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α (four isoforms) and β (one isoform)

of receptors assemble with a ratio of α3:β

seven families with multiple isoforms: α (six isoforms), β (three isoforms), ³ (three isoforms), ´, ɛ, θ and 

Ã (one isoform each)



consist of α, β and ³ subunits

from three Ä subunits that are thought to
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subunit, the TMD consists of 3 major segments composed of α helices named M1, M3, and M4. There is 
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mutation in the GluN1 LBD results in 8square9 currents tha

response curves of 8classical9 shape
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response of  the potentiat ion by CGP on these receptors in presence of 100 μM glyc

are partially due to amino acid changes at the 8N and N+1 site 9 (
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μM concentrations, but completely abolishing 
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https://www.molnac.unisa.it/BioTools/cocomaps/






these atoms: any Carbon (excluding C and Cα) with all hydrophobic and aromatic residues (alanine, 

ptophan, tyrosine, methionine) or with Cα of Glycine 

β, ³, CΔ β, ³ β

³, β, β. Finally, we considered 

α α

β sheets 9) and the outer side of the interface ( α

α









α α

β β

α α α

α



³ 
 ³

³

³

³
±±
±±

±±
±
³

±

±
³
±

³



But this chimeric construct didn9t give current. 

all LBD interface residues of GluN3A mutated in their GluN2B counterpart, didn9t give any current.









 1 

 
Marco De Battista, Laetitia Mony, Noémie Lacour, Pierre Paoletti# and David Stroebel# 

 
Institut de Biologie de l'Ecole Normale Supérieure (IBENS), Ecole Normale Supérieure, Université PSL, CNRS, INSERM, F-
75005 Paris, France. # These authors jointly supervised this work. 

 

 

ABSTRACT 

GluN1/GluN3A receptors were recently shown to define a novel signaling modality in the brain by which 
extracellular glycine tonically tunes neuronal excitability, a role that strikingly departs from that of conventional 
GluN1/GluN2 NMDARs. While phylogenetically and structurally related to the NMDA receptor family of ionotropic 
glutamate receptors (iGluRs), GluN1/GluN3A receptors exhibit several distinctive properties that shape their 
function: 1) activation by glycine alone but insensitivity to glutamate; 2) bell-shaped curve of activation; 3) profound 
desensitization through GluN1-mediated auto-inactivation; 4) poor sensitivity to known NMDAR pore blockers. The 
molecular origin of GluN1/GluN3A receptors atypical functional properties remains poorly understood in the 
absence of full structural description of these receptors. We thus implemented specific tools to modulate their 
activity and study their function. This led us to identify and characterize strong gain-of-function mutants with marked 
increase in channel open probability and glycine sensitivity. All these GoF mutants target the ligand-binding domain 
(LBD) dimer interface, a region known to be critical for the gating and desensitization in other iGluRs. A double-
mutant in particular exhibited the strongest high-affinity and high-efficacy phenotype, allowing to fully separate 
activation and inactivation mediated by the GluN3A and GluN1 subunits, respectively. Our work brings novel 
insights into the molecular mechanisms underpinning the atypical gating behavior of GluN1/GluN3A receptors. 
 
 
 

Introduction 

NMDA Receptors are glutamate gated ionotropic 
receptors (iGluRs) that fulfill critical roles in the CNS 
(central nervous system), from neural development 
to synaptic communication and plasticity (Traynelis 
et al., 2010; Paoletti et al., 2013; Hansen et al., 
2021). The 7 Vertebrates paralogs of NMDAR form 
heterotetrameric assemblies composed of two 
obligatory GluN1 subunits (that are glycine 
sensitive), and two other subunits among the 4 
GluN2 subunits (GluN2A-D - that are glutamate 
sensitive) or the 2 GluN3 subunits (GluN3A-B that 
are glycine sensitive) (Stroebel et al., 2021). GluN1 
and GluN2s subunits associate to form canonical 
diheteromeric NMDARs, widely expressed in the 
brain and coactivated both by glutamate and glycine. 
More than 40 years of extensive studies revealed the 
crucial importance of these GluN1/GluN2s receptors 
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for brain functions in general and synaptic plasticity in 
particular (Citri and Malenka, 2008; Hansen et al., 
2021; Paoletti et al., 2013).  

The GluN3A subunit was cloned in 1995 (Ciabarra 
and Sevarino, 1995). It was long thought to act 
exclusively during brain development as a negative 
regulatory subunit of GluN2 containing receptors 
through the formation of triheteromeric complexes 
(GluN1/GluN2/GluN3) (Chatterton et al., 2002; Ulbrich 
and Isacoff, 2008; Yuan et al., 2013; Crawley et al., 
2022). We now know that GluN1/GluN3A 
diheteromeric receptors are present (Murillo et al., 
2021) and functionally active in the different regions of 
the CNS : juvenile hippocampus (Grand et al., 2018), 
adult medial habenula (Otsu et al., 2019) and adult 
neocortex and amygdala (Bossi et al., 2022). In these 
structures GluN1/GluN3A receptors appear to control 
neuronal excitability of specific cell types through the 
sensing of endogeneous glycine levels and thus 
contribute to the regulation of specific behaviors, like 
aversion (Otsu et al., 2019) and fear (Bossi et al., 
2022). These recent discoveries stimulated a renewed 
interest about the function and roles of those atypical 
iGluRs. 

GluN1/GluN3A NMDARs display unique functional 
properties compared to GluN2 containing NMDAR 
subunits. 1) They form atypical excitatory receptors 
that are purely glycine-sensitive (eGlyRs) 3 and not 
glutamate sensitive (Chatterton et al., 2002; 
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Awobuluyi et al., 2007; Madry et al., 2007). 2) 
GluN1/GluN3A receptors exhibit a bell-shape glycine 
activation curve. Low micromolar concentrations of 
glycine activate the receptors through binding to the 
high-affinity GluN3A subunit, while dozen of 
micromolar concentrations lead to rapid 
desensitization induced by glycine binding to the lower 
affinity GluN1 binding site, (Yao, 2006; Awobuluyi et 

al., 2007; Madry et al., 2007). The resulting activation 
of WT GluN1/GluN3A receptors thus displays small 
and rapid desensitizing inward currents, which 
complicates their detection and studies. 3) They 
display low Ca2+ permeation and Mg2+ block (Das et 

al., 1998; Chatterton et al., 2002; Sasaki et al., 2002; 
Wada et al., 2006; Tong et al., 2008)  and appear to 
be insensitive to most classical GluN2 containing 
NMDAR antagonists like APV and MK-801 
(Chatterton et al., 2002; Madry et al., 2007). However, 
a high affinity (nM) GluN1 competitive antagonist 
CGP-78608 (mentioned as CGP below), was found to 
massively potentiate GluN1/GluN3A currents by 
preventing GluN1-induced desensitization (Yao, 
2006; Grand et al., 2018). Its use has been a game-
changer to reveal the existence and functionality of di-
heteromeric eGlyRs in the CNS (Grand et al., 2018; 
Otsu et al., 2019; Zhu et al., 2020; Bossi et al., 2022). 

Still, the molecular mechanisms and structural 
correlates of GluN1/GluN3A properties remain poorly 
understood compared to other iGluRs. Despite only 
sharing a maximum of 23% identity with their NMDA 
orthologs, the GluN3 subunits share the typical 
modular architecture of an iGluR gene: an 
extracellular domain (ECD) composed of two 
clamshell domains: a large N-terminal Domain (NTD), 
a Ligand Binding Domain (LBD); followed by a Trans-
membrane Domain (TMD) carrying the channel pore 
and a short cytoplasmic C-terminal Domain (CTD). 
Yet, since no full-length structures of these receptors 
has been solved so far, we don9t know how GluN1 and 
GluN3 subunits coassemble within a full 
GluN1/GluN3A tetrameric receptor. The assumptions 
about GluN1/GluN3A receptor molecular mechanisms 
thus rely on experimental functional read-outs (mostly 
TEVC) and on our extensive knowledge about the 
function and structure of other iGluRs. 

