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SUMMARY

NMDA receptor (NMDAR)-dependent Ca2+ influx underpins multiple forms of synaptic plasticity. 

Most synaptic NMDAR currents in the adult forebrain are mediated by GluN2A-containing 

receptors, which are rapidly inserted into synapses during long-term potentiation (LTP); however, 

the underlying molecular mechanisms remain poorly understood. In this study, we show that 

GluN2A is phosphorylated at Ser-1459 by Ca2+/calmodulin-dependent kinase IIα (CaMKIIα) in 

response to glycine stimulation that mimics LTP in primary neurons. Phosphorylation of Ser-1459 

promotes GluN2A interaction with the sorting nexin 27 (SNX27)-retromer complex, thereby 

enhancing the endosomal recycling of NMDARs. Loss of SNX27 or CaMKIIα function blocks the 

glycine-induced increase in GluN2A-NMDARs on the neuronal membrane. Interestingly, 

mutations of Ser-1459, including the rare S1459G human epilepsy variant, prolong the decay 

times of NMDAR-mediated synaptic currents in heterosynapses by increasing the duration of 
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channel opening. These findings not only identify a critical role of Ser-1459 phosphorylation in 

regulating the function of NMDARs, but they also explain how the S1459G variant dysregulates 

NMDAR function.

Graphical Abstract

In brief

Yong et al. identify that activity-dependent phosphorylation of Ser-1459 in the GluN2A C-terminal 

domain by CaMKIIα promotes its interaction with the SNX27-retromer complex, thereby 

enhancing the surface expression of NMDARs during synaptic potentiation. Mutations of 

Ser-1459 prolong the decay times of NMDAR-mediated synaptic currents by increasing the 

duration of channel opening.

INTRODUCTION

NMDA receptors (NMDARs) are ionotropic glutamate receptors that act as “coincidence 

detectors” of presynaptic glutamate release and postsynaptic membrane depolarization. 

NMDAR-mediated excitatory postsynaptic currents (EPSCs) mediate the flux of calcium 

(Ca2+) into the postsynaptic compartment, triggering downstream Ca2+-dependent signaling 

cascades that are crucial for neuronal development, synaptic and structural plasticity, 

learning, and memory (Bosch and Hayashi, 2012; Morris, 2013; Nicoll and Roche, 2013; 

Paoletti et al., 2013). Pharmacological and genetic manipulations that disrupt the expression 
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and function of NMDARs often cause impairments in synaptic plasticity and cognitive 

deficits in animal models. Importantly, NMDAR dysfunction has also been implicated in 

many human neurological disorders, including stroke, epilepsy, Alzheimer’s disease, 

neuropathic pain, and schizophrenia (Zhou and Sheng, 2013). Moreover, genes that encode 

NMDAR subunits are remarkably intolerant to mutations, which have been associated with 

various human neurodevelopmental and neuropsychiatric disorders such as epilepsy, autism 

spectrum disorders, intellectual disability, and schizophrenia (Myers et al., 2019; XiangWei 

et al., 2018).

Most NMDARs in the forebrain are heterotetramers composed of two obligatory GluN1 

subunits and two identical (diheteromeric) or different (triheteromeric) GluN2 subunits 

(Paoletti et al., 2013; Sanz-Clemente et al., 2013; Stroebel et al., 2018; Vieira et al., 2020). 

Among the four different glutamate-binding GluN2 subunits, GluN2A and GluN2B, each of 

which confers NMDARs with distinct ion channel properties and intracellular trafficking 

pathways (Sanz-Clemente et al., 2013; Vieira et al., 2020; Wyllie et al., 2013), are highly 

expressed in the hippocampus and cortex (Gray et al., 2011). The expression of synaptic 

NMDARs is regulated during development as they undergo a switch in their subunit 

composition from GluN2B- to GluN2A-containing receptors (Monyer et al., 1994; Sheng et 

al., 1994). In the developing visual cortex, the switch in NMDAR subunit composition 

during the critical period can be rapidly driven by sensory experience (Quinlan et al., 1999). 

The same phenomenon has also been observed following the induction of long-term 

potentiation (LTP) in acute hippocampal slices from young mice (Bellone and Nicoll, 2007), 

organotypic hippocampal slices (Barria and Malinow, 2002; Grosshans et al., 2002), and 

primary neuronal cultures (Swanger et al., 2013; Zhang et al., 2015). Given that GluN2A-

containing NMDARs have a higher channel open probability and a faster deactivation time 

than do those containing the GluN2B subunit, such an activity-dependent switch in NMDAR 

subunit composition at synapses will have major implications for dendritic integration, 

circuit refinement, and synaptic plasticity (Barria and Malinow, 2005; Kirkwood et al., 1996; 

Shipton and Paulsen, 2013; Yashiro and Philpot, 2008). Despite this, the molecular 

mechanisms underlying the activity-dependent trafficking of GluN2A-containing NMDARs 

during synaptic plasticity remain poorly understood.

The precise subcellular localization, membrane trafficking, and synaptic targeting of GluN2-

containing NMDARs are largely determined by protein-protein interactions and post-

translational modifications in the cytoplasmic C-terminal tails (Lussier et al., 2015; Vieira et 

al., 2020). Sorting nexin 27 (SNX27) is a highly conserved regulator of cargo retrieval from 

endosomes to the plasma membrane that directly interacts with various GluN2 subunits of 

NMDARs through its N-terminal PDZ (postsynaptic density 95/disc-large/zona occluden-1) 

domain (Cai et al., 2011; Clairfeuille et al., 2016; Mota Vieira et al., 2020). SNX27 forms a 

complex with retromer (a heterotrimer of VPS26, VPS29, and VSP35) via its direct 

interaction with VPS26, and it acts as a cargo adaptor for retromer-mediated transport from 

intracellular endosomes to the cell surface (Cullen and Korswagen, 2011; Gallon et al., 

2014). Genetic deletion of SNX27 causes a profound loss of total and surface NMDAR 

expression due to a defect in the endosomal trafficking pathway, underscoring its critical role 

in regulating NMDAR recycling in the brain (Wang et al., 2013). The high-affinity binding 

of the SNX27 PDZ domain to its cargo molecules generally involves the formation of an 
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“electrostatic clamp,” which is formed constitutively by acidic residues at the (−3) and (−5) 

positions upstream of the PDZ binding motif, or, alternatively, by phosphorylation of serine 

or threonine residues in these positions (Clairfeuille et al., 2016). The corresponding amino 

acid at the (−5) position within the GluN2A C-terminal tail is a serine residue (Ser-1459, see 

Figure 1A), which has recently been shown to be a substrate of Ca2+/calmodulin-dependent 

kinase IIα (CaMKIIα) (Mota Vieira et al., 2020). Importantly, a rare genetic variant that 

involves the S1459G substitution has been reported in a patient with epilepsy (Bowling et 

al., 2017). Although the phosphorylation state of Ser-1459 can regulate the interaction 

between GluN2A and SNX27, as well as receptor trafficking under basal conditions (Mota 

Vieira et al., 2020), the role of Ser-1459 phosphorylation in controlling the activity-

dependent endosomal recycling of NMDARs during synaptic potentiation is unclear.

In this study, we tested the hypothesis that glycine stimulation, a validated method of 

chemically inducing LTP in primary neuronal cultures (Lu et al., 2001), rapidly induces 

CaMKIIα-mediated phosphorylation of GluN2A at Ser-1459 and consequently enhances 

GluN2A interaction with SNX27, which is required for the upregulation of GluN2A-

containing NMDARs on the neuronal plasma membrane during synaptic potentiation. We 

also investigated the effects of Ser-1459 phosphomutants, as well as the rare S1459G human 

epilepsy variant, on NMDAR-mediated EPSCs by using an engineered “artificial” synapse 

preparation that allows us to examine the biophysical properties of NMDARs with a defined 

subunit composition (Biederer and Scheiffele, 2007). Finally, we also performed single-

channel recordings from excised HEK293 membrane patches containing diheteromeric 

GluN2A-NMDARs to investigate the effects of Ser-1459 mutations on the gating 

mechanism of NMDA channels.

RESULTS

The phosphorylation state of Ser-1459 regulates the basal recycling of GluN2A-containing 
NMDARs

Phosphorylation of NMDAR subunits in the C-terminal domain is a common mechanism 

controlling receptor trafficking and function (Lussier et al., 2015). A recent study has shown 

that GluN2A is phosphorylated on its C-terminal domain at Ser-1459 by CaMKIIα both in 
vitro and in cells (Mota Vieira et al., 2020), a finding which we confirmed here (Figure S1). 

Co-expression of truncated CaMKIIα (tCaMKIIα) lacking the regulatory domain, which is 

constitutively active, and GST (glutathione S-transferase)-tagged GluN2A C-tails (residues 

1364–1464) in heterologous HEK293T cells led to a robust increase in GluN2A 

phosphorylation on Ser-1459 as detected by a specific antibody against GluN2A 

phosphorylated (phospho-)S1459 (Figures S1A and S1B). Pharmacological activation of 

protein kinase A (PKA) or protein kinase C (PKC) with forskolin or phorbol ester (phorbol 

myristate acetate [PMA]) did not affect the levels of GluN2A phosphorylation at Ser-1459 

(Figures S1C and S1D). Immunoreactivity was completely abolished in cells expressing the 

GST-GluN2A C-tail S1459A mutant, confirming the specificity of the phospho-antibody.

