficking. Furthermore, 

the epilepsy-associated GluN2A-S1459G variant displays defects in interactions with both SNX27 

and PSD-95, resulting in trafficking deficits, reduced spine density, and decreased excitatory 

synaptic transmission. These data demonstrate a role for CaMKIIα phosphorylation of GluN2A in 

receptor targeting and implicate NMDAR trafficking defects as a link to epilepsy.
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In Brief

Mota Vieira et al. identify CaMKII phosphorylation of the GluN2A subunit on S1459 as a 

mechanism regulating NMDAR trafficking. An epilepsy-associated rare variant at this same 

residue, GluN2A-S1459G, results in altered protein interactions, decreased NMDAR surface 

expression, and reduced synaptic function, providing potential insight into an epilepsy phenotype.

INTRODUCTION

N-Methyl-D-aspartate receptors (NMDARs) are critical players in glutamatergic 

transmission, synaptic plasticity, and neuronal development. Given their central roles, their 

dysfunction has been implicated in a variety of neurological disorders (Endele et al., 2010; 

Zhou and Sheng, 2013). With the advancement of sequencing technologies, genetic patterns 

underlying neurodevelopmental disorders have started to emerge, revealing that a cluster of 

synaptic genes is responsible for disease etiology in a subset of epilepsy, autism spectrum 

disorders (ASDs), and intellectual disability (ID) patients (Gilman et al., 2011; Satterstrom 

et al., 2020; Willsey et al., 2018). In particular, NMDAR subunits have been found to 

be highly correlated with neurodevelopmental disorders, with a plethora of rare variants 

identified in genetic screens (Carvill et al., 2013; Lesca et al., 2013, 2019; Tarabeux et al., 

2011). Notably, the GRIN2B gene, which encodes the GluN2B subunit, is now considered 

to be one of the top ASD-associated genes (Platzer and Lemke, 2018; Sanders et al., 

2015), whereas GRIN2A, which encodes the GluN2A subunit, is strongly linked to diseases 
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in the epilepsy spectrum (Lemke et al., 2013; Myers and Scheffer, 2016; Myers et al., 

2019). In fact, GRIN2A is now classified in the OMIM database as the causative gene for 

focal epilepsy with speech disorder. Despite the strong genetic link between GRIN genes 

and neurodevelopmental disorders, the underlying functional consequences remain largely 

obscure. A few recent studies have provided interesting insights into the biology of receptors 

harboring epilepsy patient variants. The effects range from loss-of-function effects, such 

as decreased surface expression and impaired agonist-evoked currents, to gain-of-function 

effects leading, for example, to increased agonist potency (Sibarov et al., 2017; Strehlow et 

al., 2019; Yuan et al., 2014). Notably, most of the functional analyses of GRIN2A variants 

have focused on the assessment of mutations that affect residues in the agonist binding 

and channel portions of the receptor, which translate into either hyper- or hypofunction of 

NMDARs. The mechanisms of dysfunction elicited by mutations in the intracellular domain 

of the subunits, however, have remained largely understudied.

The GluN2A and GluN2B subunits are two of the most abundant NMDAR subunits 

in the forebrain, forming diheteromeric or triheteromeric complexes with the obligatory 

GluN1 subunit (Al-Hallaq et al., 2007; Cull-Candy and Leszkiewicz, 2004; Hansen et al., 

2014; Sheng et al., 1994). Different subunit compositions fine-tune NMDARs in terms 

of intracellular protein interactions, localization in the synaptic membrane, and channel 

properties (reviewed by Vieira et al., 2020). Relative to GluN2B, the GluN2A subunit 

confers distinct receptor properties, including faster kinetics, lower glutamate affinity, 

greater channel open probability, and more prominent Ca2+-dependent desensitization (Cull-

Candy and Leszkiewicz, 2004; Wyllie et al., 2013). The GluN2A and GluN2B subunits 

share a high degree of similarity in their extracellular (including the ligand-binding domain) 

and transmembrane domains, suggesting a conserved function for these regions in both 

subunits. The C-terminal domain (CTD), however, is the most divergent region among 

these subunits, with only 29% identity between GluN2A and GluN2B (Ryan et al., 2013). 

This region enables NMDARs to interact with diverse intracellular proteins and links the 

receptors to downstream signaling pathways. A variety of phosphorylation events have been 

identified in the CTD of GluN2A/B subunits that modulate receptor properties (reviewed by 

Sanz-Clemente et al., 2013b). One of the most prominently studied kinases in the context 

of synaptic function is Ca2+/calmodulin-dependent protein kinase II (CaMKII), which plays 

essential roles in synaptic plasticity (Bayer and Schulman, 2019; Shonesy et al., 2014) and 

regulates NMDARs, both via its kinase activity and by exerting structural roles (Barria and 

Malinow, 2005; Incontro et al., 2018; Sanhueza et al., 2011).

Most NMDARs localize to the postsynaptic density (PSD), which consists of a complex 

web of scaffolding, adaptor, and signaling proteins. Glutamate receptors have been shown 

to undergo rapid synaptic exchange (Tovar and Westbrook, 2002) and to diffuse between 

synaptic and extrasynaptic sites (Groc et al., 2004). In the spine, NMDARs interact with 

a variety of proteins, including members of the membrane-associated guanylate kinase 

(MAGUK) family (Won et al., 2017), such as PSD-95. These scaffolds act as organizers 

of the PSD, coupling signaling complexes to receptor function. NMDAR subunits are also 

regulated via interactions with endocytic proteins. Among these, sorting nexin-27 (SNX27), 

a member of the large protein family of sorting nexins, modulates NMDAR trafficking 

events (Clairfeuille et al., 2016; Wang et al., 2013). This is the only member of the SNX 
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family to contain a PDZ domain (Cullen, 2008), allowing potential interactions with PDZ-

binding domain-containing proteins, such as NMDAR subunits.

In this work we investigated the functional effects of a GluN2A rare variant, GluN2A-

S1459G (reported in ClinVar: VCV000224108.1; Bowling et al., 2017). We determined that 

GluN2A-S1459 is a CaMKIIα phosphorylation site. Using a combination of biochemistry 

and imaging assays, we demonstrated endogenous GluN2A-S1459 phosphorylation, which 

is regulated during development and in response to light in the visual cortex. GluN2A-S1459 

phosphorylation dictates binding to SNX27 versus PSD-95, and consequently receptor 

trafficking. The epilepsy-associated variant abolishes any phosphorylation event and inhibits 

binding to both SNX27 and PSD-95. Moreover, we observed defects in NMDAR trafficking 

when comparing the GluN2A-S1459G to wild type (WT), as well as a decrease in spine 

density and miniature excitatory postsynaptic currents (mEPSCs). Thus, we observed altered 

receptor trafficking and synaptic defects, which may contribute to disease etiology. We 

conclude that GluN2A-S1459 is an important determinant for receptor modulation, in the 

establishment of protein-protein interactions via the PDZ-binding domain of GluN2A, and 

in the regulation of receptor levels at the cell surface, in particular during development.

RESULTS

GluN2A Is Phosphorylated by CaMKIIα at S1459

The GRIN2A gene that encodes GluN2A has numerous disease-associated variants in 

epilepsy patients (Carvill et al., 2013; Lesca et al., 2013, 2019). Whereas variants in the 

ligand-binding and transmembrane domains of the subunit are likely to affect receptor 

channel properties and folding, variants in the CTD probably result in defects in receptor 

trafficking, protein-protein interactions, and stability at the synapse. We set out to determine 

the effects of the de novo mutation GRIN2A c.4375A>G, that results in the missense variant 

GluN2A-S1459G, identified in a focal epilepsy patient with a speech disorder (ClinVar; 

Bowling et al., 2017). Notably, this variant is absent from the normal population, which 

indicates that it is potentially disease causing (gnomAD database, verified on July 6, 2020). 