The canonical iGluR gating mechanism is described 
by a model of equilibrium between three main states: 
1) a unliganded resting state; 2) an active state in 
which ligand-binding in the LBDs induces its closure, 
promoting the opening of the TMD channel pore 
through increased tension on the LBD-TMD linker; 3) 
an inactive state in which the ligand-bound LBDs 
reorganize between each other to release the LBD-
TMD linker tension leading to pore closure (Furukawa 
and Gouaux, 2003). The desensitization process of 
AMPA and Kainate receptors, and inhibition in GluN2 
NMDARs do correspond to two different modalities of 
receptor inactivation that were both shown to critically 
involve conformational changes at the LBD-dimer 
interfaces (Sun et al., 2002; Furukawa et al., 2005; 
Weston et al., 2006; Tajima et al., 2016; Tian et al., 
2021). Overall, the typical 3-steps iGluR gating 

mechanism should apply to GluN1/GluN3A receptors, 
but many key molecular details are still missing to 
explain their peculiar functional properties. In 
particular, we have to explain how glycine binding on 
GluN1 LBD can lead to the desensitization of 
GluN1/GluN3A receptors, while it acts as a co-agonist 
required for GluN1/GluN2 receptors activation.  

Looking for the molecular determinants of the 
GluN1/GluN3A activation and desensitization 
mechanism, we implemented new methods to 
measure, inhibit or potentiate these receptors. In 
particular, we found strong gain-of-function (GoF) 
mutants, that allow the receptors to reach full active 
state. Overall, our data show that the intra-dimer LBD 
interface plays a key role in the gating properties of 
GluN1/GluN3A receptors. The functional analysis of 
these receptors allowed us to pinpoint a possible 
molecular origin for their atypical behavior, supporting 
their tonic activity in the central nervous system. 

 

Materials and Methods 

Molecular Biology. The GluN1 splice variant 4A (named 
GluN1 herein) construct in pcDNA3 (Cummings et al., 2017), 
the rat GluN3A in pcI_NEO and site directed mutagenesis 
procedure were already described (Mony et al., 2011). 

Oocyte treatment and microinjection. Xenopus laevis 
eggs were used for heterologous expression of recombinant 
NMDA receptors. Oocytes were harvested and maintained as 
previously described (Hatton and Paoletti, 2005). Expression 
of recombinant NMDA receptors was obtained by oocyte 
nuclear co-injection of 46 nL of a mixture of cDNA (50 ng/¿l 
at 1:1 ratio). Oocytes were kept at 18°C in 96-well plates 
containing standard Barth solution (in mM 88 NaCl, 1 KCl, 
0,33 CA(NO3)2, 0.41CaCl2, 0.84 MgSO4, 2.5 NaHCO3, and 
7.5 HEPES, pH adjusted to 7.3 with KOH). The incubation 
solution was supplemented with Gentamycin (100 ¿g/¿l) and 
CNQX (50 ¿g/¿l), a NMDAR receptor antagonist. 

Two-electrode voltage-clamp recordings. TEVC 
recordings were performed 48-72 hours after injection. TEVC 
recordings were performed using an oocyte Clamp Amplifier 
OC-725 (Warner Instruments). The recording system was 
controlled by employing the computer software pClamp 10.5 
(Axon, Molecular devices) and a 1440A Digidata acquisition 
system (Molecular Devices). During the recording, cells were 
perfused with an external Ringer recording solution (in mM: 
100 NaCl, 0.3 BaCl2, 5 HEPES, 2.5 KOH, pH adjusted to 7.3 
with NaOH). A control solution (Ringer) was used for washout 
of drugs and test solutions. All recordings were performed at 
-60 mV holding potential and at room temperature. I/V curves 
were performed by doing voltage ramps ranging from -80 to 
+40 mV at different concentrations of open channel blockers. 
Values in the graphs have been normalized to +40 mV.  

Pharmacology. CGP-78608 (Tocris) was prepared as a 
stock solution of 25 mM in 2.2 eq. NaOH solution and applied 
at 50 nM (slightly above EC50) or at 200 nM (saturation) 
before agonist perfusion (Grand et al., 2018). CNQX 
(Alomone) was prepared in DMSO at stock concentrations of 
50 mM or in water at a stock concentration of 20 mM. DCKA 
(Tocris) stocks (50 mM) were prepared in a 1 eq. NaOH 
solution. Aminoethyl-methanethiosulfonate (MTSEA; 
Biotium, Toronto Research Chemicals Inc.,) was prepared at 
100 mM in DMSO. Pentamidine isethionate salt 
(Pentamidine, Sigma) was prepared at a stock concentration 
of 10 mM in water.  

Modeling. 3D atomic model of the GluN1/GluN3A NMDAR 
(rat sequence) was produced using Modeller (Eswar et al., 
2006) with, as a template, the X-ray structure of 
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GluN1\GluN2B ifenprodil allosterically inhibited receptor : ID 
PDB: 4PE5 (Karakas and Furukawa, 2014) combined to the 
existing GluN3A LBD crystal structure 2RC7 (Yao et al., 
2008), but without the flexible C-terminal domain. We 
performed additional ab-initio loop-model reconstruction of 
missing loops. Analysis of residues contact at the LBD intra-
dimer interface was performed with Cocomaps (Vangone et 
al., 2011) with a cut-off contact distance <4 Å 
(https://www.molnac.unisa.it/BioTools/cocomaps/). Alphafold 
2 prediction of the LBD dimer structure of GluN1/GluN3A 
corresponds to the best model obtained using the multimer 
mode with 0.9 confidence score (Jumper et al., 2021). The 
hydrophobic contribution of the substituted residues were 
estimated using the standard hydrophobicity scale free 
energy of transfer DG from water to POPC (White and 
Wimley, 1999) . Structural illlustrations were prepared with 
PyMOL (http://pymol.org) . 

Data analysis. Dose responses were fitted using different 
equations. Inhibitory dose response curves (DRC) of open 
channel blockers were fitted with the following Hill equation 
Iantago/Icontrol = 1 3(1-max) / (1 + ([B]/IC50)nH). In the equation : 
Iantago/Icontrol is the mean relative current, [B] is the 
concentration of the blocker, , nH is the Hill coefficient (>0) 
and IC50 is the antagonist concentration that gives the half-
maximal current inhibition max, the maximal inhibition, was 
fixed to 1 unless if stated otherwise. All parameters were set 
as free parameters.  

Glycine DRC in CGP were fitted with the following Hill 
equation : Irel = 1 / (1 + (EC50 / [Gly])nH). In the equation Irel is 
the relative mean current (Measured current / maximal 
current), [Gly] is the drug concentration, a is the maximal 
potentiation, nH is the Hill coefficient (>1) and  EC50 is the 
concentration that gives the half-maximal current 
potentiation. The parameters were set as free parameter. 
Individual values for each glycine concentration were 
adjusted for tonic activation revealed by 100 ¿M pentamidine 
application. 

For the DRC of CGP potentiation in saturating glycine 
concentration (100 M), the following Hill equation was used: 
Irel = 1+ 1 / (1 + (EC50 / [CGP])nH).In the equation Irel is the 
relative mean current, [CGP]  is the drug concentration, nH is 
the Hill coefficient (>1) and  EC50 is the concentration that 
gives the half-maximal current potentiation. The parameters 
were set as free parameters. 

For the biphasic glycine-alone DRC, fitting was performed 
with the following Hill equation : Irel = max / (1 + ( EC50 / 
[Gly]))nH1) 3 min / (1+(IC50  /[Gly]))nH2). In the equation Irel is 
the relative mean current, nH1 is the hill slope of the 
activation component, nH2 is the hill slope of the inactivation 
component, [Gly] is the glycine concentration, max is the 
maximal potentiation, min is the maximal inhibition,  EC50 is 
the  EC50 of the excitatory component of GluN3A and IC50 is 
the IC50 of the inhibitory component of GluN1. The constraints 
were a>0, [Gly] >1, nH1>0, nH2>0,  EC50>0, IC50>0. Since 
we could test simultaneously a maximum 7 different ligand 
concentrations and the number of equation parameters is 6, 
the fit could not always converge satisfactorily without fixing 
an extra parameter to a constraint. When so, we fixed nH1 to 
a value rounded to the 0.1 precision by screening different 
values to produce the best possible R2 for the fit of the whole 
equation. EC50

 and IC50 values reported for all bimodal 
glycinergic DRCs were calculated individually for each cell 
and then averaged to a mean for better accuracy 

Remaining currents related to tonic activation were 
measured as: Irel-tonic = |Ipent| / (|Ipent| +  |Imax|), where Irel-tonic 

corresponds to the relative contribution of tonic ambient 
activation,  |Ipent| is the inhibition of the baseline obtained with 
100 M pentamidine, |Imax| is the maximal current recorded 
with glycine alone or glycine + CGP. For the DRC (see 
above), the obtained values of tonic current (Itonic = Imax x Irel-

tonic) for each conditions were added at each glycine 
concentration point.. 