To determine the effect of Ser-1459 phosphorylation on the steady-state expression of 

surface GluN2A, we transfected rat primary hippocampal neurons with super-ecliptic pH-

sensitive GFP (SEP)-tagged GluN2A, either wild-type or the S1459A phospho-deficient or 
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S1459D phospho-mimetic mutant, and performed a surface staining assay with anti-GFP 

antibodies that recognize the extracellular SEP. No significant differences in the levels of 

surface GluN2A were observed across genotypes (Figures 1B and 1C). Next, we carried out 

an antibody-feeding assay with GFP antibodies to measure the degree of SEP-GluN2A 

internalization and recycling in live transfected hippocampal neurons over a period of 1 h 

(30 min of internalization plus 30 min of recycling). Although we did not observe any 

significant differences in the amount of endocytosed SEP-GluN2A among the three 

transfected groups (Figures 1D and 1E), the GluN2A-S1459A phospho-deficient mutant 

caused a marked reduction in the level of NMDAR recycling back to the plasma membrane 

compared to wild-type or the GluN2A-S1459D phospho-mimetic mutant (Figures 1F and 

1G). These results indicate that the phosphorylation of Ser-1459 promotes the endosomal 

recycling of GluN2A-containing NMDARs in primary hippocampal neurons under basal 

conditions.

CaMKIIα-dependent phosphorylation of GluN2A at Ser-1459 enhances SNX27-retromer 
binding

SNX27 is known to interact with GluN2 subunits of NMDARs and play a role in receptor 

trafficking through the intracellular endosomal system (Cai et al., 2011; Clairfeuille et al., 

2016; Mota Vieira et al., 2020; Wang et al., 2013). Given that a mechanism underlying 

SNX27 cargo selection involves the phosphorylation of serine or threonine residues 

upstream of the PDZ binding motif, we predicted that phosphorylation of GluN2A at 

Ser-1459 would increase the binding affinity toward SNX27. To test this, we first performed 

an isothermal titration calorimetry (ITC) assay and measured the binding affinity of the 

purified recombinant SNX27 PDZ domain with GluN2A peptides (Figure 2A; Table S1). 

Our results showed that the substitution of serine to glutamic acid at residue 1459 enhanced 

SNX27 binding (dissociation constant [Kd] from 46 to 25 μM), whereas serine-to-alanine 

substitution did not have any significant effect (Kd = 49 μM). As expected, a serine-to-

glutamate mutation at Ser-1462 (−2 position) completely abolished the interaction between 

the GluN2A peptide and SNX27, confirming that complex formation is dependent on the 

PDZ domain. We next performed a pull-down assay using total lysates of HEK293T cells 

co-expressing myc-SNX27 and GST-GluN2A C-tails (residues 1213–1464) with 

phosphorylation-deficient (S1459A) or phospho-mimetic (S1459E) mutations. Compared 

with wild-type GluN2A, the phospho-mimetic mutant significantly increased SNX27 

binding (Figures 2B and 2C). Similar results were obtained when we performed the same 

pull-down assay using lysates of cells co-expressing GST-SNX27 and full-length SEP-

GluN2A (Figures S2A and S2B). In addition, GST-GluN2A C-tails were able to pull down 

components of the endogenous retromer complex, VPS26 and VPS35, the interaction of 

which was also dramatically enhanced by the GluN2A S1459E mutant (Figures 2B, 2D, and 

2E). The V1464E PDZ binding motif-defective mutant or GST alone failed to pull down 

myc-SNX27 and the endogenous retromer complex, confirming the specificity of the assay 

(Figures 2B-2E). Furthermore, mutation of a single conserved histidine residue in the 

SNX27 PDZ binding motif interacting pocket (H112A) abolished SNX27 binding to both 

wild-type GluN2A and the phospho-mimetic mutant (Figure 2F). Taken together, these data 

demonstrate a role for the Ser-1459 phospho-mimetic mutant in promoting the PDZ-

dependent interaction between SNX27 and GluN2A.
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To directly examine whether phosphorylation of Ser-1459 increases the binding affinity 

between SNX27 and GluN2A, we next performed an ITC assay and found that a 

phosphorylated version of the GluN2A C-terminal peptide bound to the PDZ domain of 

SNX27 with an even stronger affinity than the S1459E phospho-mimetic peptide (Kd = 14 

μM, Table S1). We then performed the same pull-down assay using lysates of HEK293T 

cells expressing myc-SNX27, GST-GluN2A C-tails (either wild-type or S1459A phospho-

deficient mutant) in the presence of GFP or GFP-tCaMKIIα. As expected, overexpression of 

GFP-tCaMKIIα significantly enhanced myc-SNX27 binding to the GST-GluN2A C-tail, an 

effect that was abolished by the GluN2A-S1459A phospho-deficient mutant (Figures 2G and 

2H). Moreover, the same results were obtained when full-length SEP-GluN2A was used in 

the pull-down assay (Figures S2C and S2D). Collectively, these data provide strong evidence 

supporting the role of CaMKIIα-mediated phosphorylation of Ser-1459 in promoting the 

interaction between GluN2A and theSNX27-retromer complex.

SNX27 is required for an activity-dependent increase in surface GluN2A receptors

To assess whether SNX27 regulates the expression of surface GluN2A-containing 

NMDARs, we transduced primary cortical neurons with lentiviral particles expressing GFP 

alone, specific short hairpin RNA (shRNA) against SNX27 with GFP (Hussain et al., 2014), 

or myc-SNX27 cDNA. Surface biotinylation assays revealed that neither the gain or loss of 

SNX27 function affected the steady-state expression of total and surface GluN2A under 

basal conditions (Figure S3). Next, we examined the role of SNX27 in mediating the 

trafficking of pseudo-phosphorylated GluN2A (S1459D). We co-transfected primary 

hippocampal neurons with SEP-GluN2A (wild-type, S1459A, or S1459D) and myc-SNX27 

constructs, either wild-type or mutants that disrupt the interaction with the retromer complex 

(L65A) or the PDZ ligands (H112A) (Gallon et al., 2014; Lauffer et al., 2010). 

Quantification of the surface-to-total SEP-GluN2A ratio in the dendrites revealed a robust 

increase in the level of the SEP-GluN2A S1459D phospho-mimetic on the plasma 

membrane of neurons overexpressing myc-SNX27 wild-type (Figures 3A and 3B). In 

contrast, expression of myc-SNX27 L65A or H112A mutants failed to promote surface 

expression of pseudo-phosphorylated SEP-GluN2A (Figures 3A and 3B). Moreover, 

overexpression of myc-SNX27 (wild-type or mutants) did not result in significant changes in 

the levels of SEP-GluN2A wild-type or the S1459A mutant on the cell surface. Taken 

together, these results support the notion that SNX27 promotes the activity-induced 

endosomal recycling of phosphorylated GluN2A at Ser-1459 in a PDZ- and retromer-

dependent manner.

GluN2A-containing NMDARs are rapidly inserted into neuronal membrane during LTP 

(Barria and Malinow, 2002; Bellone and Nicoll, 2007; Grosshans et al., 2002; Swanger et 

al., 2013; Zhang et al., 2015), which can be chemically mimicked (cLTP) by bath applying 

glycine in low Mg2+ artificial cerebrospinal fluid (ACSF) in primary neuronal cultures. To 

examine the role of SNX27 in regulating the surface targeting of GluN2A during cLTP, we 

performed a surface biotinylation assay and western blot on primary cortical neurons that 

were transduced with lentiviral particles expressing either GFP alone or SXN27 shRNA with 

GFP. As previously reported (Swanger et al., 2013; Zhang et al., 2015), glycine stimulation 

resulted in a rapid and significant increase in surface GluN2A (Figures 3C and 3D). 
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However, glycine-induced enhancement of surface GluN2A was inhibited in SNX27-

depleted neurons (Figures 3C and 3D). To investigate whether glycine stimulation increases 

the interaction between GluN2A and SNX27, we performed a proximity ligation assay 

(PLA) in primary hippocampal neurons that expressed either GFP-SNX27 or GFP alone, 

using antibodies that recognize endogenous GluN2A and GFP. We found that glycine 

stimulation significantly increased the number of PLA puncta in the primary dendrite of 

neurons expressing GFP-SNX27 (Figures 3E and 3F). In contrast, no significant changes in 

the PLA signals between GFP and endogenous GluN2A were observed in control neurons 

overexpressing soluble GFP alone (Figures 3E and 3G). Collectively, these data underscore 

the essential role of SNX27 in controlling activity-dependent, but not basal trafficking of, 

GluN2A-containing NMDARs in primary neurons.

CaMKIIα-dependent Ser-1459 phosphorylation is required for the glycine-induced increase 
in surface GluN2A receptors

Although the phosphorylation of GluN2A on Ser-1459 is dynamically regulated by neuronal 

activity in vivo (Mota Vieira et al., 2020), it is not known whether its phosphorylation by 

CaMKIIα can also be modulated by cLTP stimulation in primary neurons. To address this, 

we stimulated primary cortical neurons with glycine for 5 min and immunoprecipitated 

neuronal lysates with anti-GluN2A-pS1459 antibodies. Quantitative western blot analyses 

revealed a robust increase in the level of Ser-1459 phosphorylation following cLTP, an effect 

that was blocked by a pharmacological inhibitor of CaMKIIα, KN-93 (Figures 4A and 4B). 

