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Abstract 

Recent human genetic studies have identified a surprisingly high number of alterations in 

genes encoding NMDA receptor (NMDAR) subunits in several common brain diseases. 

Among NMDAR subunits, the widely-expressed GluN2A subunit appears particularly 

affected, with tens of de novo or inherited mutations associated with neurodevelopmental 

conditions including childhood epilepsies and cognitive deficits. Despite the increasing 

identification of NMDAR mutations of clinical interest, there is still little information about the 

effects of the mutations on receptor and network function. Here we analyze the impact on 

receptor expression and function of nine GluN2A missense (i.e. single-point) mutations 

targeting the N-terminal domain, a large regulatory region involved in subunit assembly and 

allosteric signaling. While several mutations produced no or little apparent effect on receptor 

expression, gating and pharmacology, two showed a drastic expression phenotype and two 

resulted in marked alterations in the sensitivity to zinc, a potent allosteric inhibitor of 

GluN1/GluN2A receptors and modulator of excitatory synaptic transmission. Surprisingly, 

both increase (GluN2A-R370W) and decrease (GluN2A-P79R) of zinc sensitivity were 

observed on receptors containing either one or two copies of the mutated subunits. 

Overexpression of the mutant subunits in cultured rat neurons confirmed the results from 

heterologous expression. These results, together with previously published data, indicate 

that disease-causing mutations in NMDARs produce a wide spectrum of receptor alterations, 

at least in vitro. They also point to a critical role of the zinc-NMDAR interaction in neuronal 

function and human health.  
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1. Introduction 

With the advent of massive sequencing technologies and whole-genome analysis, recent 

years have seen an explosion of data linking specific gene alterations to human brain 

disorders. A new and rather unexpected outcome from these sequencing efforts has been 

the surprisingly high number of mutations discovered in NMDA receptor (NMDAR) genes, 

most particularly in GRIN2A, the gene which encodes the GluN2A subunit and which 

accounts for >80% of all the disease-linked mutations identified in ionotropic glutamate 

receptor (iGluR) subunits (Burnashev and Szepetowski, 2015; Soto et al., 2014; Yuan et al., 

2015). The GluN2A subunit appears to be a key locus for multiple neurodevelopmental 

phenotypes, of which seizures constitute the largest group (Burnashev and Szepetowski, 

2015). Investigating how these mutations identified in patients affect receptor function, circuit 

behavior and ultimately pathogenesis remains a largely unmet challenge. 

NMDARs are widely expressed in the CNS where they are critically involved in many 

processes such as learning and memory. Functional disturbances of these receptors are also 

implicated in various neurological and psychiatric disorders. Overactivation of NMDARs can 

promote seizures and neuronal death, while NMDAR hypofunction has emerged as a leading 

hypothesis for schizophrenia (Paoletti et al., 2013). There is thus considerable interest in 

better understanding NMDARs and factors that control their expression and activation. At the 

molecular level, NMDARs are hetero-tetramers usually associating two GluN1 and two 

GluN2 subunits, of which there are four subtypes (GluN2A-D) (Glasgow et al., 2015; Paoletti 

et al., 2013; Wyllie et al., 2013). NMDARs form massive complexes with a typical layered 

organization comprising distal N-terminal domains (NTDs) and agonist-binding domains 

(ABDs) directly connected to the transmembrane pore region (TMD) (Figure 1A) (Karakas 

and Furukawa, 2014; Lee et al., 2014). Besides their key roles in subunit assembly, the 

NTDs endow NMDARs with unique signaling capacities, harboring binding sites for small 

ligands acting as subunit-specific allosteric modulators of ion channel activity (Hansen et al., 

2010; Paoletti, 2011). In particular, the GluN2A NTD confers an exquisite sensitivity to zinc 
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ions which are concentrated and released at many excitatory synapses where they act as 

powerful regulators of glutamatergic transmission (Kalappa et al., 2015; Vergnano et al., 

2014; Vogt et al., 2000).  

Here, we analyze the functional consequences of several missense mutations in 

NMDARs identified in children with rolandic epilepsies and encephalopathies associated with 

aphasia (Lemke et al., 2013; Lesca et al., 2013). We concentrate on mutations clustering in 

the N-terminal region of the GluN2A subunit. Our in vitro studies on recombinant receptors 

reveal variable phenotypes including distinct alterations in expression level and zinc 

sensitivity.  
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2. Material and methods  

2.1 Molecular Biology 

The pcDNA3-based plasmids for rodent NMDAR subunits (rat GluN1-1a, named GluN1 

herein; rat GluN2A; mouse GluN2B), the site-directed mutagenesis and sequencing 

procedures have been previously described(Mony et al., 2011). cRNAs were synthesized in 

vitro using a T7 transcription kit (Ambion). Selective expression of triheteromeric NMDARs 

was performed as previously described (Stroebel et al., 2014). The strategy employed is 

based on the use of ectopic retention signals from GABA-B receptors allowing control of 