CGP potentiation values were computed by calculating the 
ratio of peak current size for individual cells: IGly+CGP / IGly, with 
glycine at 100 M and CGP at 200 nM. The speed of glycine 
+ CGP current relaxation was estimated by fitting the 10 
seconds of slope using the straight line equation I = (a x t) + 
b, with I the current, t time and a corresponding to the slope 
of relaxation in mA / second. MTSEA potentiation was 
calculated by computing the ratio Im / Ia  where Ia is the peak 
current obtained with the agonist after CGP pre-incubation 
and and Im is the current plateau obtained when adding 
MTSEA on top of the Glycine + CGP. Relative Po values for 
the different constructs were obtained by calculating 1 / 
MTSEA-potentiation. 

Statistical analysis. Data are presented as mean ± 
standard deviation of the mean (SEM). Non-parametric tests 
were used to assess statistical significance. When comparing 
two conditions, the non-parametric Mann Whitney test was 
employed, while for more than two groups the non-parametric 
Kruskal-Wallis test was employed, with Dunn's multiple 
comparisons post hoc test. Statistical significances are 
indicated with *, **, *** when p- values are below 0.05, 0.01 
and 0.001 respectively. n.s. indicates non-significant.  

 

 

 

Results 

Investigating the molecular specificities of 
GluN1/GluN3A receptors. Our knowledge of iGluR 
molecular mechanism has greatly benefited from the 
combination of structural information and functional 
validations using pharmacological modulators and ad-

hoc mutants (Hansen et al., 2021; Tian et al., 2021; 
Wang et al., 2021; Yelshanskaya et al., 2022). We 
implemented a similar approach to the study 
GluN1/GluN3A receptors functional mechanism by 
investigating in two directions: 

1) The structure. Since only 4 isolated LBD 
structures of GluN3A are available in the Protein Data 
Bank (PDB IDs: RC7, 2RC8, 2RC9 ,4KCD, (Yao et al., 
2008, 2013)), we built several homology models of 
almost complete tetrameric GluN1/GluN3A receptors. 
We used as templates the tetrameric structures of the 
closest NMDAR paralogs available: GluN2B (with 
22% sequence identity). In our final model all GluN2B 
subunits were replaced by GluN3A subunits within an 
agonist-bound inhibited state of 
GluN1/GluN2B/GluN1/GluN2B tetrameric structure 
(Figure 1A). The model thus contains all the 
functionally important inter-subunit and inter-domain 
interfaces assembled, in particular the LBDs that form 
symmetrical dimers through a contact of their upper-
lobes (ID PDB: 4PE5 (Karakas and Furukawa, 2014), 
Figure 1A-B). In the absence of experimental full-
length structure, the formation of this LBD-dimer 
remains to be proven for GluN1/GluN3A receptors. It 
appears as a reasonable hypothesis since such LBD 
dimers have been structurally observed in all 
vertebrate iGluR paralogs: AMPAR (Sun et al., 2002; 
Sobolevsky et al., 2009), GluK (Meyerson et al., 
2016), GluD (Burada et al., 2020) and GluN2A or  
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Figure 1. Molecular composition of GluN1/GluN3A LBD dimer interface. A: Structural model of full-length GluN1/GluN3A 
NMDA receptor, viewed from the side. Within the hetero-tetramer, the GluN1 subunits are colored in salmon while the GluN3A 
subunits are in cyan. One heterodimer at the front is in cartoon representation, while the other one in the back is in transparent 
surface. NTD states for N-terminal domain, LBD for ligand-binding domain, TMD for transmembrane domain and CTD for C-
terminal domain. Green hexagons represent the glycine binding site. The red square highlights the LBD heterodimer. B: Model 
superimposition of the GluN1/GluN3A LBD dimer, viewed from the side. The salmon and cyan cartoon structure (same as panel 
A) corresponds to the educated-guess Modeller model, while the grey cartoon corresponds to the ab initio Alphafold model (see 
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methods). D1 states for the LBD upper lobe and D2 for the lower lobe. The red square highlights the predicted LBD intradimer 
interface between the two upper-lobes. C: Structural mapping of surface properties and contact-map at the LBD intradimer 
interface of GluN1/GluN2B, GluN1/GluN2A and GluN1/GluN3A. On the left, the surface distribution of the residues involved in the 
interface for GluN2B, GluN2A and GluN3A (at <7 Å distance from the partner subunit GluN1). Ca spheres of the corresponding 
residues are colored according to the properties of their lateral chains such as positively charged (blue), negatively charged (red) 
and hydrophobic (green). The LBD structure is shown in grey cartoon. In the upper GluN2B representation the location of the 
involved ³ helices and ´ sheets is indicated. On the right, we mapped the corresponding predicted inter-subunit contacts (see 
methods), with the involved secondary elements shown as orange rods for a-helices and arrows for b-sheets. The predicted 
electrostatic interactions are shown as red and blue lines and hydrophobic contacts as green lines. D: Amino acid (AA) sequence 
alignment of the region involved in the LBD dimer interface in selected NMDA receptor subunits. On top are indicated the 
corresponding secondary structure assignment (see panel C). Bolded AA do correspond to residues located at the interface. They 
are colored according to their biochemical properties using the same color code than panel C, unless the hydrophilic residues that 
are in black. The GluN3A residues that were mutated in the present study are indicated by a black line on top. E: Mutation scanning 
at the GluN3A LBD dimer interface. On the right are shown illustrative current traces of the WT phenotype and three different 
mutant phenotypes that we obtained in standard TEVC recording conditions (See Methods). The protocol involves a first 
application of saturating glycine (100 µM 3 thick black lines) alone then co-application of CGP (200 nM - thick grey lines) and 
glycine (100 µM). The panel on the left side shows a front view of the GluN3A LBD interface area (same as panel C), where 
interface residues (as sphere and sticks) are colored according the corresponding mutant phenotypes: in orange gain of function 
(GoF), in blue WT-like current phenotypes, and in black mutants that were functionally silent. Red circles identify some pairs or 
cohorts of residues we mutated together. 

 
GluN2B containing NMDAR (Furukawa et al., 2005; 
Karakas and Furukawa, 2014; Lee et al., 2014; Tajima 
et al., 2016; Zhu et al., 2016; Jalali-Yazdi et al., 2018) 
and even in distant plant iGluR paralogs (Gangwar et 

al., 2021; Green et al., 2021). Independently, we used 
the latest version of the IA-based ab-initio protein 
folding: alphafold 2, to predict the structure of the 
GluN1/GluN3A LBD dimer (Jumper and Hassabis, 
2022). Supporting the likeliness of our model, the ab-

initio prediction and our educated-guessed model 
appear almost fully identical with a rmsd of 1.03 Å 
(Figure 1B). 