To corroborate these findings, we performed the same experiments in neurons that were 

transduced with lentiviral particles expressing Cas9-GFP alone or Cas9-GFP with a specific 

single guide RNA (sgRNA) against rat CaMKIIα. In agreement with the pharmacological 

inhibition, deleting CaMKIIα blocked glycine-induced phosphorylation of the GluN2A 

subunit on Ser-1459 (Figures 4C and 4D). Furthermore, the application of KN-93 prevented 

glycine-induced upregulation of surface GluN2A (Figures 4E-4G), suggesting that 

CaMKIIα-dependent phosphorylation of Ser-1459 promotes the endosomal recycling of 

GluN2A during synaptic potentiation. Finally, we performed a surface staining assay with 

anti-GFP antibodies on cultured hippocampal neurons that were transfected with SEP-

GluN2A, either wild-type or the S1459A phospho-deficient mutant, following cLTP 

stimulation. Consistent with our surface biotinylation data, glycine treatment led to a robust 

increase in surface SEP-GluN2A wild-type (Figures 4H and 4I). However, this effect was 

abolished by the S1459A mutation. In summary, these findings demonstrate a critical role of 

CaMKIIα-dependent GluN2A phosphorylation on Ser-1459 in promoting SNX27-retromer 

binding and activity-induced recycling of NMDARs during synaptic potentiation.

GluN2A Ser-1459 is a critical residue that regulates the synaptic current and gating of 
diheteromeric GluN1/2A NMDARs

In addition to its role in regulating glutamate receptor trafficking, phosphorylation of the 

intracellular C-terminal tail can also modulate the biophysical properties and kinetics of 

glutamategated ion channels (Traynelis et al., 2010). We next evaluated the impact of 

Ser-1459 phosphorylation on NMDAR-mediated synaptic currents by measuring 

spontaneous EPSCs in HEK293 cells that form heterosynapses with mature primary cortical 

neurons (Figure 5A). This experimental setup allowed us to measure EPSCs that are 
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mediated by NMDARs with defined subunit compositions, namely diheteromeric wild-type 

GluN1/2A (GluN1/2AWT), GluN1/2AS1459A, or GluN1/2AS1459D receptors. Our results 

revealed that neither the S1459A phospho-deficient nor the S1459D phospho-mimetic 

mutant affected the peak synaptic current amplitudes (Figures 5A and 5B). However, 

mutations of this serine residue significantly altered the NMDAR kinetics (Figures 5A, 5C, 

and 5D). The measurement of mean normalized currents demonstrated that these mutations 

slowed the 10%–90% rise times (wild-type, 4.3 ± 0.4 ms; S1459A, 11.3 ± 1.1 ms; S1459D, 

14.6 ± 1.5 ms; Figure 5C), as well as the decay phase of the EPSCs (wild-type, 39.1 ± 4.4 

ms; S1459A, 72.7 ± 8.6 ms; S1459D, 84.5 ± 8.5 ms; Figure 5D). These data clearly 

demonstrate that Ser-1459 is a critical determinant that regulates the kinetics of GluN2A-

mediated EPSCs, regardless of its phosphorylation status.

Genetic de novo mutations and rare variants occurring in GRIN2A, which encodes the 

GluN2A subunit, are associated with various neurological and neurodevelopmental 

disorders, in particular epilepsy/seizures (Myers et al., 2019; XiangWei et al., 2018). A de 
novo mutation in GRIN2A c.4375A>G (ClinVar, 224108), which results in the missense 

variant on the GluN2A Ser-1459 phosphorylation site (S1459G), has been reported in an 

affected individual with focal epilepsy and speech disorder (Bowling et al., 2017). Having 

demonstrated that the GluN2A S1459G variant did not affect the steady-state expression of 

surface GluN2A-NMDARs in primary hippocampal neurons (Figure S4), we next sought to 

determine the properties of EPSCs mediated by diheteromeric GluN1/2AS1459G at 

heterosynapses. As expected, the S1459G mutant exhibited a slower activation time and 

deactivation kinetics (Figures 5A, 5C, and 5D). Surprisingly, the peak EPSCs mediated by 

GluN1/2AS1459G were markedly larger than those mediated by GluN1/2AWT (wild-type, 

112.6 ± 16.8 pA; S1459G, 360.3 ± 58.5 pA; Figures 5A and 5B). Taken together, these 

alterations to NMDAR-EPSCs would result in an increase in the charge transfer per synaptic 

event and represent a clear gain of function conferred by all three tested mutations.

To further dissect the underlying mechanisms, we examined microscopic NMDAR currents 

by exposing excised HEK293 membrane patches containing diheteromeric NMDARs to 1 

mM glutamate and 100 μM glycine in the absence of extracellular Mg2+. Individual 

GluN1/2AWT, GluN1/2AS1459G, and GluN1/2AS1459D receptors were activated in well-

defined periods of variable duration (Figure 6A). No differences in the single-receptor 

current amplitude were observed at −70 mV for the three receptors (wild-type, 2.60 ± 0.03 

pA; S1459G, 2.68 ± 0.05 pA; S1458A, 2.69 ± 0.04 pA). Unitary current-voltage (I–V) 

experiments were carried out for wild-type receptors, which exhibited a mild inward 

rectification and a current reversal potential at −3.2 mV (Figure S5). Assuming that mutant 

receptors have the same reversal potential, we calculated the unitary conductance for all 

receptors and found no significant differences among groups (Table S2). These relatively 

large and uniform unitary currents allowed us to measure the real-time opening and closing 

rates of NMDARs. Although we found no significant differences in the mean open channel 

probability (PO ~0.65 for all groups, Figure 6B), the open channel duration of individual 

active receptors was significantly enhanced in both GluN1/2AS1459G and GluN1/2AS1459D 

receptors (wild-type, 0.63 ± 0.08 s; S1459G, 1.58 ± 0.48 s; S1459D, 1.73 ± 0.23 s; Figure 

6C). Because the mean active period duration is a determinant of the ensemble current 

deactivation rate (Dixon et al., 2014; Scott et al., 2015; Wyllie et al., 1998), the increase in 
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the open channel duration of mutant receptors was consistent with the observed increase in 

the synaptic current deactivation kinetics at heterosynapses (Figure 5D). These results 

therefore suggest a pathomechanism whereby the enhanced excitatory drive caused by the 

increased charge transfer per synaptic event would promote seizure activity in individuals 

carrying the GRIN2A c.4375A>G variant.

DISCUSSION

It is well established that NMDARs undergo a rapid switch in subunit composition from 

GluN2B- to GluN2A-containing receptors during LTP (Bellone and Nicoll, 2007). Despite 

this, our understanding of how GluN2A-NMDARs are dynamically trafficked into and out of 

the neuronal plasma membrane in response to neuronal activity is very limited. The present 

study establishes a mechanism by which activity-dependent phosphorylation of the GluN2A 

subunit at Ser-1459 by CaMKIIα promotes the association between NMDARs and the 

SNX27-retromer complex, subsequently enhancing their endosomal trafficking to the 

neuronal surface during cLTP (Figure 7). In addition, we also found that molecular 

modifications to Ser-1459 can dramatically influence the gating of NMDARs. Given that a 

phosphorylationmimicking mutation (S1459D) slowed the synaptic current decay rate, we 

infer that the phosphorylation of Ser-1459 would do likewise, thereby inducing an increase 

in net charge transfer and Ca2+ influx during synaptic potentiation.

Unlike GluN2B, GluN2A-containing NMDARs are preferentially sorted into late endosomes 

for degradation (Lavezzari et al., 2004). The SNX27-retromer complex is one of the major 

endosomal retrieval complexes that prevent lysosomal degradation of many transmembrane 

proteins, including AMPA receptors (AMPARs) (Hussain et al., 2014; Loo et al., 2014; 

Temkin et al., 2017; Wang et al., 2013), by recycling them back to the plasma membrane 

(Steinberg et al., 2013). Our results show that SNX27 itself is not required to maintain the 

steady-state expression of surface and total GluN2A in primary neurons. Overexpression of 

SNX27 or the GluN2A S1459D phospho-mimetic mutant does not result in increased levels 

of surface GluN2A unless they are co-expressed in the same neuron. These data suggest that 

SNX27 and pseudo-phosphorylated GluN2A are required but not sufficient on their own to 

drive the endosomal recycling of NMDARs. This is in contrast with the results of a recent 

study, which found that the GluN2A S1459A phospho-deficient mutant causes a slight but 

significant reduction in the surface expression of NMDARs (Mota Vieira et al., 2020). The 

reasons for this discrepancy include differences in the age and density of the neurons, the 

experimental protocols, and the method of analysis. Notwithstanding these technical 

variations, both studies concur that phosphorylation of Ser-1459 regulates the basal 

recycling of GluN2A-NMDARs in neurons.

It appears that SNX27 plays a more prominent role in maintaining the steady-state 

expression of AMPARs in neurons (Hussain et al., 2014; McMillan et al., 2020). Although 

all AMPAR subunits possess C-terminal PDZ binding motifs, they do not interact directly 

with SNX27 (Clairfeuille et al., 2016; McMillan et al., 2020). Instead, their interaction is 

mediated by the synaptic adhesion molecule leucine-rich repeat and fibronectin type-III 

domain-containing protein 2 (LFRN2), which interacts with SNX27 through its PDZ 

binding motif (McMillan et al., 2020). LFRN2 binds to the PDZ domain of SNX27 with a 
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low micromolar affinity due to the presence of an acidic residue at the (−3) position 

(Asp-786) that forms electrostatic and hydrogen bonds with Arg-58 of SNX27 (Clairfeuille 

et al., 2016; McMillan et al., 2020). This almost 30-fold difference in LRFN2 (Kd = 1.6 μM) 

and GluN2A (Kd = 46 μM) binding affinity toward SNX27 may explain the differential 

requirement of SNX27 in regulating the trafficking of AMPARs versus NMDARs under 

basal conditions.