NMDAR trafficking such that only triheteromeric receptors are expressed at the cell surface 

(co-expressed diheteromers being retained intracellularly). In experiments presented in 

Figure 3, the following subunits were used: GluN2A-r2, GluN2B-r2, GluN2A-P79R-r1, 

GluN2A-r3780W-r1, where r1 and r2 are retention signals derived from GABA-B1 and GABA-

B2 subunits, respectively (see (Stroebel et al., 2014)). As control experiments, we verified 

that co-expression of GluN1+GluN2Ar2 or GluN1+GluN2B-r2 or GluN1+GluN2A-P79R-r1 or 

GluN1+GluN2A-R370W-r1 subunits resulted in an almost complete lack of receptor 

expression (no, or very tiny (≤30 nA), NMDAR-mediated currents; n=11-23 oocytes for each 

condition), as expected if the corresponding diheteromeric receptors are efficiently retained 

in the ER. In contrast, following co-expression of r1 and r2 subunits, large currents (>0.5 µA; 

up to 7 µA) were routinely measured indicating efficient cell surface expression of 

triheteromeric receptors. 

 

2.2 Electrophysiology 

Oocytes from female Xenopus laevis were prepared and voltage-clamped as described 

previously(Mony et al., 2011). Oocyte harvest was performed in accordance with the 

European directives 2010/63/EU on the Protection of Animals used for Scientific Purposes 

and in the framework of project authorization #05137.02 as delivered by the competent 
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French authorities. Each oocyte was coinjected with a mixture of GluN1:GluN2 cDNAs (or 

mRNAs) each at concentration of 15-50 ng/µL and at a ratio of 1:1 for diheteromers and 

1:1:1 for triheteromers. Data were collected using pClamp10 and analyzed using 

Kaleidagraph4. The standard external solution contained (in mM): 100 NaCl, 2.5 KCl, 0.3 

BaCl2, 5 HEPES, 0.01 DTPA (diethylenetriamine-pentaacetic acid), pH 7.3. For pH 

experiments, an HEPES-enriched external medium was used (Gielen et al., 2008). For zinc 

experiments, DTPA was omitted (except in the ‘0’ no-added zinc solution) and tricine (10 

mM) or ADA (N-(2-Acetamido)iminodiacetic acid, 1 mM) used to buffer zinc (Gielen et al., 

2008).  ADA was specifically used for mutant GluN2A-R370W receptors which display very 

high (i.e. sub-nanomolar) zinc sensitivity. Free zinc concentrations were calculated using the 

following relationships (Fayyazuddin et al., 2000; Paoletti et al., 1997): for tricine, 

[Zn]free=[Zn]added/200; for ADA, [Zn]free=[Zn]added/17000. NMDAR-mediated currents were 

induced by co-application of saturating concentrations of L-glutamate and glycine (100 µM 

each). Recordings were performed at -60 mV and at room temperature. 

Whole-cell patch-clamp recordings were performed on HEK293 cells and primary 

cultures of neonatal (P0) rat hippocampal neurons. Neurons were transfected with GluN2A 

and eGFP (0.8 µg/ml each) at DIV4 using Lipofectamine 2000 (Life Technologies), and 

recorded at DIV5-6. HEK293 cells were transfected with GluN1, GluN2A and eGFP (0.5 

µg/ml each) using Polyethylenimine (Sigma), and recorded 24-48 hours later. The external 

solution contained (in mM): 140 NaCl, 2.8 KCl, 1 CaCl2, 10 HEPES, 10 tricine, 10 glucose 

(290-300 mOsm). The pipette solution contained (in mM): 115 CsF, 10 CsCl, 10 HEPES, 10 

BAPTA (270-290 mOsm). Tricine was used to buffer zinc as described above. In the zinc 

washout kinetic experiments, tricine was present throughout. Currents were sampled at 10 

kHz and low-pass filtered at 2 kHz using an Axopatch 200 B amplifier and pClamp10.5. 

Agonists (100 µM glutamate + 100 µM glycine for HEK cells; 300 µM NMDA + 50 µM D-

serine for neurons) were applied using a multibarrel rapid solution exchanger (RSC 200; Bio-
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Logic). Recordings were performed at -60 mV for HEK cells and -65 mV for neurons, and at 

room temperature. 