2) The modulators. We first revisited the potency 
of non-orthosteric inhibitors using the mutation GluN1-
F484A (Awobuluyi et al., 2007; Madry et al., 2007) that 
allows to work with non-desensitizing GluN1/GluN3A 
receptors. GluN2 pore blockers in particular are 
known to be poorly inhibiting GluN3A containing 
receptor (Chatterton et al., 2002). At a resting 
potential of -60mV, Mg2+ blocks GluN2 containing 
receptors in the M range conferring to these 
receptors a coincidence-detector capability that is 
critical for their role in the CNS (Nowak et al., 1984; 
Kuner and Schoepfer, 1996). In the same conditions, 
Mg2+ appear far less efficient against GluN1/GluN3A 
receptors with an IC50 of 6.3 mM ± 0.83 (n=3 3 Figure 
S1A), which is above the physiological concentration 
of this ion (»1 mM) in the cerebro-spinal-fluid (CSF) 
(Kapaki et al., 1989). Looking for potent pore blocker 
of GluN3A containing receptor, we tested other known 
NMDAR inhibitors. We found pentamidine (Reynolds 
and Aizenman, 1992) to be a potent one with an IC50 
of 26 µM ± 5  (n=6 3 Figure S1B-C) and a maximum 
inhibition of 92 ± 2% at 500 µM (Figure S1C). Despite 
a weaker potency than on GluN2 containing NMDARs 
(IC50 2.59 µM ± 0.19) (Reynolds and Aizenman, 
1992), pentamidine is so far the GluN3A pore blocker 
with the highest IC50 (Kaniakova et al. 2018). 

 
Molecular specificities of GluN1/GluN3A 

receptors at the LBD dimer interface. Following a 
strategy successfully used for GluN2 receptors 

(Gielen et al., 2008; Riou et al., 2012; Zhu et al., 2013; 
Esmenjaud et al., 2019; Tian et al., 2021) we 
investigated the functional importance of several 
different interfaces by targeted double-cysteine 
mutagenesis of GluN1/GluN3A receptors extracellular 
domain (ECD). However, none of the 11 cysteine 
mutant pairs we tested gave usable or reliable 
currents in the absence or presence of CGP and in 
oxidant or reducing condition (data not shown). Since 
the cysteine mutant approach appears somehow 
deleterious for the receptor expression or folding, we 
looked at another mutagenesis strategy that could 
modulate GluN3A gating without affecting the agonist 
binding pocket.  

The LBD dimer interface is of critical importance for 
iGluR gating and desensitization mechanism (Sun et 

al., 2002; Armstrong et al., 2006; Weston et al., 2006; 
Gielen et al., 2008). In its 8canonical9 active and resting 
state the LBD dimer interface is formed by the contact 
between the upper-lobes (D1 3 as in Figure 1B) of the 
two LBDs, behaving as a fulcrum for agonist binding 
to pull open the pore. The amino-acid composition of 
this interface determines its stability, thereby 
controlling its transition to a desensitized state where 
the interface is broken impairing activation by the 
agonist (Sun et al., 2002). In NMDAR, hydrophobic 
contacts were shown to be important for LBD dimer 
interface stability (Furukawa et al., 2005; Gielen et al., 
2008; Hackos et al., 2016). By analyzing available 
solved structures we can show that the 
GluN1/GluN2B LBD interface involves three main 
hydrophobic cluster contacts and two inter-subunit 
ionic bonds (Figure 1C), while GluN1/GluN2A is 
stabilized by two of the GluN1/GluN2B hydrophobic 
clusters and one of its ionic-bonds. This small 
qualitative difference illustrates the putative weaker 
stability of this interface in GluN2A compared with that 
of GluN2B (Tian et al., 2021). The same analysis of 
our structural template of GluN1/GluN3A LBD dimer 
interface reveals a completely different inter-subunit 
points of contacts both in terms of number and 
localization of hydrophobic contacts and ionic bond
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Figure 2. GluN3A LBD interface mutants with increased glycine sensitivity. A: Structural localization of the GoF double 
mutant within the LBD tetramer, viewed from the top (same colors than Fig1A). The LBD dimer couple is shown with a black 
rectangle. The center of the 2-fold symmetry is shown with a black ellipse to highlight the inner region of the tetramer. The GluN3A 
GoF residues 892 and 895 are shown in spheres with respective colors yellow and blue. B: Glycine current traces of 
GluN1/GluN3A-WT and mutant GluN1/GluN3A-S892L-K895F (GluN2B-like) and GluN1/GluN3A-S892L-K895V (GluN2A-like) 
obtained with standard TEVC procedure. Glycine concentrations are in M. C: Glycine dose-response curves (DRC) of peak 
current are shown in black for GluN1/GluN3A-WT, in red for GluN1/GluN3A-S892L-K895F and in yellow for GluN1/ GluN3A-
S892L-K895V. Mutant DR had to be fitted with a double-exponential equation to account for the presence of both an activatory 
and an inhibitory component. For the values of EC50, IC50, Hill slope (nH) and statistics, refer to Table 1. D: Quantification of tonic 
currents in GoF mutants. In the inset below, the current trace of the GluN1/GluN3A-S892L-K895F mutant reveals the presence of 
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tonic current. The application of the open channel blocker pentamidine at 100 µM (thick red lines) induces positive steady state 
current above the baseline. On the top is represented the relative contribution of tonic current compared to the max current. The 
max current was recorded either in saturating Glycine alone (white bars) or in Glycine plus CGP (striped bars). E: Glycine current 
traces under CGP application at 50 nM for GluN1/GluN3A-WT and GluN1/GluN3A-S892L-K895F. Glycine concentrations are in 

M. After removal of the agonists, application of 100 µM of the pore-blocker pentamidine allows to quantify tonic current 
contribution (see panel D). F: DRC of glycine peak current in presence of 50 nM CGP (same color code than panel C). Dotted 
lines correspond to the glycine DRCs of panel 2C. For the values of EC50 and nH and statistics, refer to Table 1. 

 
(Figure 1C) interrogating the stability of this interface 
in GluN1/GluN3A receptors.  

Chimeric scanning of the LBD dimer interface of 
GluN1/GluN3A receptors. We first attempted to test 
the functional effect of stabilizing the LBD interface in 
GluN1/GluN3A by reverting the whole LBD of GluN3A 
in the GluN2B LBD. This LBD swapping chimeric 
strategy worked for other iGluRs (Schmid et al., 2009). 
However, the TEVC test of the corresponding 
GluN1/GluN3-LBD2B chimera didn9t show any 
current, even with CGP and glycine applications. We 
then reasoned that we could try to impair 
desensitization while limiting stability issue, by 
reverting the GluN3A residues facing the LBD dimer 
interface to the corresponding ones of GluN2B. We 
identify 23 residues of the GluN3A side of the interface 
that are pointing directly toward the GluN1 interface in 
our models and whose corresponding homologs 
strongly differ in GluN2B (among which 6 charged to 
apolar residue conversions) (Figure 1D). 

We mutated one by one (mostly by neighboring pairs 
or clusters) the 23 residues of the putative interface 
area of GluN3A in order to form a chimera with fully 
mutated GluN2B-like surface on the GluN3A subunit. 
This surface chimera showed no current with TEVC (3 
not shown). However, the functional test of the 
intermediate partially reverted mutants allowed us to 
map which region of the GluN3A interface tolerates 
the reversion into the residue composition of GluN2B 
(Figure 1E). Applying either glycine alone or glycine 
plus the potentiator CGP, we were able to distinguish 
3 phenotypes: 1) Wild-type-like phenotype with very 
little or no current in glycine alone but large currents 
with CGP, 2) Loss of function (LoF) mutants with no 
detectable currents in both conditions, 3) Gain of 
function (GoF) mutants with large currents in both 
conditions.  

In particular, a GoF (3) phenotype is observed with 
GluN1/GluN3A-S892L-K895F, a double mutant 
located in the inner side of the LBD GluN3A dimer 
interface (Figure 1E). Its expression success rate, as 
recorded with glycine induced current, appears almost 
5 times superior to GluN1/GluN3A (Figure S2A). 
Interestingly, the two individual mutants 
GluN1/GluN3A-S892L and GluN1/GluN3A-K895F 
exhibit much lower expression (Table 2) pointing 
towards a synergetic effect of the double mutation. 
Indeed, the residues S892 and K895 in GluN3A do 
correspond to L781 and F784 of GluN2B that lye at 
the core of a hydrophobic cluster at the GluN1-
GluN2B interface (Figures 1C-D & 2A). The F784 in 
GluN2B do correspond to V783 of GluN2A (Figure 

1D), and it has been shown that mutation F784V in 
GluN2B is sufficient to confer the sensitivity to 
GluN2A-specific positive allosteric modulator at this 
interface (Hansen et al., 2012; Hackos et al., 2016). 
While presenting a slightly weaker phenotype than the 
GluN3A-S892L-K895F mutant, GluN3A S892L-
K895V also presents a GoF phenotype (3), with large 
size glycine-alone induced currents (Figure S2A) and 
high expression rate (Table 2).  