One of the major findings of this study is that CaMKIIα-mediated phosphorylation at 

Ser-1459, the level of which is elevated during synaptic potentiation, enhances the 

interaction between GluN2A and the SNX27-retromer complex. This provides a mechanism 

that essentially switches the fate of internalized NMDARs from degradation to the recycling 

pathway in an activity-dependent manner. These results are consistent with the essential 

roles of SNX27 and the retromer complex in NMDAR-dependent LTP (Temkin et al., 2017; 

Wang et al., 2013). Our results therefore indicate that the SNX27-retromer complex is 

required to deliver not only AMPARs (Hussain et al., 2014; Loo et al., 2014; Temkin et al., 

2017; Wang et al., 2013), but also GluN2A-containing NMDARs to the plasma membrane 

during LTP.

CaMKIIα, one of the most abundant proteins in the brain and an essential regulator of 

NMDAR-mediated EPSCs and LTP (Bayer and Schulman, 2019; Incontro et al., 2018; Silva 

et al., 1992), is known to interact with the distal C-terminal domain of GluN2A (Gardoni et 

al., 2001; Gardoni et al., 1999). More recently, CaMKIIα has been shown to phosphorylate 

GluN2A at Ser-1459 in the C-tail (Mota Vieira et al., 2020), a finding that we confirmed in 

the current study. In addition to modulating the binding of GluN2A and SNX27, the 

phosphorylation state of Ser-1459 also affects PSD-95 binding and the density of dendritic 

spines in neurons (Mota Vieira et al., 2020). However, the impact of Ser-1459 

phosphorylation on NMDAR-mediated EPSCs was not investigated. Using a HEK293-

primary neuron co-culture system, we found that both the S1459A and S1459D 

phosphomutants cause a deceleration in the synaptic current rise time and a slowing in the 

deactivation kinetics without affecting the amplitude of the peak currents. Mechanistically, 

the slower rate of receptor deactivation is due to a prolonged duration of single-channel 

openings. These results suggest that mutations increase the net charge transfer, establishing a 

critical role for Ser-1459 as part of the gating mechanism for GluN2A-containing receptors. 

It is conceivable that post-translational modification of Ser-1459 through CaMKIIα-

mediated Ser-1459 phosphorylation has the ability to enhance excitatory input and Ca2+ 

signaling of target neurons, including the maintenance of CaMKIIα activity and AMPAR-

mediated potentiation during LTP. Overall, these findings further emphasize the importance 

of protein phosphorylation of the intracellular C-terminal domain of glutamate receptors as a 

general regulatory mechanism for receptor gating, which is best exemplified by the effects of 

GluA1 phosphorylation by PKA and CaMKIIα on AMPAR open probability and channel 

conductance (Banke et al., 2000; Derkach et al., 1999; Kristensen et al., 2011).

Many genetic GRIN2A variants have been found in patients with epilepsy. Most of these 

variants are located in the extracellular and transmembrane domains where they typically 

result in an overall increase in NMDAR-mediated currents (Myers et al., 2019; XiangWei et 

al., 2018). However, a small number of mutations in the intrinsically disordered intracellular 
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C-terminal domain have also been reported, including the missense variant on the GluN2A 

Ser-1459 phosphorylation site (S1459G) in an individual with focal epilepsy and speech 

disorder (Bowling et al., 2017). The GluN2A-S1459G variant exhibits defects in SNX27 and 

PSD-95 binding, and consequently causes deficits in receptor recycling, reduced dendritic 

spine density, and a decrease in the frequency of AMPAR-mediated mini-EPSCs when 

overexpressed in cultured hippocampal neurons (Mota Vieira et al., 2020). In the present 

study, we directly measured the effects of the S1459G mutation on NMDAR-mediated 

currents at heterosynapses. As expected, the S1459G variant altered the kinetics of receptor 

activation and deactivation, accompanied by an aberrant enhancement in the peak current 

amplitude. Single-channel recordings from excised patches confirmed the prolonged 

duration of single-channel opening as the underlying mechanism. Our findings therefore 

identify functional consequences of the S1459 variant that lead to both gain and loss of 

NMDAR function, highlighting the complex nature of a GluN2A C-terminal variant in 

disease etiology. Indeed, rare variants that cause missense mutations in the M2 channel pore-

forming loop of various NMDAR subunits have previously been reported to cause a gain of 

channel function accompanied by reduced surface expression of the receptors (Li et al., 

2019). This highlights the need to study the complex effects of NMDAR rare variants on 

neuronal function throughout development, which could potentially be of clinical 

importance in the move toward personalized medicine.

In conclusion, our findings describe dual mechanisms by which CaMKIIα-mediated 

phosphorylation of GluN2A at Ser-1459 regulates the trafficking and gating of NMDARs 

during synaptic potentiation (Figure 7). We propose that, during LTP, NMDAR-dependent 

influx of Ca2+ into the postsynaptic compartment activates the protein kinase CaMKIIα. 

Phosphorylation of GluN2A at Ser-1459 by CaMKIIα in the endocytic vesicles and/or 

sorting endosomes promotes its interaction with SNX27. The assembly of the SNX27-

retromer complex further enhances the binding affinity toward phosphorylated GluN2A, and 

subsequently increases the rate of GluN2A recycling back to the plasma membrane. 

However, in the present work, we cannot exclude a possible role of SNX27 in promoting the 

forward trafficking of GluN2A-containing NMDARs within the intracellular pool when they 

become phosphorylated during synaptic potentiation. CaMKIIα can also phosphorylate 

existing GluN2A-containing NMDARs on the surface and prolong the duration of single-

channel opening, thereby augmenting the NMDAR current density and Ca2+ influx. On a 

broader scale, these mechanisms may be important in the expression and maintenance of 

bidirectional plasticity, dendritic integrity, learning, and memory.

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, Victor Anggono 

(v.anggono@uq.edu.au).

Materials availability—All unique/stable reagents generated in this study are available 

from the Lead Contact.
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Data and code availability—This study did not generate datasets/code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Rats—Adult female Sprague-Dawley rats and their embryos (males and females, 

embryonic day 18) were used for the preparation of primary hippocampal neurons. All 

research procedures involving the use of animals were conducted in accordance with the 

Australian code of practice for the care and use of animals for scientific purposes and were 

approved by the University of Queensland Animal Ethics Committee.

HEK293T cells—HEK293T cells were obtained from ATCC (CRL-3216). Cells were 

grown in DMEM with 4.5g/L glucose (GIBCO) supplemented with 10% FBS (Invitrogen) 

and 50 U/ml penicillin, 50 μg/ml streptomycin (GIBCO) in a humidified 5% CO2 incubator 

at 37°C.

METHOD DETAILS

DNA constructs—The plasmid encoding SEP-GluN2A was created by subcloning rat 

GluN2A cDNA into the pRK5 vector and subsequently inserting SEP cDNA after the signal 

peptide (residues 1-34). GST-tagged GluN2A C-terminal tails were generated by amplifying 

GluN2AcDNA encoding residues 1213-1464 and 1364-1464 with the following primers: 

residues 1213-1464 FP, 5′-ATCGTCGACCCATTGCA GAAGCTGCCTTTCGAAT-3′; 

residues 1364-1464 FP, 5′-ATCGTCGACCGATAATCCTTTCCTCCACACGTAT-3′; 

common RP, 5′-TCGAGCGGCCGCTCTTAAACATCAGATTC-3′. The PCR products 

were subsequently cloned into the unique SalI and NotI sites in the pCIS-GST vector. Full-

length SNX27 cDNA was subcloned from pRK5-myc-SNX27 into the same pCIS-GST or 

FUW-myc lentiviral vector using the unique SalI and NotI sites. GluN2A (S1459A, S1459D, 

S1459E, S1459G and V1464E) and SNX27 (H112A and L65A) point mutants were 

generated with an overlapping PCR protocol. The shRNA targeting the rat SNX27 sequence 

(5′-AACCAGGTAATAGCGTTTGAA-3′) was cloned into the FG12 lentiviral vector, which 

has been validated previously (Hussain et al., 2014). The sgRNA targeting the rat CaMKIIα 
sequence (5′-CTCTTCCGTGAATCGGGTGC-3′) was cloned into the pLentiCRISPR-GFP 

vector (Incontro et al., 2018). Other plasmids encoding untagged-GluN1 (Chen et al., 2020), 

HA-neuroligin-1B (Chih et al., 2006), GFP-tCaMKIIα (Opazo et al., 2010), myc-SNX27 

(Hussain et al., 2014) and GST-SNX27 PDZ domain (Gallon et al., 2014) have been reported 

previously. The pEGFP-C1 vector was obtained from Clontech.

Antibodies—The rabbit polyclonal antibody against GluN2A phospho-S1459 was custom-

made and has been validated previously (Mota Vieira et al., 2020). The following antibodies 

were purchased from commercial sources: mouse anti-β-actin (Cat# sc-47778, Santa Cruz 

Biotechnology), rabbit anti-CaMKII (Cat# 4436, Cell Signaling Technology), chicken anti-

GFP (Cat# GFP-1020, Aves Labs); rabbit anti-GFP (Cat# 504302-AP, Proteintech), rabbit 

anti-GluN2A (Cat# 04-901, Millipore), mouse anti-GFP (Cat# ab1218, Abcam), mouse anti-

GST (Cat# 66001-2-Ig, Proteintech), mouse anti-myc (Cat# sc-40, Santa Cruz 

Biotechnology), rabbit anti-SNX27 (Cat# 16329-1-AP, Proteintech), rabbit anti-VPS26 

(Cat# ab181352, Abcam), rabbit anti-VPS35 (Cat# 10236-1-AP, Proteintech) and chicken 

anti-MAP2 (cat# ab92434, Abcam). The polyclonal rabbit antibody against GFP (JH4030) 
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was a gift from Dr. Richard Huganir (Anggono et al., 2011). Alexa-conjugated and HRP-

conjugated secondary antibodies were purchased from Thermo Scientific and GE 

Healthcare, respectively.