In addition, this residue is highly conserved across species and in all four human GluN2 

subunits (Figure 1A), which suggests that this site is under evolutionary constraint against 

variation.

We first recognized that this variant affected a serine, which may be a target for 

phosphorylation. GluN2A-S1459 has been identified as a target of in vivo phosphorylation 

in several recent phosphoproteomic studies (Goswami et al., 2012; Munton et al., 2007; 

Trinidad et al., 2006; Tweedie-Cullen et al., 2009), although the putative kinase is unknown. 

Furthermore, phosphorylation sites in the vicinity of the PDZ-binding domain of a variety 

of postsynaptic proteins dictate protein binding, trafficking, and synaptic localization 

(Clairfeuille et al., 2016; Cohen et al., 1996; Jeong et al., 2019; Roche et al., 2001; 

Sanz-Clemente et al., 2010). We reasoned that if GluN2A-S1459 is phosphorylated, then 

disruption of this post-translational modification (PTM) may underlie deficits in the disease-

associated GluN2A-S1459G variant. To test this hypothesis, we characterized the putative 

phosphorylation of GluN2A-S1459. We performed in vitro kinase assays with candidate 

kinases (protein kinase A [PKA], PKC, and CaMKIIα) (Figures 1B, 1C, and S1). We 
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identified CaMKIIα as the relevant kinase that targets this site, because we detected a 

robust phosphorylation signal in the WT condition that was completely ablated in the 

S1459A condition. We observed this in both the 32P-ATP in vitro assay (Figure 1B) 

and the immunoblot analysis using a phosphospecific antibody (Figure 1C). Notably, we 

did not observe such an effect when we tested PKC or PKA (Figure S1). To validate 

CaMKIIα as the specific kinase responsible for this phosphorylation event in situ, we 

expressed full-length GluN2A, GluN1, and CaMKIIα (either the WT, the K42R kinase 

dead mutant, or the T286D autonomously active mutant) in HEK293T cells and probed 

for the phosphorylation of GluN2A-S1459 (Figure 1D). GluN2A was phosphorylated by 

both WT and T286D CaMKIIα. However, when co-expressed with the kinase dead mutant, 

the level of GluN2A-S1459 phosphorylation was significantly reduced. The specificity of 

the antibody was confirmed by the absence of signal when probing lysates from cells 

co-expressing the phospho-dead mutant GluN2A-S1459A. We also found that GluN2A-

S1459 is endogenously phosphorylated in mouse brain. The fractionation of adult mouse 

brains indicates that GluN2A-phosphoS1459 is enriched in the PSD (Figure 1E). Finally, 

as an additional control, we treated PSD fractions from WT brains with λ-phosphatase 

and observed a reduction in the phosphor-GluN2A signal (Figure 1F). We therefore 

demonstrated endogenous phosphorylation of GluN2A-S1459, which is likely mediated by 

CaMKIIα, although we cannot exclude the role of other serine/ threonine kinases in this 

phosphorylation event in vivo.

The Phosphorylation of GluN2A-S1459 Is Developmentally Regulated

NMDARs undergo a well-characterized GluN2B-to-GluN2A subunit switch during 

development, which occurs around the second post-natal week in rodents (Hestrin, 1992, 

Monyer et al., 1994, Sanz-Clemente et al., 2013a). To better understand the endogenous role 

of this PTM, we analyzed the developmental profile of GluN2A-S1459 phosphorylation. 

We observed a peak of phosphorylated GluN2A between P7 and P11 in PSD fractions of 

WT mouse brains (Figures 2A and 2B), which precedes the subunit switch. This profile 

is provocative, suggesting that the phosphorylation of GluN2A at S1459 may enhance the 

targeting of GluN2A to the synapse, where NMDARs containing GluN2A partially replace 

the GluN2B receptors by the second post-natal week, thereby contributing to synapse 

maturation in the mouse brain.

Synaptic activity promotes the surface delivery of GluN2A-containing NMDARs (Barria 

and Malinow, 2002; Bellone and Nicoll, 2007). To test whether activity can modulate 

the phosphorylation of GluN2A-S1459, we performed dark-rearing experiments, a well-

established in vivo activity paradigm that induces changes in the visual cortex (Carmignoto 

and Vicini, 1992; Quinlan et al., 1999). Mice were divided into three groups—the normal 

light/dark cycle group (LR; control), the dark-reared group (DR; animals were placed in 

the dark for 5 days before visual cortex dissection at P26), and the dark-reared group that 

was exposed to light 2 h before tissue dissection (DR + LE)—and their visual cortices were 

analyzed for phospho-GluN2A content in the synaptic plasma membrane (SPM) fraction 

(Figure 2C). Consistent with a role for this phosphorylation in activity-dependent receptor 

trafficking and modulation, we detected a significant decrease in the level of phosphorylated 

GluN2A-S1459 in the DR condition, which was reversed in the DR + LE condition (Figure 
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2D). These data indicate a dynamic regulation of GluN2A-S1459 phosphorylation in vivo by 

synaptic activity and during development.

The Phosphorylation State of GluN2A-S1459 Modulates PDZ-Binding Domain Interactions

Because the PDZ-binding domain of GluN2A mediates diverse protein-protein interactions, 

we next assessed whether the phosphorylation of S1459, just 2 residues upstream of 

the PDZ ligand, could affect GluN2A protein interactions. We evaluated the interaction 

with the archetypal PDZ-binding domain interactor PSD-95 (Won et al., 2017). We also 

tested the interaction with the endocytic protein SNX27 because recent findings point to a 

phosphorylation-dependent enhancement of SNX27 binding to GluN2B (Clairfeuille et al., 

2016). Therefore, we tested changes in GluN2A-PSD-95 and GluN2A-SNX27 interactions 

using both pull-down assays from WT mouse brains and co-immunoprecipitations (coIPs) 

from HEK293T cells expressing NMDARs and PSD-95 or SNX27. We observed distinct 

effects of GluN2A-S1459 phosphorylation on PSD-95 and SNX27 binding. Specifically, 

mimicking the phosphorylation of GluN2A-S1459 decreased the binding to PSD-95 in both 

pull-down assays (Figures 3A and 3C) and coIPs (Figures 3B and 3C). In sharp contrast, 

when we analyzed the binding to the endocytic protein SNX27, we observed that the 

phosphorylation of GluN2A-S1459 enhances this interaction in pull-down assays (Figures 

3D and 3F) and coIPs (Figures 3E and 3F). Conversely, using a phospho-dead mutant of this 

site abolishes the improved interaction. Because SNX27 was previously shown to regulate 

the surface levels of GluN1 and GluN2B (Clairfeuille et al., 2016; Wang et al., 2013) 

and phosphorylation of GluN2A-S1459 plays a role in the modulation of the interaction 

of GluN2A with this protein, we assessed the distribution of the phosphorylated subunit 

in the SNX27 conditional knockout (cKO) mouse model. We observed that the expression 

of GluN2A-phosphoS1459 in the PSD fraction of SNX27 cKOs was significantly reduced 

(Figures 3G and 3H). These results support a model in which GluN2A is phosphorylated in 

endosomes, which leads to increased interaction with SNX27 and enhanced recycling to the 

cell surface. Once at the surface, GluN2A-S1459 likely is dephosphorylated, which would 

promote increased binding to MAGUKs and stabilization at synaptic sites.