GluN3A LBD-interface mutants exhibit increased 
glycine sensitivity. Both double-mutants exhibit 
strongly modified glycine dose response (Figures 2B, 
2C & S2B) with large non-desensitizing currents at 1 

M glycine. The glycine dose-response (DR) is 
biphasic with an activation part showing peak-current 
EC50, respectively at 0.68 µM ± 0.24 (n=5) and 0.50 
µM ± 0.11 (n=5) for GluN1/GluN3A-S892L-K895F and 
GluN1/GluN3A-S892L-K895V, and a steady-state of 
0.59 µM ± 0.28 (n=5) and 0.62 µM ± 0.13 (n=4) 
respectively (Figure 2B & S2B, Table 1). The inhibition 
part of the biphasic DR peak presents an IC50 of 5.49 
µM ± 1.41 and 3.21 µM ± 1.43 respectively (Figure 
S2B). Above 3 M of glycine application, the mutant 
receptors faced increasing desensitization linked to 
glycine binding on GluN1 subunit, like already 
observed in GluN1/GluN3A WT receptors (Chatterton 
et al., 2002; Awobuluyi et al., 2007; Grand et al., 
2018). The glycine EC50 of the mutants, that is 
associated to glycine binding on the GluN3A subunit, 
thus shows one order of magnitude decrease (on 
average) compared to GluN1/GluN3A WT. Moreover, 
the addition of the pore blocker pentamidine (Figure 
2D, S1A-B & S2C) on the current baseline of the 
mutants revealed the inhibition of small constitutive 
currents. We estimated that the GluN1/GluN3A-
S892L-K895F mutant is already 12% ± 3.5 (n=3) 
activated in our ringer before glycine application, but 
25% ± 6.6 (n=8) in the presence of CGP-78608 and 
glycine (Figure 2D). Indeed, the decrease of glycine 
EC50 of the double mutants is even more marked in 
the presence of CGP (Figure 2E-F). The observed 
tonic current likely corresponds to residual activation 
by ambient glycine contamination (around dozen of 
nM (Ascher, 1990)). Altogether, these observations 
underline the strong increase of glycine sensitivity in 
GluN1/GluN3A-S892L-K895F and GluN1/GluN3A-
S892L-K895V mutants. 

GluN3A S892L-K892F: a strong gain-of-function 
mutant. As already illustrated in the dose-response, 
the double-mutants didn9t prevent the typical 
GluN1/GluN3 receptor desensitization at high glycine-
alone applications. In the presence of CGP-78608,  
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Figure 3. Gain-of-function mutants phenotype at GluN3A LBD interface. A: The mutants slow the current relaxation kinetics 
in saturating glycine (100 M) and CGP (200 nM). On the top the current traces show the large kinetic difference between 
GluN1/GluN3A-WT and GluN1/GluN3A-S892L-K895F, as illustrated by the different angles of the virtual dotted blue lines and the 
arrows. The histogram at the bottom shows quantification of the linearized slope of the current relaxation for WT and mutants. 
See Table 2 for the values. B: The mutants reduce CGP potentiation. The top trace shows a first activation by 100 µM glycine, 
then the coactivation by CGP (200 nM) and glycine (100 µM) for the mutant GluN1/GluN3A-S892L-K895F. The histogram at the 
bottom shows the quantification of the CGP-induced potentiation compared to the glycine peak current size. Please note the 100-
fold difference of CGP potentiation between the WT and the GluN3A-S892L-K895F mutant. C: MTSEA molecule mode of action 
on NMDAR activation mechanism. The agonist (red ellipse) bound receptor on the left schematizes the activation equilibrium 
between the closed and the open state. The cysteine point mutant (hexagonal orange) in the pore allows MTSEA (green molecule) 
binding, which locks the receptors into a constitutive open state (on the right). D: Current traces showing MTSEA induced 
potentiation of GluN3A-WT, and GluN3A-C859S-C913S and the interface mutants GluN3A-S892L-K895F, GluN3A-S892L-
K895V, all co-expressed with GluN1 A652C for MTSEA attachment. All conditions require pre-incubation with 200 nM CGP, 
followed by 100 µM glycine, before application of 300 µM MTSEA. The MTSEA potentiation is abolished in the mutants GluN3A- 
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S892L-K895F while it is increased in the mutant C859S-C913S compared to the WT. Please note that MTSEA-bound GluN3A 
WT behaves differently from GluN2 containing NMDARs (Yuan et al., 2005; Gielen et al., 2009) since it does not result in a 
permanent constitutive activation. However, the GluN3A interface GoF mutants appear trapped in a constitutive active 
conformation, that can be inhibited by pentamidine (100 µM). E: Quantification of the relative Po of the different GluN3A constructs 
tested in panel 3D. The relative Po is estimated by the ratio between the glycine+CGP max current and the maximal current after 
MSTEA application (1/MTSEA potentiation). See table 2 and figure S3 for the values and additional informations. 
 
 

this fast desensitization of GluN1/GluN3A-WT 
receptor is almost abolished (Grand et al., 2018). Still, 
the resulting steady state current is slowly reducing 
with time, likely because of slow CGP washout by 
glycine within the GluN1 binding site (Grand et al., 
2018). Interestingly, our double mutants greatly 
reduce this current drop in the presence of CGP, 
allowing to record GluN3A receptors with large stable 
currents (Figure 3A, table 2). 

Glycine-induced current of GluN1/GluN3A-WT can 
be potentiated more than 100 fold by CGP, 
highlighting the overall poor gating efficiency of the 
receptor (Grand et al., 2018). GluN3A S892L-K895F 
and GluN3A S892L-K895V mutants are respectively 
2.61 ±0.86 fold (n=10) and 8.01 ±4.41 (n=4) fold 
potentiated by CGP (Figure 3B, 1E). This phenotype 
can9t be explained by a lower efficiency of CGP on the 
mutants since the CGP DR of GluN3A S892L-K895F 
(EC50 33.1 nM ±1.2, n=5, figure S4A) lies in the same 
range than in the WT (EC50 26.3 nM ±5 - Grand et al., 
2018). Such a strong reduction of CGP potentiation 
rather indicate that the mutant receptors are already 
close to their maximal activation in glycine alone 
conditions, and thus that the double-mutant is 
potentiating the GluN1/GluN3A receptor open 
probability (Po).  

Since no simple tool was available to estimate the 
open probability of GluN1/GluN3A receptors, we 
implemented an MTSEA cross-linking approach that 
has already been validated to estimate the relative Po 
of GluN1/GluN2 receptors mutants and chimeras 
(Yuan et al., 2005; Gielen et al., 2009). The application 
of the cysteine reactive crosslinker MTSEA on a 
GluN1/GluN2 receptor with a cysteine point mutation 
in the SYTANLAAF motif at the M3 TM helix of the 
gate allows to permanently lock open the ion channel 
in a constitutive open state (Figure 3C). As in GluN2 
receptors, the corresponding mutant GluN1-
A652C/GluN3A-WT was potentiated 16.4 fold ±7.3 
(n=6) upon application of MTSEA on top of CGP and 
glycine (Figure 3D-E), while the control GluN1-
WT/GluN3A-WT is not potentiate by MTSEA (not 
shown). The approach also works with the cysteine 
mutant A765C on the GluN3A subunit (co-expressed 
with GluN1 WT) but displays smaller amplitudes of 
MTSEA potentiation (Figure S3). We also tried 
MTSEA application on glycine-alone (without CGP) 
evoked currents but it was too slow to be used 
experimentally (not shown). The MTSEA methodology 
thus requires the use of CGP to allow Po estimation of 
GluN1/GluN3A constructs.  