 

2.3 Pharmacology and data analysis 

Glutamate and glycine dose-response curve (DRC) experiments were performed in the 

presence of 100 µM of the respective co-agonist. Agonist DRCs were fitted with the following 

Hill equation: Irel=1/(1+(EC50/[A])nH), with EC50 and nH as free parameters. Determination of 

MK-801 inhibition time constant (τon) was performed as in Mony et al. (2011). MK-801 was 

applied at 10 nM. Proton DRCs were analyzed and fitted as in (Gielen et al., 2008), with 

pHIC50 and nH as free parameters. Zinc DRCs were fitted with the following equation: Irel=1-

a/(1+(IC50/[C])nH), where a is the maximal inhibition, and with IC50, a and nH as free 

parameters. Zinc dissociation kinetics were fitted by single exponentials as previously 

performed (Paoletti et al., 1997). 

 

2.4 Immunoblotting 

Samples for immunoblots were obtained from cRNA-injected oocytes. Two oocytes per 

condition were used. Samples were prepared and immunoblots performed as previously 

described(Mony et al., 2011), except that electrophoresis was done in reducing conditions 

(5% β-mercaptoethanol). The following antibodies were used: anti-GluN1 antibody (1:500, 

mouse monoclonal clone MAB363; Millipore), anti-GluN2A antibody (1:500, rabbit 

monoclonal clone A12W; Millipore), anti-αTubuline (1:1000, mouse monoclonal clone DM1A; 

Upstate), secondary goat peroxidase-conjugated anti-mouse antibody (1:10,000, Jackson 

ImmunoResearch, #115-035-003) or secondary rabbit peroxidase-conjugated anti-goat 

antibody (1:10,000, Jackson ImmunoResearch, #305-035-003). 
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2.5 Statistical analysis 

Analysis of statistical significance was assessed using either the two sample t-test (Figure 

3E, α=0.01) or the Bonferroni-corrected two-tailed post hoc t-test (Figures 1B, α =0.0011; 

Figure 2B, α =0.0014). Error bars represent the standard deviation of the mean value (SD). 
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3. Results 

While GRIN2A mutations identified in patients with neurodevelopmental and psychiatric 

disorders scatter throughout the subunit’s domains, we decided to focus on mutations that 

locate in the receptor’s N-terminal region. The membrane-distal GluN2 NTD together with the 

short connecting linker to the ABDs control a surprisingly diverse set of receptor functions 

including subunit assembly, channel open probability and allosteric regulation, rendering this 

region a target of therapeutic interest (Farina et al., 2011; Gielen et al., 2009; Hansen et al., 

2010; Herguedas et al., 2013; Mony et al., 2011; Yuan et al., 2009). Based on two recent 

clinical reports (Lemke et al., 2013; Lesca et al., 2013), nine GluN2A cDNA single-point 

mutations associated with various epilepsy-cognitive phenotypes were generated (P79R, 

F183I, I184S, C231Y, A243V, A290V, G295S, R370W and C436R) and the resulting 

GluN2A-containing receptors studied in heterologous expression systems. All mutations 

locate in the NTD, except for C436R which resides in the ABD but in close proximity to the 

NTD lower lobe (Figure 1A). The genetic origin of these mutations are either inherited (P79R, 

F183I, I184S, C231Y), de novo (C436R) or of unknown inheritance (A243V, A290V, G295S, 

R370W) (Lemke et al., 2013; Lesca et al., 2013). 

 

3.1 Effects of the mutations on receptor expression 

To investigate the impact of the mutations on receptor expression and function, we first used 

Xenopus oocytes as a heterologous expression system. Both wild-type (wt) GluN1 and wt or 

mutant GluN2A subunits were injected in oocytes, and cells subsequently tested for NMDAR-

mediated currents using two-electrode voltage-clamp recordings. For the majority of mutant 

receptors (F183I, I184S, A243V, A290V, G295S, R370W), currents of large amplitude, 

comparable to that of wt receptors, were recorded (Figure 1B). In contrast, for the three 

remaining mutants, currents were either markedly diminished (P79R) or vanishingly small 

(C231Y, C436R). Western blots revealed that the decrease in functionality was likely due to 
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a deficiency in GluN2A subunit expression (Figure 1C). Surprisingly, in the case of the 

GluN2A-C436R cysteine mutation, immunoblotting with GluN1 antibody also revealed a 

major drop in GluN1 subunit expression (Figure 1C). Patch-clamp experiments in 

mammalian HEK293 cells confirmed these strong expression phenotypes (current density of: 

231 ± 153 pA/pF [n=6] for wt receptors; 43 ± 42 pA/pF [n=6] for P79R; no current detected 

for both C231Y [n=6] and C436R [n=6]). Thus, the three GluN2A missense mutations, 

C231Y, C436R, and to a lesser extent P79R, result in a marked expression phenotype likely 

involving impaired GluN subunit folding and/or assembly. For those mutations that yielded 

functional receptors, we next investigated the gating and pharmacological attributes of the 

mutated receptors. 