Phosphorylation of S1459 Regulates GluN2A Trafficking

Because GluN2A-S1459 phosphorylation affects receptor interactions with SNX27 and 

PSD-95, we tested whether this PTM regulates NMDAR trafficking. We started by assessing 

the surface expression of GluN2A phospho mutants in transfected cultured hippocampal 

neurons, and we observed a significant decrease in the surface levels of the phospho-

null GluN2A-S1459A relative to WT (Figures 4A and 4B). Notably, we observed a 

corresponding change in dendritic spine number, which was decreased in the GluN2A-

S1459A-expressing neurons (Figures 4C and 4D) compared to WT and GluN2A-S1459D, 

suggesting compromised neuronal activity or decreased synapse stability, as a consequence 

of the reduced surface expression of GluN2A-containing receptors. In addition, this effect 

is consistent with the possibility that this phosphorylation event may be important during 

development for the GluN2B-to-GluN2A subunit switch. This hypothesis is supported by 

the observation that the phosphorylation of this residue peaks before the subunit switch 

during the first postnatal week in the mouse brain (Figure 2).
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Because phosphorylation of GluN2A-S1459 enhances the interaction with the endocytic 

protein SNX27 and is therefore likely to promote recycling of the receptors to the cell 

surface, we next evaluated the trafficking of a chimera to specifically measure the endocytic 

signals within the CTD. To this end, we used the Tac-GluN2A (last 175 amino acids 

[aa] of the CTD) construct designed to effectively track surface expression, endocytosis, 

and post-endocytic sorting driven by the GluN2A C-terminus. The protein Tac exhibits 

robust surface expression, and by appending the C-terminal domains of NMDARs, we can 

analyze endocytic sorting differences in WT versus mutant chimeric proteins. As expected, 

these chimeras are strongly targeted to the cell surface and display a highly normalized 

surface expression (Figure S2), which allows for direct comparisons of post-endocytic 

differences due to mutations (Lavezzari et al., 2004; Roche et al., 2001; Scott et al., 2001). 

We measured the co-localization of internalized Tac-GluN2A (WT or mutants) with the 

recycling endosome marker Rab11 in HeLa cells. We observed that Tac-GluN2A-S1459D 

co-localization with Rab11 increased over time, whereas that of the phospho-dead mutant 

did not (Figures 4E and 4F). This indicates that phospho-mimetic GluN2A traffics more 

efficiently via the recycling endosomal pathway, again pointing to a modulatory role of this 

phosphorylation event on NMDAR trafficking. Overall, our observations are consistent with 

a role of GluN2A-S1459 phosphorylation in regulating receptor levels at the surface, with 

phosphorylation contributing to the receptor targeting to the synaptic membrane.

The Epilepsy-Associated Variant GluN2A-S1459G Impairs NMDAR Interactions, Trafficking, 
and Excitatory Transmission

Because phosphorylation of GluN2A-S1459 modulates NMDAR interactions and 

trafficking, it was important to test these parameters using the rare variant GluN2A-S1459G, 

which may help explain disease etiology. We found a decreased interaction of GluN2A-

S1459G with PSD-95 relative to WT in pull downs (Figures 5A and 5C) and coIPs (Figures 

5B and 5C). We next assessed the interaction with SNX27, and we also observed the 

decreased binding of GluN2A-S1459G with SNX27 in both pull-down assays (Figures 5D 

and 5F) and coIPs (Figures 5E and 5F). These effects indicated that the epilepsy-associated 

variant of the GluN2A-S1459 phosphorylation site impairs multiple NMDAR interactions 

that occur via the PDZ-binding domain, leading us to test the effects on receptor surface 

expression and trafficking.

We next evaluated endocytic sorting of the GluN2A-S1459G variant, which has reduced 

binding to SNX27. We expressed Tac-GluN2A-S1459G in HeLa cells and assessed the 

time course of co-localization with Rab11 (Figure 5G). We found no differences in the 

expression levels of this chimera relative to WT or the phospho mutants (Figure S2); 

however, in contrast to the phospho-mimetic sorting, we observed that Tac-GluN2A-S1459G 

had a low level of Rab11 colocalization, which did not increase over time. This change in 

trafficking may reflect that receptors harboring this mutation are sorted less efficiently to 

recycling endosomes, resulting in a decreased surface expression of NMDARs. Accordingly, 

we detected a significant decrease in the neuronal surface expression of GluN2A-S1459G, 

relative to WT (Figures 5H and 5I). This effect is in accordance with the protein-protein 

interaction defects we observed. The decreased interaction of the epilepsy-associated variant 

with SNX27 indicates less efficient trafficking to the synapse, and the defects in PSD-95 
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binding could destabilize the receptor, even if GluN2A-containing receptors reach the 

surface membrane. We also found a corresponding decrease in spine density in neurons 

expressing GluN2A-S1459G (Figures 6A and 6B), which is again consistent with a decrease 

in neuronal activity as a consequence of impaired GluN2A surface expression.

What consequences do the defect in GluN2A-S1459G trafficking have on excitatory 

synaptic transmission? To investigate, we measured excitatory synaptic transmission in 

neurons expressing GluN2A (WT or S1459G). We observed no change in the amplitude 

of mEPSCs in transfected neurons (Figure 6D), but we did find a significant decrease 

in mEPSC frequency in neurons expressing the rare variant compared to WT GluN2A 

(Figures 6C and 6E). This result reveals synaptic defects elicited in neurons expressing 

this rare variant that are consistent with the spine reduction. Overall, these data reveal 

impaired GluN2A-containing NMDAR trafficking and subsequent signaling with the 

epilepsy-associated variant.

DISCUSSION

Epilepsy is a neurological disorder comprising a variety of diagnostic classifications. 

The most notable clinical manifestation of epilepsy is the occurrence of seizures, with 

ensuing adverse effects on patients’ quality of life, including cognitive, psychological, 

and social deficits. Epilepsy is estimated to affect 1.2% of the US population, with a 

higher incidence in younger and older age groups (infancy and older than 60 years of age, 

respectively) (Devinsky et al., 2018). Recent genomic advances have provided important 

insights into the genetics of neurodevelopmental disorders such as ASD/ID and epilepsy. 

Gene Ontology analyses have identified clusters of genes associated with specific cellular 

functions, including synapse-associated genes (De Rubeis et al., 2014; Sanders et al., 2015; 

Zoghbi and Bear, 2012). One notable aspect of these disorders is that they share a high 

degree of comorbidity and converging mechanisms. The GRIN genes, which encode the 

NMDAR subunits, have a prominent role, with GRIN2B now considered a high-confidence 

ASD-associated gene. Although the GRIN2A gene is also identified in ASD/ID patients, it 

is highly associated with epilepsy pathologies, more so than GRIN2B (Ogden et al., 2017; 

XiangWei et al., 2018). Therefore, investigating the role of GluN2A in epilepsy is important 

and will, it is hoped, reveal mechanisms that can facilitate the development of therapeutics.

In recent years, there have been efforts to functionally characterize pathogenic variants 

of GRIN genes, particularly the ASD/ID-associated GRIN2B mutations and the epilepsy/

ID-causative GRIN2A variants. Most of these studies have focused on variants that result 

in mutations in residues of the ligand-binding domain, the channel pore, and the linker 

regions (Table S1), which seem to be the most deleterious, as they are likely to directly 

affect receptor channel function (Ogden et al., 2017; Swanger et al., 2016). Mutations in 

the CTD, however, also have damaging potential, since they often have dramatic effects on 

receptor trafficking and stabilization at the membrane (Liu et al., 2017), and consequently, 

can have a profound impact on synaptic transmission and plasticity (reviewed by Vieira 

et al., 2020). The PDZ-binding domain, in particular, exerts a regulatory role in NMDAR 

trafficking and stabilization due to its ability to interact with a plethora of PSD proteins 

that contain PDZ domains (Sanz-Clemente et al., 2010, 2013a). A range of functional 
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consequences have been identified, leading to both hyper- and hypofunction of NMDARs. 