Isothermal titration calorimetry—Recombinant rat SNX27 PDZ domain (residues 

38-135) was expressed in E. coli BL21(DE3) cells and purified on glutathione-Sepharose 

columns, as described previously (Clairfeuille et al., 2016). ITC experiments were carried 

out on a Microcal iTC200 instrument in buffer consisting of 50 mM HEPES (pH 7.5), 2 mM 

DTT and 100 mM NaCl. Peptides (in the range of 2-50 mM) were titrated into 50-100 μM 

SNX27 PDZ domain at 25°C. Data were processed with ORIGIN (OriginLab) to extract the 

thermodynamic parameters ΔH, Kd (1/Ka) and the stoichiometry, n. ΔG and ΔS were derived 

from the relationship: ΔG = −RTlnKa and ΔG = ΔH - TΔS. The thermodynamic binding 

parameters are reported in Table S1.

HEK293T cells and GST pull-down assays—HEK293T cells were grown in DMEM 

with 4.5g/l glucose supplemented with 10% FBS, 50 U/ml penicillin and 50 μg/ml 

streptomycin in a humidified 5% CO2 incubator at 37°C. Cells expressing functional 

GluN1/2A NMDARs were maintained in medium supplemented with 40 mM MgCl2 to 

avoid excessive Ca2+ influx and cell toxicity. GST pulldown assays were carried out as 

previously described (Yong et al., 2020). Briefly, HEK293T cells were co-transfected with 

either pCIS empty (GST), pCIS-GluN2A-C-tails (GST-GluN2A C-tails) or pCIS-SNX27 

(GST-SNX27) in combination with other plasmids by the calcium-phosphate precipitation 

method. To activate the PKA and PKC signaling pathways, cells were treated with forskolin 

(Sigma, 10 μM) or PMA (Sigma, 1 μM), respectively, for 10 min prior to cell lysis. Cells 

were lyzed 48 h post-transfection with ice-cold cell lysis buffer (1% Triton X-100, 1mM 

EDTA, 1mM EGTA, 50mM NaF, 5mM Na-pyrophosphate in PBS) supplemented with 

EDTA-free protease inhibitor cocktail. Lysates were centrifuged at 20,627g for 20 min at 

4°C and incubated with glutathione agarose beads (Thermo Scientific) overnight at 4°C. 

Beads were washed three times with ice-cold cell lysis buffer and bound proteins were 

eluted with 2X SDS sample buffer at 50°C for 30 min and analyzed by western blotting. 

Blots were analyzed using the enhanced chemiluminescence method. Images were acquired 

on the Odyssey Fc imaging system (LI-COR) and band intensities were quantified using 

Image Studio Lite software (LI-COR).

Primary neuronal cultures and transfection—Sprague-Dawley rat embryos (males 

and females, embryonic day 18) were used for the preparation of primary hippocampal and 

cortical neurons (Widagdo et al., 2015). All research procedures involving the use of animals 

were conducted in accordance with the Australian Code of Practice for the Care and Use of 

Animals for Scientific Purposes and were approved by the University of Queensland Animal 

Ethics Committee (QBI/047/18). Briefly, hippocampi and cortices were isolated and 

dissociated separately with 30U of papain suspension (Worthington) for 20 min in a 37°C 

water bath. A single-cell suspension was obtained by triturating tissues with fire-polished 

glass Pasteur pipettes and then plated at a density of 8 × 104 cells (for hippocampal neurons, 

percoverslip), 2 × 105 cells (for cortical neurons, per well) or 1 × 106 cells (for cortical 

neurons, per dish) on poly-L-lysine-coated 12-well plates or 6 cm dishes in Neurobasal 
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growth medium supplemented with 2 mM Glutamax, 1% penicillin/streptomycin, and 2% 

B-27. Neurons were kept in a humidified 5% CO2 tissue culture incubator at 37°C. 

Hippocampal and cortical neurons were maintained in Neurobasal medium containing 0% or 

1% FBS, respectively, and fed twice a week. For cortical neurons, uridine (Sigma, 5 μM) 

and 5′-fluoro-2′-deoxyuridine (Sigma, 5 μM) were added to the culture medium at days in 
vitro (DIV) 5 to stop glial proliferation. Transfection of hippocampal neurons was carried 

out at DIV 12-14 with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s 

instructions. Cells were processed at DIV 15-17.

Lentivirus preparation and transduction—HEK293T cells were transfected by the 

calcium-phosphate co-precipitation method using 10 μg of the plasmid of interest and 5 μg 

each of pMD2.G envelope plasmid, pRSV-Rev encoding plasmid and pMDLg/pRRE 

packaging construct (Incontro et al., 2018; Tan et al., 2017). Forty-eight hours after 

transfection, culture supernatants were collected and passed through a 0.45 μm cellulose 

acetate low binding protein membrane filter. Lentiviral particles were harvested either by 

ultracentrifugation at 106,559 g for 2 h at 4°C using a Beckman SW 32 Ti rotor or using the 

PEG-it Virus Precipitation Solution (System Biosciences) according to the manufacturer’s 

instructions. Concentrated virus particles were resuspended in Neurobasal medium, flash 

frozen with liquid nitrogen and stored at −80°C. Neurons were transduced with lentiviral 

particles between DIV 6-9 for 6 h or overnight, after which they were further incubated for 

6-9 days prior to harvesting.

Glycine-induced cLTP—cLTP was performed on primary rat hippocampal and cortical 

neurons at DIV 15-17 as previously described, with some modifications (Tan et al., 2017). 

Briefly, neurons were washed and incubated in pre-warmed low Mg2+ artificial 

cerebrospinal fluid (ACSF; 120 mM NaCl, 2 mM CaCl2, 5 mM KCl, 0.4 mM MgCl2, 30 

mM glucose, 25mM HEPES, pH 7.4) containing 0.5 μM tetrodotoxin (Abcam), 20 mM 

bicuculline (Abcam) and 5 μM strychnine (Sigma) at 37°C for 45 min. cLTP was induced by 

incubating neurons with low Mg2+ ACSF supplemented with 200 μM glycine, 20 μM 

bicuculline and 5 μM strychnine at room temperature for 5 min. To inhibit the activity of 

CaMKIIα, neurons were treated with KN-93 (Abcam, 10 μM) for 15 min prior to and during 

cLTP induction.

Surface staining and antibody-feeding assays—To study the trafficking of 

NMDARs in primary hippocampal cultures, we used an antibody-feeding approach as 

described previously (Anggono et al., 2013; Chiu et al., 2019). Surface GluN2A was labeled 

by incubating live primary hippocampal neurons transfected with various SEP-GluN2A 

constructs with rabbit anti-GFP antibody (JH4030, 1:250) for 30 min at 4°C prior to 10 min 

fixation in ice-cold parafix solution (4% paraformaldehyde, 4% sucrose in PBS). Following 

cell permeabilization (0.25% Triton X-100 in PBS, 10 min) and blocking (10% normal goat 

serum, 1 h) at room temperature, total SEP-GluN2A was labeled with chicken anti-GFP 

antibody (Abcam, 1:5,000) at 4°C overnight. The surface and total SEP-GluN2A were 

subsequently visualized by Alexa-568-conjugated anti-rabbit and Alexa 488-conjugated 

anti-chicken secondary antibodies, respectively. To determine the amount of receptor 

internalization, surface SEP-GluN2A was first labeled with rabbit anti-GFP antibody in live 
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neurons at room temperature for 10 min. The neurons were washed with warm ACSF (25 

mM HEPES, 120 mM NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 30 mM D-glucose, pH 

7.4) and incubated at 37°C for 30 min to allow receptor internalization to occur. Surface-

bound and non-internalized antibodies were blocked with an excess amount of unconjugated 

donkey anti-rabbit Fab fragments (Jackson ImmunoResearch, 1:50) at room temperature for 

20 min. After washing, the neurons were fixed, blocked, and incubated with Alexa-647-

conjugated anti-rabbit secondary antibody at room temperature for 30 min. Neurons were 

subsequently washed, permeabilized, blocked, and incubated with chicken anti-GFP 

antibody at 4°C overnight. The total and internalized SEP-GluN2A were visualized by 

Alexa 488-conjugated anti-chicken and Alexa-568-conjugated anti-rabbit secondary 

antibodies, respectively. To measure the level of receptor recycling, neurons expressing SEP-

GluN2A were fed with rabbit anti-GFP antibody and allowed to be endocytosed for 30 min. 

After the neurons were incubated with an excess amount of unconjugated donkey anti-rabbit 

Fab fragments, they were transferred back into a humidified 37°C tissue culture incubator 

for 30 min, which allowed internalized receptors to recycle back to the plasma membrane. 

The neurons were then fixed, blocked, and incubated with Alexa-647-conjugated anti-rabbit 

secondary antibody which labels recycled receptors on the plasma membrane. They were 

subsequently washed, permeabilized, blocked, and incubated with chicken anti-GFP 

antibody at 4°C overnight. The total and intracellular SEP-GluN2A were visualized by 

Alexa 488-conjugated anti-chicken and Alexa-568-conjugated anti-rabbit secondary 

antibodies, respectively. Images were collected with a 63X oil-immersion objective on a 

Zeiss LSM510 confocal microscope. Fluorescence intensities were quantified using ImageJ 

software (National Institutes of Health) for surface, internalized, and total GluN2A. Data 

were expressed as the surface/total GluN2A ratio, internalized/(surface+internalized) 

GluN2A (internalization index) or recycled/ (surface+internalized) GluN2A (recycling 

index).