 

3.2 GluN2A NTD mutations have minimal effect on the receptor gating properties  

GluN2 subunits are the major determinants of NMDAR functional diversity imparting distinct 

biophysical and pharmacological properties (Glasgow et al., 2015; Paoletti et al., 2013; 

Wyllie et al., 2013). In particular, the GluN2A subunit endows NMDARs with relatively high 

open channel probability and relatively low affinity to glutamate and to the co-agonist glycine. 

We first examined whether glutamate and glycine sensitivity were altered in mutant 

receptors. On the seven mutant receptors tested, full dose-response curve experiments 

revealed no or very modest effect on both glutamate and glycine sensitivity (≤1.5 fold change 

in EC50; Figure 1D-E, Table 1). We next estimated the channel maximal open probability (Po) 

by measuring kinetics of current inhibition by MK-801, a method classically used to index 

receptor channel Po (Rosenmund et al., 1993; Zhu et al., 2013). Again, no significant 

difference between wt and the seven mutant receptors was observed (Figure 1F, Table 1). 

Thus, the single-point GluN2A mutations P79R, F183I, I184S, A243V, A290V, G295S and 

R370W minimally impact the basal receptor activation properties. 
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3.3 Mutations GluN2A-P79R and GluN2A-R370W alter zinc sensitivity 

A hallmark of NMDARs is their ability to be modulated by an array of small extracellular 

ligands, either synthetic or endogenous, acting as subunit-specific allosteric modulators 

(Paoletti et al., 2013). Among them, zinc ions have triggered particular interest since they are 

enriched and released at many glutamatergic synapses (Paoletti et al., 2009) and exert 

potent inhibition of NMDARs by selectively binding to a site in the GluN2A NTD (Hansen et 

al., 2010; Vergnano et al., 2014). Because our selected mutations target this domain, we 

assessed zinc sensitivity of each mutant receptor by performing full zinc inhibitory dose-

response curve using zinc-buffered solutions. Two mutant receptors out of the seven tested 

displayed clear phenotypes (Figure 2A-B, Table 1). P79R mutant receptors displayed 

decreased zinc sensitivity reflected as an increase in zinc IC50 (44 nM vs 12.7 nM for wt 

receptors) and a decreased level of maximal inhibition (48% vs 77%). Conversely, R370W 

receptors displayed greatly enhanced zinc sensitivity mostly reflected by a >10-fold decrease 

in zinc IC50 (0.87 nM vs 12.7 nM). 

To gain further insights into the effects of the mutations on the zinc-receptor interaction, 

we performed fast zinc concentration jumps on transfected HEK cells and measured current 

relaxations upon zinc washout (i.e. zinc dissociation kinetics). Compared to wt receptors, off-

relaxations were faster for P79R receptors but slower for R370W receptors (τoff = 1.0 ± 0.2 s 

[n=8] and 5.2 ± 1.3 s [n=11], respectively, vs 1.6 ± 0.3 s [n=10] for wt; Figure 2C), in good 

agreement with the respective decrease and increase in zinc sensitivity observed at steady-

state conditions. These results indicate that the shift in zinc affinity (IC50) induced by the 

mutations are attributable, at least in part, to a difference in residency time of zinc on its 

GluN2A NTD site. 

Inhibition of GluN2A NMDARs by zinc is strongly pH-dependent, such that zinc 

sensitivity increases with increased proton concentrations (and vice-versa) (Choi and Lipton, 

1999; Gielen et al., 2008; Low et al., 2000). Accordingly, we next investigated the pH 
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sensitivity of all seven mutant receptors including GluN2A-P79R and GluN2A-R370W. 

Compared to wt receptors, no major change in pH sensitivity was observed for any of the 

mutants (∆pHIC50 ≤ 0.2 pH unit; Figure 2D). The largest change was observed for GluN2A-

P79R receptors which, surprisingly, showed enhanced proton sensitivity despite their 

decreased zinc sensitivity. To our knowledge, this absence of correlation between proton and 

zinc sensitivities is unprecedented and points to a unique and specific role of residue 

GluN2A-P79 in controlling intersubunit allosteric signaling (see Discussion). 

 

3.4 Impact of mutation copy number on receptor function 

In vivo, NMDARs exist as multiple subtypes that differ in their subunit composition, being 

either diheteromeric (two identical GluN2 subunits) or triheteromeric (two distinct GluN2 

subunits) (Paoletti et al., 2013). Since all clinical GRIN2A mutations identified to date are 

heterozygous (Burnashev and Szepetowski, 2015), mixtures of NMDAR populations are 

likely to co-exist in patients carrying the disease-causing mutation. Therefore, we aimed at 

investigating the properties of triheteromeric NMDARs, containing a single copy of the 

mutated GluN2A subunits combined with either a wt GluN2A subunit or a wt GluN2B subunit 

(GluN1/GluN2Awt/GluN2Amutant and GluN1/GluN2Amutant/GluN2Bwt receptors, 

respectively). This later subunit was chosen because triheteromeric GluN1/GluN2A/GluN2B 

receptors constitute one of the most abundant NMDAR subtypes in the forebrain (Paoletti et 

al., 2013). 