If MTSEA potentiated receptors correspond to fully 
active receptors, then the receptor relative Po should 

be inversely correlated to the ratio between the 
agonist induced-current level (before MTSEA 
application) and the plateau in presence of MTSEA 
(Yuan et al., 2005; Gielen et al., 2009). We observed 
that, contrary to GluN1-A652C/GluN3A-WT receptors, 
the LBD interface double-mutants did show no (or 
minimal) current increase upon MTSEA application 
(Figure 3D-E, Table 2). This indicates that the mutant 
GluN3A-S892L-K895F is already at maximal relative 
Po (1.0 ± 0.1 fold MTSEA potentiation, n=5) in 
presence of glycine and CGP while the mutant 
GluN3A-S892L-K895V displays a bit lower relative Po 
(2.6 ± 0.9 fold MTSEA potentiation, n=5). 

The MTSEA methodology also allows to determine 
the activity of other known GluN1/GluN3A mutants. As 
an alternative to CGP application on WT receptors, 
GluN1-F484A/GluN3A-WT mutant has been shown to 
abolish GluN1-dependant desensitization through the 
impairment of glycine binding to its GluN1 binding site 
(Awobuluyi et al., 2007; Madry et al., 2007). This 
mutant thus allows to record large stable currents with 
GluN1/GluN3A receptors, however it is no more 
sensitive to CGP (Grand et al., 2018). The MTSEA 
potentiation of the GluN1-F484A/GluN3A-A765C in 
the absence of CGP shows a four fold decrease of 
relative Po compared to WT in CGP (Figure S3). 
Interestingly, the GluN1-F484A mutant appears thus 
less efficient than CGP to potentiate the receptor likely 
because of a lower efficiency to reduce the GluN1-
dependant desensitization component.  

Looking for the gating link between the LBD to the 
pore, we also analyzed the activity of GluN3A C859S-
C913S mutant that partially uncouples the LBD to the 
TMD, and has been previously been shown to 
enhance GluN3A glycine sensitivity (Grand et al., 
2018). MTSEA-induced current potentiation 
phenotype of this mutant indicates a two fold decrease 
of the relative Po compared to WT receptors (Figure 
S3). This loss of Po shows that the mutant may have 
directly uncoupled the transduction mechanism from 
the GluN3A-LBD to the pore, that would also have 
released the high glycine affinity potential of GluN3A 
LBDs (Yao, 2006). 

Compared to these latter mutants with increased 
activity (reduced desensitization for GluN1-
F484A/GluN3A and decreased glycine EC50 for 
GluN3A C859S-C913S) but reduced Po, the large Po 
increase of our GoF LBD-interface mutants thus 
appears specific. The possibility to reach a relative Po 
of 1 (GluN3A S892L-K895F 3 Figure 3D-E) further 
highlights the importance of the LBD-dimer interface 
in regulating GluN1/GluN3A receptor gating activity. 
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composition of the LBD-dimer interface plays a critical 
role in GluN1/GluN3A receptor gating properties.   

 
Discussion  

GluN1/GluN3A appear as an atypical NMDARs both 
at the physiological and molecular level, but this 
impression of divergence is most probably linked to 
our present inability to make complete sense of their 
peculiar functional properties. Still GluN1/GluN3A 
receptors belong phylogenetically to the NMDA 
receptor family and as such have faced some specific 
architectural constraints of the group (Stroebel and 
Paoletti, 2021; Stroebel et al., 2021). Understanding 
and controlling the atypical functional specificities of 
GluN1/GluN3A should definitely benefit from the large 
framework of knowledge and methods developed for 
other iGluRs and more especially for their GluN2 
paralogs. 

GluN1/GluN3A receptors appears as a unique case 
within the iGluR field because they appear both 
activated by one subunit (GluN3A) and inactivated by 
the other one (GluN1) when binding the same agonist 
(glycine) (Chatterton et al., 2002; Awobuluyi et al., 
2007; Madry et al., 2007). They also appear unique in 
the NMDAR field because of their fast glycine-
dependent desensitization, that greatly contributed to 
hide their presence in the CNS until recently (Grand et 

al., 2018; Otsu et al., 2019; Bossi et al., 2022). Their 
quick desensitization is reminiscent of AMPAR and 
kainate receptors currents behavior (Nayeem et al., 
2009; Twomey et al., 2017; Hansen et al., 2021). In 
AMPA and kainate receptors, the transition from the 
active agonist-bound state to the agonist-bound 
desensitized state is directly linked to the 
spontaneous breaking of the intra-LBD dimer interface 
(Sun et al., 2002; Weston et al., 2006). This 
reorganization of the LBDs induces a release of 
tension of the TMD-LBD linkers that leads to pore 
closure (Yuan et al., 2005; Chen et al., 2014; Dürr et 

al., 2014). In GluN2 containing NMDARs, such 
desensitization is not usually observed, however the 
reorganization of agonist-bound LBDs also led to the 
inactivation of these receptors (Gielen et al., 2009; 
Tajima et al., 2016). The transition to these 8inhibited 
states9 is under the control of NTD-dependent 
allosteric modulations that reorganize the LBD layer 
using different mechanisms depending of the involved 
GluN2 subunit (Tian et al., 2021). Thus, despite 
apparent different mechanisms, the control by the 
LBDs of the transition between activated and 
inactivated states appears as a shared property 
between iGluRs. Overall, 30 years of targeted 
mutagenesis and pharmacology, together with 
structural approaches, highlighted the critical 
importance of the LBD intra-dimer interface in the 
functional transitions of iGluRs (Sun et al., 2002; 
Gielen et al., 2008; Hansen et al., 2021).  

By mutation scanning at the LBD dimer interface of 
GluN3A we aimed at dissecting the functional 

mechanism of GluN1/GluN3A receptors function. 
Contrary to other iGluRs, this strategy has proven to 
be difficult because most GluN3A mutants didn9t show 
any (or sufficient) current. In this context, 
GluN1/GluN3A receptors appeared to be particularly 
sensitive to mutagenic changes. Using a subtler 
mutagenic strategy, we tried to confer GluN2 
functional properties (like limited desensitization or 
higher Po) to GluN1/GluN3A receptors, by substituting 
residues at the GluN3A LBD interface with their 
corresponding ones in GluN2 (Figure 1). This chimeric 
approach led us to the discovery of strong gain of 
function double-mutants GluN3A-S892L-K895F (or 
S892L-K895V), that are located in inner side of the 
LBD interface, close to the LBD hinge region. The 
obtained gain-of-function phenotype is both striking 
and atypical with a large increase both in Po (~15-fold 
compared to WT) and agonist sensitivity (~10-fold fold 
glycine EC50 compared to WT).  

These completely new gain-of function mutants of 
GluN3A appear as important tools to dissect the 
functional mechanism of GluN1/GluN3A receptors, by 
highlighting unexpected functional and structural 
similarity with other iGluRs, and narrowing the 
hypothesis about the molecular origin of their 
functional specificities. 