For GluN2A, the mutations classified as gain of function generally lead to increased agonist 

potency (e.g., L812M, M817V); decreased sensitivity to channel blockers such as Mg2+, 

zinc, or protons (e.g., N615K, L812M, M817V); or altered electrophysiological properties 

of the channel that contribute to increased current amplitude or response time (e.g., P552R, 

L812M, M817V) (Ogden et al., 2017; Endele et al., 2010; Pierson et al., 2014; Yuan et al., 

2014). Conversely, GluN2A loss-of-function mutants generally result in increased sensitivity 

to negative modulators (e.g., D731N), reduced surface expression (e.g., G483R, R518H), 

or altered channel properties leading to reduced function (e.g., G483R, R518H, D731N) 

(Gao et al., 2017; Lesca et al., 2013; Sibarov et al., 2017; Swanger et al., 2016) (Table S1). 

Studies on the variants affecting the CTD of GluN2 subunits are less common. The present 

study is, to our knowledge, the first report describing receptor dysfunction elicited by an 

epilepsy patient mutation in the CTD of GluN2A. Another recent report found altered spine 

density and reduced surface expression of NMDARs harboring a mutation in the CTD of 

GluN2B (S1415L) (Liu et al., 2017). It is thus important to expand our knowledge of CTD 

variants to find common mechanisms of dysfunction that can be pharmacologically targeted. 

Here, we investigated the functional effects of a rare variant of GluN2A (p.S1459G), 

identified in a patient presenting with epilepsy and moderate ID (ClinVar; Bowling et al., 

2017).

We found that the rare variant GRIN2A c.4375A>G, which results in a substitution of 

GluN2A-S1459 for glycine, contributes to trafficking defects and changes in protein-protein 

interactions established by the receptor, possibly due to its location, just 2 aa upstream 

of the PDZ-binding domain of GluN2A, as has been observed for other residues in the 

vicinity of the PDZ-binding domain of GluN2B (Clairfeuille et al., 2016). We also found 

decreased spine density and reduction in the frequency of mEPSCs in neurons expressing 

the GluN2A-S1459G subunit, which reveals a defect in excitatory transmission due to the 

de novo mutation. The reduction of mEPSC frequency in these neurons is likely due to 

the decrease of spine density, although we cannot exclude the possibility that postsynaptic 

expression of GluN2A-S1459G may regulate presynaptic glutamate release probability. 

How the GluN2A-S1459G mutation leads to spine and synaptic transmission deficits 

remains unknown. It is possible that GluN2A-S1459G exerts a direct modulatory effect 

on spinogenesis. Alternatively, the GluN2A-S1459G mutation may induce a homeostatic 

process that indirectly decreases spine development and synaptic transmission (Müller et 

al., 1993). Nevertheless, the altered trafficking, sorting, and protein interactions of GluN2A-

S1459G likely result in the hypofunction of NMDARs harboring this rare variant, which 

suggests that the phenotype observed in the patient results from reduced GluN2A-containing 

NMDAR trafficking and signaling. As discussed, while many reports indicate that epilepsy 

is a consequence of the hyperfunction of NMDARs (Endele et al., 2010; Lemke et al., 2013; 

Marwick et al., 2019b), which leads to hyper-excitability, our current findings implicate 

receptor hypofunction, and this has also been observed in other studies (Addis et al., 2017; 

Strehlow et al., 2019; Swanger et al., 2016). These data demonstrate that changes to normal 

NMDAR function have deleterious effects. How can NMDAR-impaired function lead to 

an epilepsy phenotype? While the definitive answer remains elusive, such an effect may 

be mediated by a differential impact of altered NMDAR subunit expression and function 
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in distinct types of neurons. GluN1 and GluN2A/B subunit expression is not limited to 

glutamatergic neurons, but it is present in GABAergic interneurons in the human cortex 

(Bagasrawala et al., 2017). It is therefore possible that the dysfunction of NMDARs in 

these classes of neurons could lead to an imbalance in excitatory/inhibitory transmission 

and, consequently, contribute to epilepsy. It is also plausible that NMDAR hypofunction 

may increase neuronal excitability (Homayoun and Moghaddam, 2007; Tatard-Leitman et 

al., 2015), which could contribute to epilepsy. Future experiments investigating the role of 

the GluN2A-S1459G variant in interneurons and in excitability in pyramidal neurons will 

shed light onto the mechanisms underlying seizures and epilepsy in patients harboring this 

variant.

We also identified a role for the phosphorylation of this residue, GluN2A-S1459, in 

NMDAR trafficking. Many studies have demonstrated that phosphorylation is a highly 

regulated PTM that contributes to the fine modulation of NMDARs (Roche et al., 2001; 

Sanz-Clemente et al., 2013a, 2013b). The CTD of NMDAR subunits has many identified 

phosphorylation sites that affect receptor trafficking and membrane insertion, as well 

as protein-protein interactions, often dynamically regulated by activity. One of the most 

prominent kinases in synaptic function is CaMKII, which is not only one of the most 

abundant proteins at the synapse but has also been found to play paramount roles in synaptic 

plasticity via mechanisms that are both dependent and independent of its kinase activity 

(Bayer and Schulman, 2019, Shonesy et al., 2014). In fact, GluN2B is phosphorylated 

by CaMKIIα following synaptic activity. After NMDAR activation, CaMKIIα is recruited 

to the PSD, undergoes autophosphorylation (thereby becoming autonomously active), and 

phosphorylates its synaptic substrates, namely GluN2B and GluA1. The phosphorylation of 

these subunits exerts modulatory roles on the mechanisms that tightly regulate glutamate 

receptor trafficking (Bayer and Schulman, 2019) and, consequently, their abundance at the 

synapse. Even though GluN2B has long been recognized as a CaMKIIα substrate, there 

was no evidence for direct phosphorylation of the GluN2A subunit by this kinase. We were 

thus surprised when we found that GluN2A is robustly phosphorylated at S1459, and that 

this phosphorylation event is mediated by CaMKIIα. Although this phosphorylated residue

—GluN2A-S1459—had been identified in phosphoproteomic studies (Goswami et al., 2012; 

Munton et al., 2007; Trinidad et al., 2006; Tweedie-Cullen et al., 2009), it had not been 

independently validated, nor had the relevant kinase been found. Here, we demonstrate the 

endogenous phosphorylation of this residue, but also that it is an activity-regulated and 

developmentally -regulated event.

The developmental switch of NMDAR subunits is a well-characterized mechanism of 

synapse maturation that leads to a change in NMDAR properties at the PSD, resulting 

from the replacement of a predominantly GluN2B-containing population to a GluN2A-rich 

pool of receptors (Barria and Malinow, 2002; Sheng et al., 1994; Yashiro and Philpot, 

2008). In rodents, this subunit shift is known to occur at approximately the second postnatal 

week and to be facilitated by GluN2B phosphorylation mediated by CK2 (Sanz-Clemente 

et al., 2010). CK2 is recruited to NMDARs by direct binding to CaMKIIα, thereby forming 

a trimolecular complex that facilitates the phosphorylation of GluN2B subunits at S1480 

within the PDZ-binding domain (Sanz-Clemente et al., 2013a). Phosphorylation of GluN2B-