To selectively express triheteromeric NMDARs at the surface of Xenopus oocytes, we 

employed the methodology recently developed in our laboratory based on ectopic retention 

signals (Stroebel et al., 2014). We first verified that diheteromeric receptors containing two 

copies of the GluN2 subunit with the transplanted retention signals were properly retained in 

the ER (see Methods). In contrast, for triheteromeric receptors, large (>0.5 µA) NMDAR-

mediated currents were routinely obtained. For both GluN2A-P79R and GluN2A-R370W 
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mutations, triheteromeric GluN1/GluN2Awt/GluN2Amutant receptors displayed zinc 

sensitivity intermediate between that of wt or doubly-mutated diheteromeric receptors (Figure 

3A,C). Similarly, a single mutant GluN2A-R370W subunit, when paired with a wt GluN2B 

subunit that harbors a low µM zinc binding site in its NTD (Karakas et al., 2009; Rachline et 

al., 2005), confers unique zinc sensitivity, distinct from both parent diheteromeric 

GluN1/GluN2 receptors and from wt triheteromeric GluN1/GluN2A/GluN2B receptors (Figure 

3D). For GluN2A-P79R, the reduced zinc sensitivity conferred by the mutant GluN2A subunit 

was such that the zinc sensitivity of receptors containing one mutant GluN2A subunit and 

one wt GluN2B subunit was almost indistinguishable of that of receptors composed of two 

identical mutant GluN2A subunits (Figure 3B). Altogether, these results demonstrate that a 

single copy of the GluN2A mutation is sufficient to alter the receptor’s zinc sensitivity 

irrespective of the pairing GluN2 subunit. We thus anticipate that the majority of GluN2A-

containing NMDARs in patients will display aberrant modulation by extracellular zinc. 

 

3.5 Disrupted zinc sensitivity of mutant receptors expressed in neurons 

The above results show that mutant GluN2A-P79R and GluN2A-R370W receptors display 

altered interaction with the allosteric inhibitor zinc in recombinant expression systems. To 

verify that this is also the case in a more native environment, we overexpressed wt or 

mutated GluN2A subunits in rat hippocampal cultured neurons and assessed sensitivity of 

NMDAR-mediated responses to zinc applications. Neurons overexpressing GluN2A-P79R 

subunits showed decreased inhibition of NMDAR-mediated currents to 20 nM zinc compared 

to neurons overexpressing wt GluN2A subunits (4 ± 11% [n=8] vs 16 ± 7% inhibition [n=7] ; 

Figure 3E). In contrast, neurons transfected with GluN2A-R370W subunits displayed marked 

zinc inhibition at a very low zinc concentration (2 nM) while only modest inhibition was 

observed for wt GluN2A overexpressing neurons (37 ± 8% inhibition [n= 6] vs 16 ± 5% 

[n=10]; Figure 3E). Overall, these results support our findings on heterologously expressed 
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NMDARs and confirm that the altered zinc sensitivity of GluN2A-P79R and GluN2A-R370W 

receptors is a salient feature of these receptors encoding disease-causing mutations. 
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4. Discussion 

By studying recombinant NMDARs expressed in heterologous systems and primary cultured 

neurons, we reveal that disease-linked mutations targeting the GluN2A N-terminal region 

produce distinct sets of receptor alterations that manifest either as impaired receptor 

expression or altered modulation by extracellular zinc (or a combination of both). These 

findings have implications both for NMDAR physiology and the underlying pathogenic 

mechanisms in patients with GRIN2A mutations.  

Clinically-relevant GRIN2A mutations are spread across all NMDAR domains hinting to 

diverse impacts on receptor structure, abundance, localization and function. In agreement, 

TMD missense mutations have been shown to affect channel permeation (Endele et al., 

2010), while ABD and ABD-TMD linker mutations specifically alter channel gating kinetics 

(Carvill et al., 2013; Lesca et al., 2013; Yuan et al., 2014). We now show that GluN2A 

mutations targeting the N-terminal region can also affect receptor function, yet through 

alternative mechanisms. We find that the two cysteine mutations C231Y and C436R, each 

leads to a drastic reduction in receptor expression. In vivo, this likely results in decreased 

receptor number and deficient NMDAR signaling, an effect also expected for nonsense, 

deletion and frameshift GRIN2A mutations identified in several patients (Burnashev and 

Szepetowski, 2015; Yuan et al., 2015). C231 sits within a buried hydrophobic cavity of the 

NTD lower lobe which likely does not tolerate a large hydroxyl-containing tyrosine residue. 