Proximity ligation assay (PLA)—Following glycine-induced cLTP, the association 

between GFP-SNX27 and endogenous GluN2A was detected using the Duolink In Situ PLA 

kit (Sigma) according to the manufacturer’s recommendation. Neurons were fixed, 

permeabilized, blocked, and incubated with rabbit anti-GluN2A (1:200) and mouse anti-

GFP (1:1000) antibodies overnight at room temperature. After washing with buffer A, 

primary antibodies were probed using Duolink PLA probes mouse PLUS and rabbit MINUS 

diluted in Duolink antibody diluent at 37°C for 1 h. The ligation reaction containing the 

oligonucleotide and ligase was incubated for 30 min at 37°C, followed by two washes. 

Rolling circle amplification and probe binding labeled with a fluorophore was carried out at 

37°C for 100 min followed by washes with buffer B. Post-labeling with chicken anti-MAP2 

was subsequently carried out to visualize neuronal structure. Samples were post-fixed briefly 

for 2 min, washed, and blocked prior to incubating with chicken anti-MAP2 (1:2000) for 1 h 

followed by five washes with 1X PBS and visualization by Alexa-647-conjugated anti-

chicken secondary antibodies. The number of PLA puncta per 50 μm segment of a primary 

dendrite from a neuron were counted and normalized against non-glycine treated control 

cells. Data were expressed as the number of PLA puncta per 50 μm of primary dendritic 

segment.
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Surface biotinylation assay—The surface biotinylation assay was carried out at DIV 

15-17 to measure the amount of endogenous GluN2A protein on the plasma membrane (Tan 

et al., 2017). Briefly, live neurons were washed once in ice-cold ACSF (pH 8.2), followed by 

a 30 min incubation with 1 mg/ml of sulfo-NHS-SS-biotin (CovaChem) at 4°C. Free biotin 

was quenched by washing the cells three times with ice-cold Tris-buffered saline (TBS, 50 

mM Tris-HCl, 150 mM NaCl, pH 7.4). Neurons were lyzed in RIPA buffer (1% Triton 

X-100, 0.5% Na-deoxycholate, 0.1% SDS, 2 mM EDTA, 2 mM EGTA, 50 mM NaF, 10 mM 

Na-pyrophosphate in TBS, pH 7.4) supplemented with EDTA-free protease inhibitor 

cocktail (Sigma) at 4°C. Lysates were centrifuged at 20,627g for 20 min at 4°C and 

incubated with Neutravidin agarose beads (Thermo Scientific) overnight at 4°C. Beads were 

washed three times with ice-cold RIPA buffer and bound proteins were eluted with 2X SDS 

sample buffer at 50°C for 30 min and analyzed by western blotting. The absence of β-actin 

on the surface fraction confirmed the specificity of the assay.

Immunoprecipitation assays—To determine the level of GluN2A-S1459 

phosphorylation in primary cortical neurons, we performed immunoprecipitation assays 

using rabbit anti-GluN2A-pS1459 antibodies as previously described (Mota Vieira et al., 

2020). Briefly, neurons were lyzed in ice-cold RIPA buffer containing protease and 

phosphatase inhibitor cocktails. Lysates were centrifuged at 14,000 rpm for 20 min at 4°C 

and cleared with protein A-Sepharose beads (Thermo Scientific). Pre-cleared lysates were 

then incubated with anti-GluN2A-pS1459 coupled to protein A-Sepharose overnight at 4°C. 

After four washes with ice-cold lysis buffer, bound proteins were eluted in 2X SDS sample 

buffer at 50°C for 30 min. Both total and eluted proteins were analyzed by western blotting 

with specific antibodies against GluN2A, CaMKII and β-actin.

Artificial synapse recordings—Methods for preparing neurons and HEK293 cells for 

artificial synapse recordings have previously been described (Chen et al., 2020). Briefly, 

HEK293 cells were transfected with cDNAs encoding human GluN1 and SEP-tagged rat 

GluN2A subunits, plus empty pEGFP and mouse neuroligin-1B (Addgene #15261, in the 

pCAGGS expression vector) in a ratio of 1:1:1:0.5:1, using a calcium-phosphate co-

precipitation protocol. Cortical neurons from embryonic day 18 rat embryos (ethics approval 

number: QBI/142/16/NHMRC/ARC) were plated on poly-D-lysine-coated coverslips at a 

density of 1 × 105 cells per coverslip in DMEM supplemented with 10% FBS. The medium 

was replaced after 24 h with Neurobasal medium containing 2% B-27 and 1% Glutamax. 

After one week, half of this medium was replaced with fresh medium. Neurons were 

allowed to grow for 3-4 weeks before freshly transfected HEK293 cells were plated onto the 

neurons. Artificial synaptic connections typically formed spontaneously within 24 h and 

EPSCs in HEK293 cells were recorded 2-5 d later. Artificial synapse recordings were done 

in the whole-cell patch-clamp recording configuration at a holding potential of −70 mV 

unless otherwise stated, at 22 ± 2°C. Patch pipettes were fabricated from borosilicate 

hematocrit tubing (Harvard Apparatus) and had tip resistances of 2-5 MΩ when filled with 

the intracellular solution which contained (in mM): 145 CsCl, 2 CaCl2, 2 MgCl2, 10 

HEPES, and 10 EGTA, adjusted to pH 7.4 with CsOH. Cells were perfused with 

extracellular solution, which contained (in mM): 140 NaCl, 5 KCl, 2 CaCl2, 10 HEPES and 

10 D-glucose, adjusted to pH 7.4 with NaOH. EPSCs were filtered (−3dB, 4-pole Bessel) at 
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4 kHz, and then sampled at 10 kHz and recorded using a Multiclamp 700B amplifier and 

pClamp 10 software (Molecular Devices). Recordings with series resistances > 20 MΩ were 

discarded and series resistance compensation was not applied to the recorded cell. Solutions 

containing defined concentrations of glutamate, glycine and Mg2+ were applied to cells by 

gravityinduced perfusion microtubules.

Single-channel recordings—Single-receptor recordings were performed at room 

temperature (22 ± 1°C) in the outside-out patch configuration. The intracellular solution 

contained (in mM): 145 CsCl, 2 CaCl2, 2 MgCl2,10 HEPES, and 10 EGTA, adjusted to pH 

7.4 with CsOH. The extracellular solution comprised (in mM): 140 NaCl, 5 KCl, 2 CaCl2, 

0.020 Na2EDTA, 10 HEPES, and 10 D-glucose. NaOH was used to adjust both solutions to 

a pH of 7.4. The concentration of EDTA was chosen to chelate Mg2+ and other contaminant 

divalent ions without affecting Ca2+. The single-channel conductance was determined by 

constructing current-voltage (I-V) plots from data obtained at clamped voltages of (in mV) ± 

70, ± 35, ± 15 and 0. The conductance was calculated using

γ = i
V p − V ljp − V rev

eqn.1

Where Vp is the holding potential (—70 mV), Vljp is the liquid junction potential and Vrev is 

the reversal potential. Vljp was calculated using JPCalWin and Vrev was estimated directly 

from the I-V plots. Single channel currents were recorded using an EPC 10 USB Heka Patch 

Clamp Amplifier, filtered (−3dB, 4-pole Bessel) at 2.9 kHz and sampled at 50 kHz. QuB 

software was used to determine the mean duration of single receptor activations and the 

intra-activation open probability (PO). Single channel currents were idealized using a 

resolution dead-time of 70 μs and the critical shut period that separated one discrete 

activation from the next was 200 ms. Activations with fewer than 20 events were excluded 

from analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

The sample size (n) reported in figure legends represents the number of individual neurons 

or wells generated from at least three independent experiments, unless otherwise stated. 

Statistical analysis was performed using Graph Pad Prism 9.0. One-way analysis of variance 

(ANOVA) with a Tukey’s, Sidak’s or Dunnet’s post hoc multiple comparisons test was used 

to compare the parameters for more than two groups. For the analyses of active duration and 

PO of single-channel recordings, a Kruskal-Wallis one-way ANOVA with the Dunn’s post 

hoc multiple comparisons test was used. For comparison between two groups, a two-tailed 

Mann-Whitney’s test was employed. All data are reported as mean ± standard error of the 

mean (SEM), or median with minimum and maximum values.

Supplementary Material

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

• CaMKIIα phosphorylates GluN2A at Ser-1459 in response to glycine 

stimulation

• CaMKIIα and SNX27 are required for the glycine-induced increase in surface 

GluN2A

• GluN2A Ser-1459 is a critical residue that controls the gating of NMDA 

receptors

• The epilepsy-associated GluN2A S1459G variant prolongs open channel 

duration
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Figure 1. GluN2A Ser-1459 phosphorylation state regulates NMDAR recycling
(A) Schematic domain structure of a single GluN2A subunit depicting the CaMKIIα 
phosphorylation site, Ser-1459, which is located adjacent to the C-terminal PDZ binding 

motif (PDZbm).

(B) Phosphorylation of Ser-1459 does not regulate GluN2A surface expression under basal 

conditions. Primary hippocampal neurons were transfected with plasmids encoding SEP-

GluN2A, either wild-type (WT), or the phospho-deficient S1459A (SA) or phospho-mimetic 

S1459D (SD) mutant at DIV12. Representative images of surface and total SEP-GluN2A in 

a neuron from each group, together with enlarged images of the boxed regions, are shown. 

Scale bars, 50 μm and 10 μm (enlarged images).