LBD dimer interface plays an important role in 
GluN1/GluN3A receptor function. At first, our work 
underlines some architectural homologies of 
GluN1/GluN3A receptors with other NMDARs and 
iGluRs, despite marked functional differences. The 
success of the chimera approach, that aimed at 
conferring some GluN2 properties to GluN3A 
receptor, indeed suggests that the subunit cross-talk 
between GluN1 and GluN3A happen somehow as 
expected in the established framework of iGluR 
function. Indeed, stabilizing this interface tends to 
increase receptor activity as already proposed 
(Cummings et al., 2016). One key question is if the 
LBD dimer interface could assemble in the active state 
of GluN1/GluN3A as it does in other iGluRs? At least 
two indications point in that direction: 1) The 
GluN1/GluN3A LBD dimer is predicted by alpha-fold 2 
to assemble as in the homology model of 
GluN1/GluN3A receptors (Figure 1B) we used to 
design the GoF mutants. 2) In GluN1/GluN2, the LBD 
dimer interface is stabilized by large hydrophobic 
patches (Furukawa et al., 2005; Gielen et al., 2008; 
Jalali-Yazdi et al., 2018; Esmenjaud et al., 2019; Tian 
et al., 2021) (Figure 1C). In our GluN1/GluN3A model, 
GoF apolar mutants would be placed at the right 
position to stabilize the dimer LBD interface by 
reintroducing an important hydrophobic contact 
(Figure 1C & 4B). Altogether, it seems likely that the 
GluN1/GluN3A LBD dimers assemble and interact 
during the activation mechanism. The existence of this 
LBD dimer interface of GluN1/GluN3A is then raising 
new questions, since it seems in contradiction with the 
peculiar functional properties of the receptor.  
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It is well documented in AMPAR that desensitization 
can be abolished by stabilizing the LBD intradimer 
interface by mutation (like the L483Y mutant) or by 
pharmacology (like with the cyclothiazide CTZ 
molecule) (Stern-Bach et al., 1998; Sun et al., 2002). 
Still, our stabilizing GoF mutants at LBD dimer 
interface of GluN1/GluN3A receptor do not eliminate 
the GluN1-dependant desensitization (as seen in the 
DR Figure 2B). Even the IC50 of glycine binding on 
GluN1, that controls the onset of GluN1/GluN3A 
desensitization process, appears not affected by the 
GoF mutants (Figure S4B). Only the co-application of 
CGP on the strongest GoF mutants were able to 
stabilize the receptor in the active state more 
efficiently than in WT receptors (Figure 3A). Thus, in 
GluN1/GluN3A receptors, the stability of the LBD 
dimer interface in the 2X region (Figure 4A & 5A) 
appears not to be critical for receptor desensitization 
but rather to activation efficiency.  

Stabilizing the upper-lobe LBD dimer interface has 
been reported to impair desensitization in AMPAR and 
to be associated with decrease agonist sensitivity 
(EC50) (Sun et al., 2002) . In GluN2A NMDARs, the 
covalent stabilization of the LBD dimer interface with 
a disulfide bridge also leads to reduced agonist 
sensitivity (EC50) (Gielen et al., 2008). However, our 
LBD dimer interface GoF mutants in GluN1/GluN3A 
receptors exhibit a greatly improved Po and glycine 
sensitivity (1 order of magnitude EC50 decrease, See 
Table 1). This increased glycine sensitivity of the GoF 
mutant constitutes an additional indication of the 
limited involvement of the LBD dimer interface in 
GluN1/GluN3A receptor desensitization. Our 
GluN1/GluN3A GoF phenotypes resemble more to the 
effect of Aniracetam on AMPA receptor (Partin et al., 
1996; Jin et al., 2005) and GNE-8324 on 
GluN1/GluN2A receptors (Hackos et al., 2016). These 
two PAM molecules, that both increase receptor 
agonist sensitivity and stabilize the LBD dimer 
interface, mediate their effect through subtle 
conformational changes. These effects are likely 
being communicated to the neighboring LBD hinges, 
affecting LBD open-closure equilibrium and thus 
agonist sensitivity. Such mechanism probably applies 
to our GluN1/GluN3A GoF mutants since almost all of 
them appear to be localized in the LBD hinge region 
(Figure 5A). 

Toward a global mechanism of GluN1/GluN3A 
function. Altogether, our work indicates that the LBD 
dimer interface is an important determinant of 
GluN1/GluN3A receptor activity, but how can we 
integrate this information in our global understanding 
of the receptor functional mechanism? In particular, 
the striking phenotype of our GoF LBD interface 
mutants (Capacity of >100-fold potency for receptor 
activation (Figure 3B), <10 fold increase of glycine 
sensitivity (Figure 2) and absence of impairment of 
GluN1-depend desensitization (Figure 2)), reveals the 
existence of an inactivation mechanism that is tuned 
by the LBD-dimer interface properties, but that 
appears independent from the desensitization 

controlled by glycine binding on GluN1. We were thus 
able to distinguish two distinct mechanisms of 
GluN1/GluN3A receptors inactivation. 

There is obviously much left to be learned about the 
structure3function relationships underlying the 
complex behavior of GluN1/GluN3A receptors. In 
particular, GluN1-dependant desensitization 
mechanism remains unexplained. We showed in this 
work that this desensitization may not involve the 
canonical iGluR pathway involving LBD intradimer 
interface stability. Thus, at least in this context, 
GluN1/GluN3A receptors intradimer LBD does not 
seem to function as in AMPA & kainate receptors, but 
rather to behave like GluN2 containing NMDARs. This 
GluN1/GluN3A desensitization mechanism may 
possibly involve GluN1 specific LBD-TMD 
communication  (Sobolevsky et al., 2009) or GluN1-
dependant reorganization of the LBD layer (Tajima et 

al., 2016; Esmenjaud et al., 2019; Chou et al., 2020; 
Tian et al., 2021; Wang et al., 2021). In GluK2/GluK5 
heterotetrameric receptors, the ligand binding to either 
GluK2 or GluK5 can activate the receptors, but 
desensitization requires ligand binding to both subunit 
types (Reiner and Isacoff, 2014). However, contrary to 
GluK receptors whose desensitized state appear 
structurally symmetrical in the gating core (Meyerson 
et al., 2016), NMDAR heterotetramers exhibit stable 
architectural asymmetry (Sobolevsky et al., 2009; 
Karakas and Furukawa, 2014; Lee et al., 2014; Tajima 
et al., 2016; Zhu et al., 2016; Jalali-Yazdi et al., 2018; 
Chou et al., 2020; Wang et al., 2021) and a strong 
functional specialization of each subunits (Stroebel 
and Paoletti, 2021)  (Figure 1A). It is thus tempting to 
speculate that the heterotetrameric GluN1/GluN3A 
receptors have integrated a typical NMDAR subunit-
specialized function with activation by the two GluN3A 
subunits (like observed in kainate receptor) and 
subsequent desensitization by the two GluN1 
(resembling that of kainate receptors). Still, such a 
global mechanism of GluN1/GluN3A receptor function 
would also have to explain how GluN1 glycine binding 
doesn9t lead to desensitization in the GluN2 context 
but rather to co-activation. 

 
Finally, we can wonder why GluN1/GluN3A 

receptors are so poorly active. Compared to the very 
high glycine affinity of GluN3A isolated LBD : Kd of 40 
nM (Yao, 2006; Stroebel et al., 2021), the 
GluN1/GluN3A-WT receptors appear poorly efficient, 
with a GluN3A-dependant glycine EC50 of 46 M in 
CGP or 8 M just with glycine (see Table 1) or 89 M 
as previously reported with faster perfusion system 
(Skrenkova et al., 2019). The 100 fold increases of 
glycine sensitivity in our interface GoF mutants 
(Figure 2F, Table 1) further highlights the hidden 
potential for high glycine sensitivity in GluN3A 
receptors. Moreover, it suggests that the LBD-dimer 
interface largely contributes to the conformational 
constraints lowering GluN3A agonist sensitivity. Our 
GoF mutants with a Po close to 1 also show that wild-
type GluN1/GluN3A receptors (Po of 0.06 in CGP - 
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Table 1) are far from being fully effective (Estimated 
absolute Po : 0.03) (Sasaki et al., 2002). The 
GluN1/GluN3A-WT LBD dimer interface composition 
thus appears at the core of the limited efficiency of the 
receptor, both in terms of glycine sensitivity and gating 
activity. Beyond the specific sites we mutated (Figure 
5A), the overall LBD dimer interface area of N2B and 
N3A share 51% sequence identity. In comparison, 
their whole LBDs share 37%, and the LBD interdimer 
interface area only 17%, suggesting a strong selective 
pressure was specifically maintained at the 
dimerization interface (Stroebel and Paoletti, 2021). 
Since GluN1/GluN3A-WT receptors have been shown 
to be involved in the regulation of neural excitability 
under the control of ambient glycine, our GoF mutants 
reveal the fingerprint of evolution at the LBD dimer 
interface, where selection shaped the amino-acid 
composition of the interface to avoid inadequate or 
excessive neural activation.   