Therefore, we suggest that the C231Y mutation results in GluN2A misfolding and 

degradation. The GluN2A-C436R subunit is likely to share a similar destiny. By engaging in a 

disulfide bond with residue C456, C436 structures a large ABD loop specific to NMDARs (i.e. 

absent in other iGluRs). Our results now reveal that this loop has an essential role in GluN2A 

biogenesis, likely because of its extensive interactions with neighboring domains (Karakas 

and Furukawa, 2014; Lee et al., 2014; Regalado et al., 2001). 
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Besides subunit expression, our results unveil that zinc modulation is another 

conspicuous NMDAR property that is profoundly modified by specific sets of disease-linked 

mutations. Two mutations were found to alter GluN2A-mediated high-affinity zinc inhibition: 

P79R and R370W. While P79R diminishes zinc inhibition through a combined decrease in 

zinc ‘efficacy’ (i.e. decreased maximal level of inhibition) and ‘affinity’ (i.e. increased IC50), 

R370W enhances zinc inhibition mostly through an ‘affinity’ effect. Both residues locate away 

from the predicted zinc binding site in the GluN2A NTD interlobe cleft (Figure 4; Hansen et 

al., 2010; Paoletti, 2011), and likely mediate their effects on zinc sensitivity through distinct 

mechanisms. According to the GluN1/GluN2B NTD structure (Karakas et al., 2011), GluN2A-

R370 (which is conserved in GluN2B) interacts with a lower lobe loop which contains a 

residue critically involved in zinc binding (GluN2A-E266) (Figure 4A; Fayyazuddin et al., 

2000). Substitution of the arginine by a bulky hydrophobic tryptophan may favor a loop 

conformation which fortuitously results in enhanced zinc coordination. Such an effect would 

account for the observed slowing down of the zinc dissociation kinetics (Figure 2C). We 

propose that the mutation P79R acts differently. The homologous proline in GluN2B 

(GluN2B-P80; conserved in all four GluN2 subunits) locates at the edge of GluN2 NTD and 

makes extensive hydrophobic contacts with the neighboring GluN1 NTD (Figure 4B; Karakas 

et al., 2011). Its replacement by a positively charged arginine likely disrupts this hydrophobic 

cluster. We thus hypothesize that in GluN2A receptors the P79R mutation affects zinc (and 

proton) sensitivity indirectly, at least in part, by altering NTD dimerization. We have no clear 

explanation for why this mutation, which decreases zinc sensitivity but enhances proton 

sensitivity, deviates from the rule that positively correlates proton and zinc sensitivity in 

GluN2A receptors (Choi and Lipton, 1999; Gielen et al., 2008; Low et al., 2000).  We 

speculate that this unexpected result finds its origin both in the location of P79 at a specific 

subunit-subunit interface and in the nature of the substitution (a positively-charged arginine). 

The two factors may result in a reduced zinc-NTD interaction together with a ‘distorted’ 

GluN1-GluN2A NTD dimer configuration stabilizing a (proton favorable) inhibited state of the 
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receptor. Whatever the scenario, our data further strengthen the importance of the subunit-

subunit interfaces in controlling allosteric signaling in NMDARs, as hinted by previous 

structure-function studies (Gielen et al., 2008; Karakas et al., 2011; Low et al., 2003; Zhu et 

al., 2014; Zhu et al., 2013). 

   The fact that two mutations (P79R and R370W) with opposite effects in vitro 

(decreased and increased zinc inhibition, respectively) lead to overlapping clinical symptoms 

(Rolandic epilepsy) is puzzling. The lack of any obvious receptor abnormalities for a number 

of disease-linked mutations (F183I, I184S, A243V, A290V and G295S) is another apparent 

paradox. Several reasons make the genotype-phenotype correlation difficult. Although the 

causative role of certain GRIN2A mutations in the disease is well established, others may act 

as susceptibility risk factors rather than monogenic traits (Burnashev and Szepetowski, 2015; 

Yuan et al., 2015). Cell autonomous effects are another confounding factor. Overactivation of 

NMDARs in principal cells may lead to network hyperexcitability and promotes pro-epileptic 

effects, but a similar outcome is expected from too little NMDAR activity in inhibitory 

interneurons (Belforte et al., 2010). Finally, mutations may result in abnormal coupling of the 

receptors to downstream intracellular cascades (Hardingham and Bading, 2010), effects that 

escape electrophysiological measurements. We note that an apparent discrepancy between 

overlapping clinical phenotypes and genetic alterations of opposite sign (loss- and gain-of-

function mutations) has already been described for SCN1A, another epilepsy gene (Marini et 

al., 2011). Obviously, much work remains to fully understand the circuit level pathology of 

GRIN2A mutations. 