(C) Quantification of the surface/total GluN2A ratio normalized to the value of control 

neurons expressing SEP-GluN2A WT. Data are presented as mean ± SEM (WT, n = 30 

neurons; S1459A, n = 29; and S1459D, n = 30; from three independent cultures).

(D) Phosphorylation of Ser-1459 does not affect GluN2A internalization under basal 

conditions. Transfected neurons were incubated with rabbit anti-GFP antibodies at 25°C for 

10 min and were allowed to internalize in the medium at 37°C for 30 min.

(E) Quantification of the SEP-GluN2A internalization index normalized to the value of 

control neurons expressing SEP-GluN2A WT. Data are presented as mean ± SEM (WT, n = 

30 neurons; S1459A, n = 27; and S1459D n = 27; from three independent cultures).
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(F) The phospho-deficient S1459A mutant reduces the constitutive recycling of GluN2A. 

Transfected neurons were incubated with rabbitanti-GFP antibodies and receptors were 

allowed to internalize for 30 min as above. Non-internalized SEP-GluN2A was blocked with 

anti-rabbit Fab fragments. Neurons were transferred back to 37°C for 30 min to allow for 

internalized receptors to recycle back to the plasma membrane.

(G) Quantification of the SEP-GluN2A recycling index normalized to the value of control 

neurons expressing SEP-GluN2A WT that were fixed prior to receptor recycling. Data are 

presented as mean ± SEM (WT, n = 28 neurons; S1459A, n = 26; and S1459D n = 20; from 

three independent cultures). *p < 0.05, **p < 0.01 using one-way ANOVA with a Tukey’s 

multiple comparison test.
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Figure 2. GluN2A Ser-1459 phosphorylation enhances SNX27-retromer binding
(A) ITC experiments comparing the binding of GluN2A C-terminal peptides, either WT 

(blue), or the S1459A phospho-deficient (orange), S1459E phospho-mimetic (green), or 

S1462E PDZ binding-deficient (purple, negative control) mutant, to the purified SNX27 

PDZ domain protein. The thermodynamic parameters of binding are given in Table S1.

(B) GST pull-down experiments from HEK293T cells co-transfected with plasmids 

encoding myc-SNX27 and GST alone or GST-GluN2A C-tails including WT, S1459A (SA), 

S1459E (SE), and the V1464E PDZbm mutant (PDZd). Total cell lysates (input) and bound 

proteins (pull-down) were resolved by SDS-PAGE and analyzed by western blotting with 

specific antibodies against myc, VPS35, VPS26, and GST.

(C–E) Quantification of the levels of myc-SNX27 (C), VPS35 (D), and VPS26 (E) binding 

to GST-GluN2A C-tails. Data represent mean ± SEM of band intensities normalized to WT 

values (n = 3–4; from three independent experiments). *p < 0.05, ***p < 0.001, ****p < 

0.0001 using one-way ANOVA with a Tukey’s multiple comparison test.

(F) GST pull-down experiments revealed that the H112A mutation in myc-SNX27, which 

disrupts binding to PDZbm, failed to bind both WT and the S1459E phospho-mimetic GST-

GluN2A C-tails in HEK293T cells.
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(G) HEK293T cells were co-transfected with plasmids encoding myc-SNX27, GST-GluN2A 

C-tails (WT or S1459A), together with pEGFP or pEGFP-tCaMKIIa (constitutively active 

truncated CaMKIIα). Cells were lysed and pulled down with GSH-Sepharose. Bound 

proteins and total lysates were analyzed by immunoblotting with specific antibodies against 

myc, GST, GluN2A pS1459, and GFP.

(H) Quantification of the level of myc-SNX27 binding to GST-GluN2AC-tails. Data 

represent mean ± SEM of band intensities normalized to WT values(n = 3; from three 

independent experiments). *p < 0.05 using two-way ANOVA with a Sidak’s multiple 

comparison test.
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Figure 3. SNX27 is required for activity-dependent membrane delivery of the GluN2A-
containing NMDARs
(A) At DIV12, primary hippocampal neurons were co-transfected with plasmids encoding 

SEP-GluN2A, either WT, or the phospho-deficient S1459A (SA), or phospho-mimetic 

S1459D (SD) mutant, with various pRK5-myc-SNX27 constructs, including WT, the 

retromer-associated VPS26 binding-deficient mutant (L65A), and the PDZ-dead mutant 

(H112A). Representative images of surface and total SEP-GluN2A in a neuron from each 

group, together with enlarged images of the boxed regions, are shown. Scale bars, 50 μm and 

10 μm (enlarged images).

(B) Quantification of the surface/total GluN2A ratio normalized to the value of control 

neurons co-expressing SEP-GluN2A WT and myc-SNX27 WT. Data are presented as mean 

± SEM (WT-WT, n = 39 neurons; WT-L65A, n = 20; WT-H112A, n = 38; S1459A-WT, n = 

40; S1459A-L65A, n = 21; S1459A-H112A, n = 39; S1459D-WT, n = 37; S1459D-L65A, n 

= 25; and S1459D-H112A, n = 36; from three independent cultures). ****p < 0.0001 using 

one-way ANOVA with a Tukey’s multiple comparison test.

(C) Primary cortical neurons were transduced with lentiviral particles expressing GFP alone 

(control) or SNX27 shRNA at DIV9. At DIV15, surface biotinylation assays were 
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performed in SNX27 knockdown and control neurons following 5 min of glycine 

stimulation (cLTP). The relative amounts of surface and total proteins were assessed by 

western blotting using specific antibodies against GluN2A, SNX27, and β-actin.

(D) Quantification of the surface/total ratio of GluN2A in SNX27 knockdown and control 

neurons following glycine stimulation. Data represent mean ± SEM of band intensities 

relative to their respective control values (dashed line; n = 7; from three independent 

experiments). *p < 0.05 using a Mann-Whitney’s test.

(E) Hippocampal neurons expressing either GFP-SNX27 or GFP alone were stimulated with 

glycine and subjected to a PLA assay. Representative images showing the PLA signals (top) 

and GFP fluorescence (bottom) in a 50-μm segment of a primary dendrite of a neuron in 

each group. Scale bar, 10 μm.

(F and G) Quantification of the number of PLA puncta in the primary dendrite of neurons 

expressing GFP-SNX27 (F) orGFP alone (G) following glycine stimulation. Data are 

presented as mean ± SEM (GFP-SNX27, control, n = 31 neurons, cLTP, n = 30; GFP, 

control, n = 16, cLTP, n = 14; from four independent cultures). ***p < 0.001 using a Mann-

Whitney test.
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Figure 4. CaMKIIα-mediated phosphorylation of GluN2A at Ser-1459 is required for glycine-
induced membrane delivery of NMDARs
(A) Primary cortical neurons were treated with KN-93 or water (control) and stimulated with 

glycine for 5 min. Endogenous GluN2A phospho-S1459 was enriched from total lysates by 

immunoprecipitation using anti-pS1459 antibodies and analyzed by western blotting.

(B) Quantification of the levels of Ser-1459 phosphorylation normalized to the vehicle-

treated neurons (control, n = 8; KN-93, n = 5; from four independent experiments). Data 

represent mean ± SEM. **p < 0.01 using one-way ANOVA with a Sidak’s multiple 

comparison test.

(C) Cortical neurons expressing Cas9 alone (control) or Cas9 with a specific CaMKIIα 
sgRNA were stimulated with glycine. The levels of GluN2A phosphorylation at Ser-1459 

were determined by western blotting.

(D) Quantification of the levels of Ser-1459 phosphorylation normalized to the vehicle-

treated neurons (control, n = 4–7; CaMKIIα sgRNA, n = 5–6; from three independent 

experiments). Data represent mean ± SEM. *p < 0.05 using one-way ANOVA with a Sidak’s 

multiple comparison test.
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(E) Primary cortical neurons were treated with KN-93 or water, stimulated with glycine, and 

subjected to surface biotinylation assays. The relative amounts of surface and total proteins 

were assessed by western blotting.

(F and G) Quantification of the surface/total ratio of GluN2A (F) and the total GluN2A/β-

actin ratio (G) in each group. Data represent mean ± SEM of band intensities relative to the 

control values of unstimulated vehicle-treated neurons (n = 8–10 per group). *p < 0.05 using 

one-way ANOVA with a Sidak’s multiple comparison test.

(H) Hippocampal neurons expressing SEP-GluN2A, either WT or the phospho-deficient 

S1459A (SA) mutant, were stimulated with glycine and subjected to an antibody-feeding 

assay. Representative images of surface and total SEP-GluN2A in a neuron from each group 

are shown. Scale bars, 50 μm and 10 μm (enlarged images).

(I) Quantification of the surface/total GluN2A ratio normalized to the value of unstimulated 

neurons expressing SEP-GluN2A WT. Data represent mean ± SEM (WT-control, n = 34 

neurons; WT-cLTP, n = 34; S1459A-control, n = 33; and S1459A-cLTP, n = 36; from three 

independent cultures). ****p < 0.0001 using one-way ANOVA with a Tukey’s multiple 

comparison test.
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Figure 5. Mutations of GluN2A Ser-1459 result in prolonged excitatory postsynaptic currents 
(EPSCs) in heterosynapses
(A) Examples of EPSCs together with normalized, averaged current overlays (top, right) 

mediated by GluN1/2AWT (blue), GluN1/2AS1459A (orange), GluNI/2AS1459D (green), and 

GluN1/2AS1459G (red).