S1480 disrupts the interaction with PSD-95 and promotes endocytosis of NMDARs (Chung 
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et al., 2004). The present report shows that the phosphorylation of GluN2A at S1459 

could also play a role, as we observed a peak of phosphorylation of this residue that 

precedes the subunit switch, which indicates that it could function as a signal for GluN2A 

membrane insertion. Phosphorylation of GluN2A-S1459 is proposed here to contribute to 

increased trafficking of GluN2A-containing receptors to the PSD, namely due to improved 

binding to the endocytic protein SNX27. Accordingly, we observed altered distribution of 

the phosphorylated subunit in the SNX27 cKO mouse, which is in accordance with previous 

reports showing reduced synaptic expression of NMDARs in SNX27 KOs (Loo et al., 2014; 

Wang et al., 2013). A recent report found that the GluN2B/GluN2A developmental subunit 

switch occurs independently of the NMDAR subunit CTD (McKay et al., 2018), due to 

the observation that mice expressing the chimeric GluN2A2B-CTD undergo a normal subunit 

shift. The disparity found by McKay et al. (2018) compared to evidence from the current 

and previous reports, could arise from the fact that SNX27 contributes to the trafficking of 

both GluN2A-containing receptors, as demonstrated here, and GluN2B-containing receptors 

(Clairfeuille et al., 2016). As a consequence, even in neurons expressing the chimeric 

subunits GluN2A2B-CTD or GluN2B2A-CTD, trafficking of NMDARs that is facilitated 

by SNX27 could still occur and thus mask putative defects resulting from the altered 

phosphorylation of GluN2B-S1480 (Sanz-Clemente et al., 2010) or GluN2A-S1459, as well 

as additional CTD-dependent mechanisms that are not yet resolved.

Consistent with a role of CaMKIIα phosphorylation of GluN2A in NMDAR trafficking, we 

found that a phospho-null mutant, GluN2A-S1459A, leads to reduced surface expression 

and that GluN2A is trafficked via the recycling endosomal pathway when this serine is 

phosphorylated. The proximity of this phosphorylation site to the PDZ-binding domain 

led us to hypothesize that these trafficking effects are, at least partially, due to the 

modulation of protein-protein interactions via the PDZ-binding domain of GluN2A, in 

particular with SNX27 and PSD-95. As discussed, the endocytic protein SNX27 has been 

shown to contribute to GluN2B-containing NMDAR recycling in a subunit phosphorylation-

dependent manner (Clairfeuille et al., 2016). In this report, we extend these findings to the 

GluN2A subunit, which we show to interact more strongly with SNX27, when the subunit 

is phosphorylated at S1459. Here, we also find an effect on the binding to PSD-95, which 

is dramatically decreased upon the phosphorylation of GluN2A; thus, the phosphorylation 

dictates with which binding protein the NMDAR will associate. These findings suggest that 

GluN2A is phosphorylated by CaMKIIa when present in endocytic vesicles, which promotes 

the binding to SNX27. This improved interaction leads to the increased surface delivery of 

GluN2A-containing receptors, which are likely dephosphorylated to promote the binding to 

PSD-95, anchoring NMDARs at the synapse. This dramatic modulation of protein-protein 

interactions affecting receptor trafficking by a single residue phosphorylation resembles 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor interactions with 

proteins interacting with C kinase-1 (PICK1)/glutamate receptor interacting protein 1 

(GRIP1). Phosphorylation of the GluA2 subunit at S880, mediated by PKC, modulates PDZ-

binding domain interactions, such that when phosphorylated, the GluA2-GRIP1 interaction 

is disrupted, but the binding to PICK1 is unaffected, leading to receptor internalization 

(Chung et al., 2000).
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Overall, our findings describe several layers of regulation of a single residue of GluN2A, 

S1459. We wanted to explore the functional consequence of a disease-associated variant, 

GluN2A-S1459G, because of its provocative location at the extreme CTD of GluN2A. 

Our studies identified a novel CaMKIIα target within NMDARs, GluN2A-S1459, which 

is regulated in vivo in development and in response to synaptic activity triggered by 

environmental stimuli. The phosphorylation of GluN2A-S1459 has a robust and inverse 

effect on binding to two postsynaptic proteins implicated in receptor trafficking and synaptic 

localization, SNX27 and PSD-95. Notably, our evidence shows that neurons expressing 

the epilepsy mutant have reduced spine density and reduced mEPSC frequency. While 

these data cannot be definitively linked to the reduced synaptic expression of GluN2A-

S1459G, that possibility is supported by other observations regarding the phosphorylation of 

GluN2A and the epilepsy mutant. For example, in WT animals, the phosphorylated subunit 

accumulates in the PSD fraction, and this distribution is affected by conditionally knocking 

out SNX27, underscoring a role of this phosphorylation event in receptor trafficking. In 

addition, we observed the reduced surface expression of both the phospho-dead mutant and 

the S1459G variant, which is consistent with a reduction in synaptic NMDARs, since a large 

body of literature points to a predominantly synaptic expression of GluN2A-containing 

receptors (Groc et al., 2006; Liu et al., 2004; Thomas et al., 2006). In fact, recent 

work using super-resolution microscopy revealed a nanodomain organization of GluN2A- 

and GluN2B-containing receptors, with a larger number of endogenous GluN2A receptor 

nanodomains at synaptic versus non-synaptic sites (Kellermayer et al., 2018). In conclusion, 

our findings demonstrate the importance of studies on human variants in understanding 

NMDAR function and have the potential to elucidate links between receptor trafficking 

defects and disease etiology.

STAR★METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to, and will be fulfilled by the Lead Contact, Katherine

W. Roche (rochek@nih.gov).

Materials Availability—All unique reagents generated in this study are available from the 

Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability—This study did not generate datasets/code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—The NINDS Animal Care and Use Committee approved all procedures and 

animal use (protocol #1171). Male and female C57BL/6 inbred mice (Charles River) were 

used at P7–2 months old, for brain fractionation experiments. Mice were housed on a 

standard 12 h dark and light cycle. For dark rearing experiments, male and female C57BL/6J 

littermates were housed in a normal light/dark cycle (12h light, 12h dark) from P0 to P26 

(light reared, LR). Alternatively, mice were relocated to complete darkness from P21 to 
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P26 (dark reared, DR), or kept in complete darkness from P21 to P26, but exposed to 2h 

of light before tissue was harvested (DR plus light exposure, DR+LE). The primary visual 

cortex was dissected in the dark for the DR condition or in the light for the LR and DR+LE 

conditions. Synaptic plasma membrane (SPM) fractions were prepared.

We developed the SNX27 cKO by backcrossing the mouse strains Snx27tm1a(KOMP)Wtsi 

and B6;SJL-Tg(ACTFLPe)9205Dym/J, followed by backcrossing of the Flp-SNX27 

homozygous animals (F3) with FVB/N-Tg(Thy1-cre)1Vln/J mice, to delete expression of 

SNX27 in the postnatal cortex and hippocampus. Mouse CRE negative littermates of either 

sex were used as controls for the mouse SNX27 cKO brain fractionation experiments.

Neuronal cultures—Primary cultures of hippocampal neurons were prepared from male 

and female E18 Sprague-Dawley rats (Envigo) as previously described (Roche and Huganir, 

1995), and following the NIH Guide for the Care and Use of Laboratory Animals. In brief, 

the pregnant females were narcotized with CO2 and the embryos removed. The brains 

were removed, hippocampi dissected, and neurons dissociated before being plated in poly-D-

lysine (Sigma, P7280) coated coverslips. For imaging experiments, hippocampal neurons 

were plated on 12 well dishes at 100,000 cells/well; for electrophysiology experiments, 

hippocampal neurons were plated on 24 well dishes at 200,000 cells/well. The mixed gender 

cultures were maintained in Neurobasal medium (Life Technologies, Cat#21103–049) 

supplemented with 2% B27 (Life Technologies, Cat#17504–044) and 2 mM L-glutamine 

(Sigma-Aldrich, Cat#G-7513) at 37°C and 5% CO2 for 17 days. At DIV 13 neurons were 

transfected using Lipofectamine 2000 (Invitrogen, 11668–019) with 2.5 μg GFP-GluN2A 

constructs (plus 0.5 μg pCAG-GFP for spine density analysis and electrophysiology 

experiments).