By showing specific impairments in the zinc sensitivity of NMDARs harboring 

clinically-relevant mutations, our results support the idea that impaired synaptic zinc 

homeostasis contributes to human pathology. Zinc concentrates at many excitatory synapses 

and, in animal models, can modulate synaptic plasticity, memory formation and seizure 

susceptibility (Paoletti et al., 2009; Sensi et al., 2011; Sindreu and Storm, 2011). In humans, 

impaired zinc-glycine receptor interaction may cause hyperekplexia (Zhou et al., 2013), while 
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loss of the synaptic zinc transporter ZnT3 increases the risk of febrile seizures (Hildebrand et 

al., 2015). The emerging concept that synaptic zinc is an important neuromodulator and 

contributing factor in human brain physiopathology opens interesting possibilities for novel 

therapeutic interventions.   
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Figure legends 

Figure 1: Effects of GluN2A mutations on receptor expression and activation 

A. Cartoon representation of a GluN1/GluN2A receptor (left; only one of the two dimers is 

represented) and location of the studied GluN2A mutations (right; modeled structure of the 

GluN1/GluN2A NTD heterodimer based on the GluN1/GluN2B NTD crystal structure(Lee et 

al., 2014)). NTD, N-terminal domain; ABD, agonist-binding domain; TMD, transmembrane 

domain; CTD, C-terminal domain. Glu, glutamate; Gly, glycine. B. Box plot of current 

amplitudes of wild-type (wt) and mutant GluN2A receptors expressed in Xenopus oocytes. 

Number of cells: 67 (wt), 78 (P79R), 33 (F183I), 32 (I184S), 18 (C231Y), 70 (A243V), 35 

(A290V), 37 (G295S), 62 (370W), 19 (C436R).  ***, p=2.6 10-18 (P79R), p=5.2 10-19 (C231Y), 

p=5.3 10-19 (C436R), Bonferroni-corrected two-tailed post hoc t-test. C. Immunoblots from 

oocytes expressing wt and mutant GluN2A receptors. The band around 50 kDa corresponds 

to α-tubulin used as a loading control. * indicates non-specific bands seen with the anti-

GluN1 antibody. n.i., non-injected oocytes. D. Sensitivity to glutamate. E. Sensitivity to 

glycine. F. MK-801 inhibition kinetics. Values of MK-801 τon, dose-response curve fits and 

number of cells (n) are listed in Table 1. 

 

Figure 2: Mutations GluN2A-P79R and GluN2A-R370W alter zinc sensitivity 

A. Zinc inhibition curves for wild-type (wt, green) and mutant (red, GluN2A-P79R; blue, 

GluN2A-R370W receptors; grey, others) receptors. Inset: Representative NMDAR trace 

currents showing zinc inhibition by 5, 50 and 500 nM zinc. B. Zinc IC50 values determined 

from the dose-response curves. ***, p=0.00015 (P79R, n= 10), p=0.0000016 (R370W, n=6), 

Bonferroni-corrected two-tailed post hoc t-test. C. Zinc off-relaxation kinetics measured in 

HEK293 cells (normalized current responses). Zinc (40 nM) is applied and washed during a 

pulse of saturating glutamate and glycine (100 µM each). Individual values of the exponential 

time-constant (τoff) are indicated. D. Proton inhibition curves. All values of the dose-response 
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curve fits and number of cells (n) are listed in Table 1. Proton IC50 values from mutant 

receptors are not different from that of wt receptors except for GluN2A-P79R (***, p=0.0007, 

n=7, Bonferroni-corrected two-tailed post hoc t-test).  

 

Figure 3: Effects of GluN2A-P79R and GluN2A-R370W mutations in triheteromeric 

NMDARs and in neuronal receptors 

A-D. Zinc sensitivity of diheteromeric and triheteromeric NMDARs. Diheteromeric receptors 

contained either two wild-type (wt) subunits or two mutated subunits. Triheteromeric 

receptors are either composed of one wt GluN2A subunit and one mutant GluN2A subunit (A 

and C), or of one wt GluN2B subunit and one mutant GluN2A subunit (B and D). Subunit 

composition is color-coded as indicated. For triheteromeric receptors values of IC50 and 

maximal inhibition are, respectively: 17 ± 1 nM, 71 ± 1% (n=8, GluN1/GluN2A-

P79R/GluN2Awt); 251 ±105 nM, 75 ± 8% (n=7, GluN1/GluN2A-P79R/GluN2Bwt); 18.6 ± 7.4 

nM, 73 ± 9% (n=8, GluN1/GluN2Awt/GluN2Bwt); 2.8 ± 1 nM, 89 ± 4% (n=9, GluN1/GluN2A-

R370W/GluN2Awt); 1.3 ± 0.1 nM, 66 ± 3% (n=5, GluN1/GluN2A-R370W/GluN2Bwt). For 

diheteromeric receptors, values are 461 ± 29 nM, 100% (n=7, GluN1/GluN2B) and see Table 

1. E. Zinc inhibition recordings from rat hippocampal cultured neurons transfected with wt or 

mutant GluN2A subunits. Zinc was applied at 20 nM (P79R mutant) or 2 nM (R370W). Each 

trace is an average of 5-10 individual current traces. ***, p=0.00006 (P79R, n=7), p=0.0003 

(R370W, n=6), Student’s t-test. 