(B–D) Summary box-and-whisker plots of mean synaptic current peak amplitudes (B), mean 

10%–90% activation times (C), and mean decay time constants (D) for the indicated 

receptors. Boxes indicate the median, 25th, and 75th percentiles, and the whiskers mark the 

minimum and maximum values (WT, n = 19 cells; S1459A, n = 12; S1459D, n = 18; and 

S1459G, n = 30). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 using one-way 

ANOVA with a Dunnett’s multiple comparison test.
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Figure 6. Ser-1459 mutation regulates the gating of GluN1/2A diheteromeric NMDARs
(A) Continuous sweep of single-receptor currents mediated by GluN1/2AWT (top, blue), 

GluN1/2AS1459G (middle, red), and GluN1/2AS1459D (bottom, green) receptors recorded in 

the presence of 1 mM glutamate, 0 mM extracellular Mg2+, and 100 μM glycine at −70 mV. 

Note the similar current amplitudes but longer active durations in the mutant receptors.

(B and C) Summary box-and-whisker plots of intra-activation PO (B) and active duration (C) 

of individual receptors. Boxes indicate the median, 25th, and 75th percentiles, and the 

whiskers mark the minimum and maximum values (WT, n = 119 single receptor activations 

from 8 membrane patches; S1459G, n = 101 activations from 5 patches; S1459D, n = 149 

activations from 16 patches). *p < 0.05, ***p < 0.001 using Kruskal-Wallis one-way 

ANOVA with a Dunn’s multiple comparison test.
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Figure 7. Proposed model for the role of Ser-1459 phosphorylation in regulating NMDAR 
functions
During LTP, NMDAR-dependent influx of Ca2+ into the postsynaptic compartment activates 

the protein kinase CaMKIIα. Phosphorylation of GluN2A at Ser-1459 by CaMKIIα in the 

endocytic vesicles and/or sorting endosomes promotes its interaction with the SNX27-

retromer complex, thereby enhancing the rate of GluN2A recycling back to the plasma 

membrane. CaMKIIα can also phosphorylate existing GluN2A-containing NMDARs on the 

surface and affect the gating of these ion channels by prolonging the duration of single 

channel opening, which in turn leads to enhanced NMDAR current density and Ca2+ influx. 

Importantly, the GluN2A S1459G variant, which is associated with epilepsy, also displays 

augmentation in synaptic NMDAR currents due to a decrease in the receptor deactivation 

kinetics and an increase in active channel duration. Image was created with BioRender.com.
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KEY RESOURCES TABLES

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Alexa 488-conjugated goat anti-chicken IgY 
antibody

Thermo Scientific Cat# A32931TRRRID: AB_2866499

Alexa 568-conjugated goat anti-rabbit IgG 
antibody

Thermo Scientific Cat# A-11036RRID: AB_10563566

Alexa 647-conjugated goat anti-rabbit IgG 
antibody

Thermo Scientific Cat# A-21245RRID: AB_2535813

β-actin (mouse monoclonal, clone C4, used 
1:5000 in WB)

Santa Cruz Biotechnology Cat# sc-47778; RRID:AB_2714189

CaMKII (pan) (rabbit monoclonal, clone 
D11A10, used 1:1000 in WB)

Cell Signaling Technology Cat# 4436RRID:AB_10545451

Fab fragment donkey anti-rabbit IgG Jackson ImmunoResearch Cat# 711-007-003RRID: AB_2340587

GFP (rabbit polyclonal, used 1:5000 in WB) Proteintech Cat# 50430-2-APRRID:AB_11042881

GFP (rabbit polyclonal, JH4030, used 1:250 in 
ICC)

A gift from R. Huganir (Johns 
Hopkins University) (Anggono et al., 
2011)

N/A

GFP (chicken polyclonal, used 1:5000 in WB & 
ICC)

Aves labs Cat# GFP-1020RRID:AB_10000240

GFP (mouse monoclonal, used 1:1000 in ICC) Abcam Cat# ab1218RRID: AB_298911

GluN2A (rabbit monoclonal, clone A12W, used 
1:3000 in WB, 1:200 in ICC)

Millipore Cat# 04-901RRID:AB_1163481

GluN2A phospho-S1459 (1:1000 used in WB, 
2ul used in co-IP)

Mota Vieira et al., 2020 N/A

GST (mouse monoclonal, clone 3G12B10, used 
1:5,000 in WB)

Proteintech Cat# 66001-2-lg

MAP2 (chicken polyclonal, used 1:2000 in ICC) Abcam Cat# ab92434RRID:AB_2138147

Myc (mouse monoclonal, clone 9E10, used 
1:5,000 in WB, 1:100 in ICC)

Santa Cruz Biotechnology Cat# sc-40; RRID:AB_627268

Peroxidase-conjugated donkey anti-rabbit IgG 
antibody

GE Healthcare Cat# NA934; RRID:AB_772206

Peroxidase-conjugated sheep anti-mouse IgG 
antibody

GE Healthcare Cat# NA931; RRID:AB_772210

Peroxidase-conjugated goat anti-chicken IgY 
antibody

Santa Cruz Biotechnology Cat# sc-2428; RRID:AB_650514

SNX27 (rabbit polyclonal, used 1:1000 in WB) Proteintech Cat# 16329-1-APRRID:AB_10888628

VPS26 (rabbit monoclonal, clone EPR13456, 
used 1:1000 in WB)

Abcam Cat# ab181352; RRID:AB_2665924

VPS35 (rabbit polyclonal, used 1:500 in WB) Proteintech Cat# 10236-1-AP; RRID:AB_2215216

Chemicals, peptides, and recombinant proteins

Bicuculline methiodide Abcam Cat# ab120108

Forskolin Sigma Cat# F3917

Complete, EDTA-free protease inhibitor cocktail Sigma-Aldrich Cat# 11836170001

Duolink in situ PLA probe anti-mouse PLUS Sigma-Aldrich Cat#DUO92001

Duolink in situ detection reagents red Sigma-Aldrich Cat#DUO92008

Glutathione agarose Thermo Scientific Cat# 16100

KN-93 Abcam Cat# ab120980

Lipofectamine 2000 Thermo Scientific Cat# 11668019
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REAGENT or RESOURCE SOURCE IDENTIFIER

Neutravidin agarose Thermo Scientific Cat# 29204

Papain suspension Worthington Cat# LS003126

Phorbol 12-myristate 13-acetate (PMA) Sigma Cat# P8139

Phosphatase inhibitor cocktail AG Scientific Cat# P-1517

Strychnine hydrochloride Sigma Cat# S8753

Sulfo-NHS-SS-biotin CovaChem Cat# 14207-100

Tetrodotoxin citrate Abcam Cat# ab120055

Experimental models: Cell lines

Human: HEK293T ATCC Cat# CRL-3216; RRID:CVCL_0063

Experimental models: Organisms/strains

Rat: Sprague-Dawley University of Queensland Biological
Resources

RRID:RGD_70508

Recombinant DNA

FG12 Qin et al., 2003 Addgene plasmid #14884

FG12-SNX27-shRNA This paper N/A

FUW-SNX27 WT This paper N/A

pCAG-HA-neuroligin-1B Chih et al., 2006 Addgene plasmid #15261

pCIS A gift from R. Huganir (Johns 
Hopkins University)

N/A

pCIS-GluN2A-Ctail (1213-1464) WT This paper N/A

pCIS-GluN2A-Ctail (1213-1464) S1459A This paper N/A

pCIS-GluN2A-Ctail (1213-1464) S1459E This paper N/A

pCIS-GluN2A-Ctail (1213-1464) V1464E This paper N/A

pCIS-GluN2A-Ctail (1364-1464) WT This paper N/A

pCIS-GluN2A-Ctail (1364-1464) S1459A This paper N/A

pCIS-GluN2A-Ctail (1364-1464) S1459D This paper N/A

pCIS-GluN2A-Ctail (1364-1464) V1464E This paper N/A

pCIS-SNX27 WT This paper N/A

pEGFP-C1 Clontech N/A

pEGFP-SNX27 WT Clairfeuille et al., 2016 N/A

pEGFP-truncated CaMKIIα A gift from P. Opazo (University of 
Queensland) (Opazo et al., 2010)

N/A

pGEX4T-2-SNX27 PDZ domain (38-135) Clairfeuille et al., 2016 N/A

pLentiCRISPR-GFP A gift from S. Incontro (University of 
California, San Francisco) (Incontro et 
al., 2018)

N/A

pLentiCRISPR-CaMKIIα-sgRNA (rat specific) This paper N/A

pMD2.G A gift from D. Trono (Swiss Federal 
Institute of Technology Lausanne)

Addgene plasmid #12259

pMDLg/pRRE A gift from D. Trono (Swiss Federal 
Institute of Technology Lausanne)

Addgene plasmid #12251

pRK5-GluN1 Chen et al., 2020 N/A

pRK5-SEP-GluN2A WT This paper N/A

pRK5-SEP-GluN2A S1459A This paper N/A

pRK5-SEP-GluN2A S1459D This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

pRK5-SEP-GluN2A S1459G This paper N/A

pRK5-myc-SNX27 WT Hussain et al., 2014 N/A

pRK5-myc-SNX27 L65A This paper N/A

pRK5-myc-SNX27 H112A This paper N/A

pRSV-Rev A gift from D. Trono (Swiss Federal 
Institute of Technology Lausanne)

Addgene plasmid #12253

Software and algorithms

Fiji National Institutes of Health RRID:SCR_002285; https://fiji.sc

Image Studio Lite LI-COR RRID:SCR_015795; https://www.licor.com/bio/
image-studio-lite/

GraphPad Prism 9 GraphPad RRID:SCR_002798; https://www.graphpad.com/

pClamp10 Molecular Devices RRID:SCR_011323; https://
www.moleculardevices.com/products/software/
pclamp.html

QuB software Nicolai and Sachs, 2013 RRID:SCR_018076; https://qub.mandelics.com/
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