Cell lines—HEK293T and HeLa cell lines were used (ATCC). Briefly, cells were 

maintained in DMEM (GIBCO, 11966025) supplemented with 10% fetal bovine serum 

(FBS) (Hyclone, SH30071.03) and 1% glutamine (GIBCO, 25030081), at 37°C and 5% 

CO2. HEK293T were cultured in 6 cm dishes and transfected one day after plating using 

Lipofectamine 2000 as previously described (Won et al., 2016). We co-expressed GFP-

GluN2A (WT or mutants, as indicated), GluN1 and CaMKIIα (WT, K42R or T286D, as 

annotated) (ratio 2:1:1). Cells were maintained in 20 mM MgCl2 to avoid excitotoxicity. 

Two days after transfection, HEK293T cells were harvested in cold PBS, centrifuged at 

15,000xg for 20 min and resuspended in Tris buffer (pH 7.5) containing 1% SDS, sonicated 

and incubated for 30 min, at 37°C. Sample buffer was then added to the lysates and proteins 

denatured at 42°C for 20 min. The samples were then analyzed using immunoblotting. 

HeLa cells were cultured on glass coverslips, in duplicate, and transfected with Tac-GluN2A 

chimeras (0.5 mg/coverslip) and GFP-Rab11 (0.5 mg/coverslip).

METHOD DETAILS

DNA constructs and antibodies—Site-directed mutagenesis was performed on the 

pRK5-GFP-GluN2A, pGEX4-GST-GluN2A CTD (corresponding to the last 175 aa of 

GluN2A) or pRK5-Tac-GluN2A (last 175 aa) to obtain the S1459A; S1459D; and S1459G 

mutants.
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In vitro kinase assays—Purified GST-fusion proteins (GST; GST-GluN2A WT or 

GST-GluN2A-S1459A) were subjected to in vitro phosphorylation with PKA, PKC or 

CaMKIIα to identify the kinase(s) responsible for GluN2A-S1459 phosphorylation. For 

PKA phosphorylation, the fusion proteins were incubated in 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES; pH 7.0), 20 mM MgCl2, 50 μM ATP and 1 pmol of 

[γ−32P]-ATP (3,000 Ci mmol−1) with 50 ng of purified PKA catalytic subunit (Promega). 

For PKC phosphorylation, reactions were performed in 20 mM HEPES, pH 7.4, 1.67 mM 

CaCl2, 1 mM DTT, 10 mM MgCl2, 50 μM ATP and 1 pmol of [γ−32P]-ATP (3,000 Ci 

mmol−1) with 10 ng of purified PKC (Promega). For CaMKIIα phosphorylation, reactions 

were in 20 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 0.5 mM DTT, 0.1 mM EDTA, 2.4 μM 

calmodulin, 2 mM CaCl2, 100 μM ATP and 1 pmol of [γ−32P]ATP (3,000 Ci mmol−1) with 

25 ng of recombinant CaMKIIα (Calbiochem). All in vitro kinase assays were performed 

at 30°C for 30 min. The reactions were stopped with addition of SDS-PAGE sample 

buffer and incubation at 42°C for 20 min. The proteins were resolved by SDS-PAGE and 

visualized by autoradiography. Alternatively, SDS-PAGE–resolved proteins were transferred 

to nitrocellulose membranes and assayed for phosphorylation by immunoblotting with 

GluN2A-phosphoS1459 antibody. Total protein was assessed by staining the gels with 

Coomassie Brilliant Blue (CBB, Expedeon).

Subcellular fractionation of mouse brain—Mouse WT or SNX27 cKO brains (2–3 

months old adults, both sexes; or at the indicated ages) were fractionated as previously 

described (Hallett et al., 2008). The brains were homogenized in ice-cold TES buffer [320 

mM sucrose, 10 mM Tris·HCl (pH 7.5), 5 mM EDTA, 1 × protease inhibitor mixture, and 

phosphatase inhibitor mixtures II and III]. Homogenates (H) were centrifuged at 1,000 × g 

for 10 min at 4°C. The supernatant (S1) was centrifuged at 10,000 × g for 15 min at 4°C 

to obtain the crude synaptosomal membrane fraction (P2). The P2 pellet was resuspended 

in ice-cold TES buffer (35.6 mM sucrose, 10 mM Tris·HCl pH 7.5, 5 mM EDTA, 1 × 

protease inhibitor mixture, and phosphatase inhibitor mixtures II and III) and was incubated 

on ice for 30 min followed by centrifugation at 25,000 × g for 20 min at 4°C to obtain 

the SPM. The pellet was resuspended in 1% Triton X-100 buffer [10 mM Tris·HCl (pH 

7.5), 5 mM EDTA, 1 × protease inhibitor mixture, and phosphatase inhibitor mixture II 

and III] and incubated with gentle agitation at 4°C for 30 min. Lysates were centrifuged 

at 33,000 × g for 30 min at 4°C to obtain the soluble fraction (Triton X-100–soluble) and 

the Triton X-100–insoluble/PSD fraction (pellet), which was solubilized by brief sonication 

and heating at 37°C for 30 min in 1% SDS [10 mM Tris·HCl (pH 7.5), 5 mM EDTA, 1 

× protease inhibitor mixture, and phosphatase inhibitor mixtures II and III]. To obtain the 

PSD fraction, the lysates were centrifuged at 100,000 × g for 20 min at 4°C. After obtaining 

the PSD fraction from WT brains, 20 μg of protein from the PSD were incubated with or 

without lambda phosphatase (New England Biolabs) at 37°C, for 1h, to assess antibody 

specificity.

Immunofluorescence microscopy—NMDAR trafficking was analyzed using 

immunocytochemistry. We expressed GFP-tagged GluN2A (WT or mutants) in DIV13 

rat hippocampal neurons, using Lipofectamine 2000 transfection. At DIV17, we analyzed 

receptor surface expression or spine density, as previously described (Liu et al., 2017; Sanz-
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Clemente et al., 2013a; Suh et al., 2010). Briefly, we stained surface GFP-tagged GluN2A 

using rabbit GFP antibody for 15 min, at RT, followed by 3 washes with PBS. For analysis 

of surface expression, we immediately fixed the cells with 4% PFA, for 7 min, at RT and 

then labeled with Alexa fluor 488-conjugated secondary antibody. After permeabilization, 

the intracellular pool of receptors was stained using a chicken GFP antibody followed by 

labeling with Alexa fluor 555 secondary antibody.

To analyze spine density, we co-transfected pCAG-GFP with the GluN2A constructs and 

then, at DIV 17, we fixed the cells and mounted the coverslips. All immunofluorescence 

imaging was carried out in a Zeiss LSM800 confocal microscope and serial optical 

sections collected at 0.35 mm intervals were used to create maximum projection images. 

Quantification was performed by analyzing the fluorescence intensity of 3 independent areas 

per neuron (secondary or tertiary dendrites) using MetaMorph 6.0 software and is presented 

as ratios of intensity (mean ± SEM) or as the number of spines/dendritic area.

Tac-GluN2A chimera endocytosis assay—To assess the influence of S1459 on the 

endocytic sorting of GluN2A, we induced internalization of Tac-GluN2A constructs in HeLa 

cells, as previously described (Lavezzari et al., 2004), with minor modifications. These 

chimeras consist of the last 175 aa of the GluN2A CTD (WT or mutants) appended to the 

Tac protein, which is a stable surface integral membrane protein. As such, the chimeras are 

almost exclusively expressed at the cell surface (Lavezzari et al., 2004), which allows the 

assessment of the impact of point mutations in the GluN2A CTD on receptor internalization. 