 
Conclusion 

GluN1/GluN3A receptors are new players in brain 
signaling with still underestimated physiological roles. 
The underlying difficulty of studying these receptors 
relates in part to their sparse pharmacology and 
unclear molecular function. In the present work we 
demonstrated the functional importance of GluN3A 
LBD intra-dimer interface assembly for the gating of 
the receptor, highlighting its functional similarities with 
that of other iGluRs. This finding thus reorients the 
search for the origin of GluN1/GluN3A receptors 
functional specificities (such as glycine-dependent 
desensitization) at other regions and interfaces. We 
believe the large GoF mutants we characterized offer 
unique opportunities to further elucidate 
GluN1/GluN3A receptors gating mechanism and 
structure, similarly than the GoF mutants of GluN2 
receptor recently used to solve structures of NMDARs 
pre-active state (Esmenjaud et al., 2019; Chou et al., 
2020; Wang et al., 2021). Advances in this field are 
critical to tackle new questions about the pathological 
roles of these receptors (Lee et al., 2015; Mahfooz et 

al., 2016; Liu et al., 2021; Crawley et al., 2022). The 
molecular tools we validated should be of great help 
for functional and pharmacological tests in the 
framework of these future therapeutic developments.  
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Figure S1. GluN1/GluN3A receptors pore blockers: Pentamidine & Magnesium 
sensitivity.
 

A: Magnesium I/V curves normalized to +40 mV for GluN1-F484A/GluN3A-WT with 1 mM glycine in black dotted line, and 
1 mM glycine + increasing Mg2+ concentrations in continuous line (n=3). B: Pentamidine I/V curves normalized to +40 
mV for GluN1-F484A/GluN3A-WT with 1 mM glycine in black dotted line, and 1 mM glycine + increasing pentamidine concen-
trations in continuous line (n=5). C: Pentamidine and magnesium inhibitory dose responses for both 
GluN1/GluN3A-WT (dotted black line, n=4) with 100 µM glycine pre-incubated with 200 nM CGP and for 
GluN1-F484A/GluN3A-WT (straight black line, n=5) with 1 mM glycine, both at -60 mV. The green straight line represents 
the inhibitory dose response of  Mg2+ for GluN1-F484A/ GluN3A-WT in the presence of 1 mM glycine (n=3), obtained from 
the IV curves shown in Panel B. IC50 for Pentamidine was : 14.90 µM ± 1.72 for GluN1/GluN3A-WT, and of 26 µM ± 5 for 
GluN1-F484A/GluN3A-WT. IC50 for Mg2+ for GluN1-F484A/GluN3A-WT was measrued at 6.3 ± 0.83 mM.                                 .
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Figure S2. Double mutants properties : Raw currents, SS glycine DR & pentamidine 
response.
 

A: Raw peak current size of the two double mutants GluN1/GluN3A-S892L-K895F and GluN1/GluN3A-
S892L-K895V, compared to GluN1/GluN3A-WT. Each dot corresponds to the recording of individual oocyte - 
oocytes with no current were not included (See Table 2). B: Steady-state glycine dose-responses for 
GluN1/GluN3A-WT (n=1), GluN1/GluN3A-S892L-K895F  (n=5) and GluN1/GluN3A-S892L-K895V (n=4) 
following application of different glycine concentrations. EC50s were calculated as 3.9, 0.59 ± 0.2, and 0.62 ± 
0.13 µM for GluN1/GluN3A-WT, GluN1/GluN3A-S892L-K895F and GluN1/GluN3A-S892L-K895V respectively. 
EC50s were calculated for each individual cell, and then averaged. Due to the small sizes of the desensitized 
GluN1/GluN3A-WT steady state currents after glycine application, we picked a representative trace with the 
largest current size we could record. C : Pentamidine I/V curves of the mutant GluN1/
GluN3A-S892L-K895F normalized to +40 mV with 1 µM glycine in black dotted line, and 1 µM glycine + 100 
µM pentamidine in black straight line (n=4). The positive current at hyperpolarized potentials reveals small tonic 
activity at resting potential.                                                                               .
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Figure S3. MTSEA method result summary. 

Clustered in white are the GluN3A mutants tested by coninjecting the GluN1-A652C pore mutant. In black 
are the conditions recorded with pore mutant GluN3A-A765C. All mutants were tested with 200 nM CGP 
pre-incubation and 100 µM glycine application followed by 300 µM MTSEA application. The MTSEA induced 
potentiation on the Y axis corresponds to the ratios between the peak currents following agonist application 
and the steady state current obtained with MTSEA application on top of the glycine+CGP.                                                                               

.



 22 

 

 

  

CGP concentration (nM)

C
G

P
 p

o
te

n
ti
a
ti
o
n
 (

p
e
a
k
)

GluN1\GluN3A S892L-K895F

1 10 100

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

IC
5
0
 g

ly
c
in

e
 (

µ
M

)

S892L 
K895F 

S892L
K895F
H904E
K909T

S892L 
K895V 

S892L
 K895I

GluN1

GluN3A  S650E
D850N
S892L
K895F
H904E
K909T

WT WTWTWTWT

A

B

1

10
5.4

3.0

2.2

3.2

2.1

1

10

100

C
G

P
 p

o
te

n
ti

a
ti

o
n

 I519D

WT 892L 

895F

892L 

895F

C

Figure S4. Mutagenesis and pharmacology reveal the influence of inter-LBD 
communication. 

A: Dose-responses of CGP-induced potentiation for GluN1/GluN3A-S892L-K895F in the presence of 100 
µM glycine, EC50 = 33.1 ± 1.25 nM, nH 1.41, (n=5). For the GluN1/GluN3A-WT, Grand et al., 2018 reported a 
value of CGP-induced potentiation of the peak current of EC50 = 26.3 ± 5 nM. B: GluN1 glycine IC50 compo-
nents of the biphasic dose-responses (Figure 2B) calculated with the steady state currents for different GoF 
mutants of the intradimer interface. For each condition, IC50 was calculated per each cell, then all the values were 
averaged to be plotted. C: CGP potentiation values for the reverting interface mutants GluN1-I519D with 
the GoF mutant GluN3A-S892L-K895F (see also Figure 4).                                               . 
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Figure S5. Glycine sensitivity of chimeric mutants of the LBD dimer inter-
face. 

A. Current trace of glycine dose-response for the mutant GluN3A-4X (GluN1/GluN3A-S892L-K895F-
H904E-K909T). B. Glycine dose response of chimeric constructs GluN1/GluN3A S892L-K895F-H904E-
K909T (GluN3A-4X) and GluN1/GluN3A-S650E-D850N-S892L-K895F-H904E-K909T (GluN3A-6X). The resulting 
EC50 for glycine steady state for GluN3A-4X and GluN3A-6X are 0.13 ± 0.04 µM, (n=5) and 0.49 ± 0.03 µM 
(n=4) respectively. As in figure S2, due to the small sizes of the desensitized GluN1/GluN3A-WT steady state 
currents after glycine application, we picked a representative trace with the largest current size we could record. 
C. Current trace of the GluN3A-7X mutant (GluN1/GluN3A-Y805N-S809N-F810Y-S892L-K895F-H904E-
K909T) showing positive steady state currents upon saturating glycine application and thus revealing the extent 
of the tonic current activation in recording solution for this mutant. D. Extent of tonic current in GluN3A-7X 
mutant. Comparison of saturating 100 µM glycine and 100 µM pentamidine applications on the mutant inward 
currents (n=3).                                                                                           .
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gions spécifiques des récepteurs GluN1/GluN3A dans le contrôle de leur mécanisme d’activation. Nous avons ainsi

2) L’analyse de modèles structuraux des récepteurs GluN1/GluN3A a permis de déterminer d’identifier des sites potent

Nous avons tenté de ponter plusieurs interfaces par ponts disulfures et utilisation d’acides aminés non naturels (UAA) photo

et boucles du récepteur afin d’en étudier le rôle. Cependant, ces approches ont eu un succès limité.

ue pour l’activation de tous

clés du comportement d’activation

l’interface de dimérisation des LBD chez GluN1/GluN3A joue un rôle clé dans les processus 

d’activation du récepteur.

présent travail, nous avons démontré l'importance fonctionnelle de l'assemblage de l’interface intra GluN3A LBD pour l’activation du récepteur, en mettant en évidence des similitudes 