 
 

Figure 4: Structural interactions of residues GluN2A-P79 and GluN2A-R370 

Homology model of the GluN1/GluN2A NTD dimer based on the GluN1/GluN2B NTD crystal 

structure (Lee et al., 2014)). The GluN1 and GluN2A NTDs are represented in light yellow 

and light blue, respectively. The location of the putative high-affinity GluN2A-specific zinc 

binding site is colored red with residues thought to directly coordinating zinc highlighted. A. 
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Residue GluN2A-R370 makes multiple interactions with backbone carbonyls of a lower lobe 

loop that    contains a glutamate residue (GluN2A-E266) critically involved in high-affinity zinc 

inhibition. B. Residue GluN2A-P79 is buried at a hydrophobic interface between GluN1 and 

GluN2A NTD upper lobes where it engages multiple Van der Waals interactions with 

neighboring residues.  

 

Table 1: Effects of GluN2A mutations on NMDAR activation and pharmacological 

properties  

Values: mean ± SD (number of recorded cells). 
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GluN2A 

mutants 

Relative 

τon MK-801 

  Glutamate   Glycine   Zinc inhibition   H
+
 inhibition 

  EC50 (µM) nH   EC50 (µM) nH   IC50 (nM) 
Max. 

Inhib. (%) 
nH   pH IC50 nH 

Wild type 1 ± 0.2 (25) 
 

4.3 ± 0.8 

(12) 
1.4 

 

1.5 ± 0.3 

(24) 
1.5 

 

12.7 ± 3 

(34)  
78 ± 4% 0.93 

 

6.9 ± 0.05 

(13) 
1.7 

P79R 
1.2 ± 0.2 

(13)  

4.2 ± 0.5 

(3) 
1.4 

 

1.3 ± 0.3 

(8) 
1.2 

 

44.0 ± 7.3 

(6) 
48.4 ± 7% 0.7 

 

7.1 ± 0.1 

(7) 
1.6 

F183I 
0.97 ± 0.2 

(5)  

3.4 ± 0.1  

(4) 
1.3 

 

1.3 ± 0.2 

(4) 
1.6 

 

10.8 ± 3.2 

(5) 
72 ± 4% 0.98 

 

6.9 ± 

0.009 (2) 
1.7 

I184S 
1.1 ± 0.2 

(3)  

3.3 ± 0.3 

(3) 
1.3 

 

1.4 ± 0.1 

(3) 
1.5 

 

9.6 ± 2.2 

(5) 
81 ± 2% 0.94 

 

6.9 ± 0.01 

(3) 
1.7 

A243V 
1.0 ± 0.1 

(4)  

4.8 ± 0.3 

(3) 
1.3 

 

1.6 ± 0.1 

(3) 
1.5 

 

16.0 ± 4.3 

(8) 
70 ± 4% 0.88 

 

6.9 ± 0.04 

(3) 
1.5 

A290V 
1.0 ± 0.2  

(3)  

4.0 ± 1.1 

(3) 
1.4 

 

1.6 ± 0.1 

(4) 
1.5 

 

12.4 ± 1.9 

(4) 
72 ± 2% 0.94 

 

7.0 ± 0.05 

(6) 
1.7 

G295S 
0.91 ± 0.2 

(5)  

4.0 ± 0.4 

(4) 
1.4 

 

1.6 ± 0.01 

(4) 
1.6 

 

14.6 ± 3.7  

(5) 
77 ± 4% 0.97 

 

6.9 ± 0.02 

(3) 
1.7 

R370W 
1.0 ± 0.03 

(5)  

5.0 ± 0.2 

(3) 
1.6 

 

2.2 ± 0.1 

(5) 
1.6 

 

0.87 ± 0.2 

(10) 
83 ± 4% 0.86 

 

7.0 ± 0.01 

(3) 
1.8 
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Highlights 

• Mutations in NMDAR subunits have recently been associated to human brain disorders  

• Eleven missense mutations targeting the GluN2A N-terminal domain were studied 

• None of the mutations affect the receptor’s basic gating properties 

• Distinct alterations in receptor expression and zinc sensitivity were observed  

• These results point to an important role of synaptic zinc in human health  