One day after co-transfection with Tac-GluN2A constructs and GFP-Rab11, HeLa cells were 

incubated with anti-Tac antibody on ice for 1h. The cells were then returned to 37°C for 

the indicated periods of time (5, 15 or 30 min) to allow Tac internalization. The cells were 

wfigureashed and fixed in 4% PFA in PBS for 15 min at RT and surface Tac labeled with 

Alexa fluor 555 antibody. HeLa cells were then permeabilized and blocked with 10% NGS. 

Internalized Tac and GFP-Rab-11 were then labeled with Alexa fluor 633 or 488 secondary 

antibodies, respectively. Finally, the coverslips were washed again and mounted on glass 

slides. Analysis of internalized Tac and GFP-Rab11 colocalization was performed using a 

Zeiss LSM800 confocal microscope and the ImageJ software (JaCOP plugin) and presented 

as the fraction of internalized Tac co-localizing with GFP.

Co-immunoprecipitation (co-IP) and pull-down assays—For pull-down assays 

from mouse brain, we incubated GST-GluN2A C-terminal domains (aa 1289–1464; pre-

blocked with 3% NGS in PBS) with total homogenate (for SNX27 binding) or P2 fractions 

(for PSD-95 interaction) from WT animals (solubilized with 1% SDS buffer and neutralized 

with 1% Tx-100 buffer). The samples were incubated at 4°C for 2h and then washed 3 times 

with 1% Triton X-100 buffer. Samples were resolved in two sister gels, one used for analysis 

of interacting partners and the other for comparison of GST protein loading using CBB 

staining.

For co-IP assays, HEK293T cells were transfected with GFP-GluN2A (WT or mutants, 

as indicated), GluN1 and either Myc-PSD-95 (ratio 10:5:1) or Myc-SNX27 (ratio 2:1:1), 

as appropriate. Cells were maintained in 20 mM MgCl2 to avoid excitotoxicity. Two days 

after transfection, HEK293T cells were harvested in cold PBS, centrifuged at 15,000 x g 

Vieira et al. Page 15

Cell Rep. Author manuscript; available in PMC 2024 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for 20 min and resuspended in Tris buffer (pH 8.8) containing 1% DOC, sonicated and 

incubated for 30 min, at 37°C (Won et al., 2016). The lysates were then neutralized with 

Tris pH 7.5 with 1% Triton X-100, at 4°C for another 30 min, followed by centrifugation. 

The supernatant was incubated with 1 μg of GFP antibody, o.n. at 4°C and protein-A beads 

added to the samples. After 4h incubation at 4°C, the beads were washed 3 times with 

1% Triton X-100 buffer. The samples were then resolved in SDS-PAGE and analyzed by 

immunoblotting, using the appropriate antibodies.

Electrophysiological measurements—Cultured rat hippocampal neurons were co-

transfected at DIV 13 with pCAG-GFP and GluN2A WT or S1459G. Whole-cell voltage 

clamp recordings of mEPSCs were performed in DIV 17–18 cultured rat hippocampal 

neurons at 20–25°C using glass patch electrodes filled with an internal solution consisting 

of 135 mM CsMeSO4, 8 mM NaCl, 10 mM HEPES, 0.3 mM Na-GTP, 4 mM Mg-ATP, 

0.3 mM EGTA, 5 mM QX-314, and 0.1 mM spermine. The external solutions contained 

119 mM NaCl, 2.5 mM KCl, 26 mM NaHCO3, 1 mM Na2PO4, 11 mM glucose, 2.5 

mM CaCl2, and 1.3 mM MgCl2; 0.1 mM Picrotoxin and 0.5 μM TTX were added to the 

external solutions before recording. Transfected cells were visualized with fluorescence, and 

mEPSCs were measured at −70 mV. Series resistance was monitored and not compensated, 

and cells in which series resistance was more than 25 MΩ or varied by 25% during a 

recording session were discarded. Synaptic responses were collected with a Multiclamp 

700B amplifier (Axon Instruments), filtered at 2 kHz, and digitized at 10 kHz. The analysis 

of the mEPSCs was done offline semiautomatically, using in-house software in Igor Pro 

(Wavemetrics) developed in Dr. Roger Nicoll’s laboratory at University of California, San 

Francisco (UCSF).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and analysis of immunoblots and electrophysiology—
Immunoblots were analyzed with Image-J by calculating the area under the curve. Intensity 

was normalized to total GluN2A or tubulin, as indicated in the figure legends; values were 

then normalized to the control (WT). Statistical analysis was done using Student’s t test 

or one-way ANOVA followed by the appropriate post hoc analysis (Sidak’s or Dunnett’s 

multiple comparison tests), as indicated in the figure legends. For electrophysiology, 

Student’s t test was used to calculate statistical significance.

Quantification and analysis of immunocytochemistry—For surface expression of 

GluN2A in neurons, three dendritic regions were randomly selected per cell. The conditions 

were blinded to the experimenter during image acquisition and quantification. Metamorph 

was used to measure surface and intracellular intensity. Analysis was done using one-way 

ANOVA followed by Sidak’s or Dunnett’s multiple comparison tests, as indicated. For HeLa 

cell imaging, Metamorph was used to measure surface and intracellular intensity level of Tac 

proteins. Analysis was done using one-way ANOVA with Dunnett’s multiple comparisons 

test. For colocalization of Tac and Rab11, Manders’ coefficients were calculated using the 

JACoP plugin in Image-J. Analysis was done using two-way ANOVA with Dunnett’s or 

Tukey’s multiple comparisons tests, as indicated.
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Statistical analysis

The GraphPad Prism8 software was used for statistical analysis of the data. One-way 

ANOVA was performed, followed by the appropriate post hoc analysis. Alternatively, 

Student’s t tests were used, when comparing between two groups. For all assays, 3–5 

independent experiments were done. Each n corresponds to one animal or one independent 

cell culture. Statistical significance was established for p < 0.05. All data are presented as 

means ± SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The epilepsy-associated variant GluN2A-S1459G causes NMDAR trafficking 

defects

• GluN2A-S1459G disrupts NMDAR interactions and leads to reduced mEPSC 

frequency

• GluN2A is phosphorylated by CaMKII at S1459, which is regulated by 

neuronal activity

• GluN2A-S1459 phosphorylation dictates binding to PDZ domain-containing 

proteins
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Figure 1. GluN2A-S1459 Is Phosphorylated by CaMKIIα
(A) Alignment of the extreme CTD of the 4 GluN2 human subunits (top) and of the GluN2A 

subunit in several species (bottom), highlighting the conserved S1459 residue (blue) and its 

proximity to the PDZ-binding domain (green).

(B and C) In vitro kinase assays using purified CaMKIIα and GST-GluN2A CTD (WT or 

S1459A) were performed. Total protein was visualized by Coomassie Brilliant Blue (CBB) 

protein staining.

(B) Autoradiography analysis of GST fusion proteins that were incubated with [γ-32P]ATP.

(C) Analysis of GluN2A-S1459 phosphorylation by immunoblotting using the 

phosphospecific antibody.

(D) GFP-tagged GluN2A (WT or S1459A) was co-expressed with GluN1 and CaMKIIα 
(WT, K42R, or T286D) in HEK293T cells, and phosphorylation of GluN2A-S1459 was 

probed by immunoblotting.

(E) Adult mouse brains were fractionated and probed for endogenous phosphorylation of 

GluN2A-S1459.

(F) PSD fractions from adult mice were treated with l-phosphatase for 1 h at 37°C, to test 

antibody specificity. All of the experiments were performed independently 3 times.
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Figure 2. GluN2A-S1459 Phosphorylation Is Dynamically Regulated
(A and B) Developmental profile of GluN2A-S1459 phosphorylation. Brains of WT 

mice were collected at the indicated ages (postnatal days 7–21) and fractionated. Twenty 

mg of protein from the PSD fractions were resolved in SDS-PAGE, and the levels 

of phosphorylated GluN2A-S1459, total GluN2A, and tubulin were analyzed using 

immunoblotting. Band density was measured and values were normalized to tubulin and 

total GluN2A. The data are represented as means ± SEMs of log transformed values of 

normalized band densities (n = 4).

(C and D) Primary visual cortices from P26 animals subjected to a dark-rearing paradigm 

(LR, normal light/dark cycle; DR, dark reared from P21 to P26; DR + LE, dark reared from 

P21 to P26 with 2 h of exposure to light before euthanasia) were fractionated and the SPM 

fraction analyzed using immunoblotting. The data are represented as means ± SEMs (n = 5; 

1-way ANOVA, followed by Sidak’s multiple comparisons test; *statistically different from 

DR, p = 0.0109).
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Figure 3. The Phosphorylation State of GluN2A-S1459 Affects Receptor Interactions with PDZ 
Domain-Containing Proteins
(A–C) Phosphorylation of GluN2A-S1459 reduces the binding to PSD-95.

(A) GST-GluN2A CTD fusion proteins (WT, S1459D, and S1459A) were incubated with P2 

fractions from adult mouse brains. The samples were resolved by SDS-PAGE and probed for 

PSD-95 by western blot. Total protein was visualized with CBB staining.

(B) GFP-tagged GluN2A (WT, S1459D, or S1459A) was co-expressed with GluN1 and 

Myc-PSD-95. Co-IPs were performed, and samples resolved in SDS-PAGE and analyzed by 

western blot.
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(C) The data are represented as means ± SEMs (n = 3; 1-way ANOVA followed by Sidak’s 

multiple comparisons test; *significantly different from WT).

(D–F) Phosphorylation of GluN2A-S1459 modulates receptor interactions with SNX27.

(D) GST-GluN2A fusion proteins (as in A) were incubated with total homogenate from 

adult mouse brains. The samples were resolved by SDS-PAGE and probed for SNX27 using 

western blot. Total protein was visualized with CBB staining.

(E) NMDAR subunits (as in B) were co-expressed with Myc-SNX27 in HEK293T cells. 

Co-IPs were performed and samples analyzed by western blot.

(F) The data are represented as means ± SEMs (n = 5; 1-way ANOVA followed by 

Dunnett’s or Sidak’s multiple comparisons tests; *significantly different from WT or 

S1459D).

(G and H) Adult brains from WT or CRE-expressing LoxP-SNX27 mice were fractionated 

and the level of phosphorylated GluN2A-S1459 assessed using immunoblot, quantified and 

normalized to total GluN2A. The data are represented as means ± SEMs (n = 3; Student’s t 

test; *significantly different from WT [CRE−], p = 0.0126).
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Figure 4. Phosphorylation of GluN2A-S1459 Modulates Receptor Surface Expression
(A and B) DIV13 rat hippocampal neurons were transfected with GFP-tagged GluN2A 

subunits, as indicated. At DIV17, surface (green) and intracellular (white) receptors 

were labeled. Coverslips were analyzed in a Zeiss LSM800 confocal microscope and 

quantifications were performed using the Metamorph software. The data were plotted as 

a ratio of surface/intracellular receptors (relative to WT) and represented as means ± SEMs 

(n = 4–5; 1-way ANOVA, followed by Dunnett’s multiple comparisons test; *significantly 

different from WT, p = 0.0351).

(C and D) Hippocampal neurons were co-transfected with GluN2A constructs (as in A) 

and pCAG-GFP to allow visualization of the entire neuron. Spine density was analyzed 

using a Zeiss LSM800 microscope. The data are expressed as the number of spines per 

20 μm dendrite and represented as means ± SEMs (n = 4–5; 1-way ANOVA, followed 

by Dunnett’s or Sidak’s multiple comparisons test; *significantly different from WT, p = 

0.0005 or S1459D, p < 0.0001).

(E and F) HeLa cells expressing Tac-GluN2A (WT, S1459D, or S1459A) and GFP-Rab11 

were subjected to 5–30 min of endocytosis. Cells were imaged using a Zeiss LSM800 

microscope and then analyzed for co-localization between internalized Tac-GluN2A and 

Rab11. The data are expressed as the Manders’ co-efficient of the fraction of Tac-GluN2A 

colocalizing with GFP-Rab11 and represented as means ± SEMs (n = 3; 2-way ANOVA, 

followed by Dunnett’s multiple comparisons test; S1459D 30 min compared to 5 min, p 

< 0.0001; 2-way ANOVA, followed by Tukey’s multiple comparisons test; *significantly 

different from WT 30 min, p < 0.0001, or S1459A 30 min, p < 0.0001). Scale bar, 10 μm.
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Figure 5. The Epilepsy Variant GluN2A-S1459 Impairs GluN2A PDZ Ligand-Mediated 
Interactions and Trafficking
(A–F) GluN2A-S1459G has reduced binding to PSD-95 (A–C) and SNX27 (D–F). Pull 

downs and coIPs were performed as in Figure 3, with the GluN2A WT or the GluN2A-

S1459G mutant.

(A) Pull-down assay.

(B) Co-IP experiment.
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(C) Quantification of band densities in (A) and (B). The data are represented as means 

± SEMs (n = 3–4; 1-way ANOVA, followed by Dunnett’s multiple comparisons test; 

*significantly different from WT, p = 0.0002 [pull down]; p < 0.0001 [co-IP].

(D) Pull-down assay.

(E) Co-IP experiment.

(F) Quantification of band densities in (C) and (D). The data are represented as means 

± SEMs (n = 3–4; 1-way ANOVA, followed by Dunnett’s multiple comparisons test; 

*significantly different from WT, p = 0.0001 [pull down]; p = 0.0310 [co-IP]).

(G) HeLa cells expressing Tac-GluN2A (WT or S1459G) and GFP-Rab11 were treated and 

analyzed as in Figure 4. The data are represented as means ± SEMs (n = 3).

(H and I) DIV13 rat hippocampal neurons were transfected with GFP-GluN2A subunits, as 

indicated, and surface/intracellular receptors labeled and analyzed as in Figure 5. The data 

are plotted as a ratio of surface/intracellular receptors (relative to WT) and represented as 

means ± SEMs (n = 5; Student’s t test; *significantly different from WT, p = 0.0197). Scale 

bar, 5 μm.
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Figure 6. Neurons Expressing the Epilepsy Variant GluN2A-S1459G Have Compromised 
Neuronal Activity
(A and B) Hippocampal neurons were co-transfected with GluN2A constructs (as in Figure 

5H) and pCAG-GFP. The spine density was analyzed using a Zeiss LSM800 microscope. 

The data are expressed as the number of spines per 20 μm and represented as means ± SEMs 

(n = 5; Student’s t test; *significantly different from WT, p = 0.003).

(C) Representative mEPSC traces recorded in cultured hippocampal neurons expressing 

either GluN2A WT or S1459G.
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(D) mEPSC mean amplitude and cumulative probability plots of mEPSC amplitude. The bar 

graph indicates means ± SEMs (n = 12 cells from 3 independent cultures; Student’s t test).

(E) mEPSC mean frequency and cumulative probability plots of mEPSC interevent intervals 

(n = 12 cells from 3 independent cultures; Student’s t test; *significantly different from WT, 

p < 0.0001).
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