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Abstract
The short pre-M1 helix within the S1–M1 linker (also referred to as the pre-M1 linker) between the agonist-binding domain 
(ABD, S1) and the M1 transmembrane helix of the NMDA receptor (NMDAR) is devoid of missense variants within the 
healthy population but is a locus for de novo pathogenic variants associated with neurological disorders. Several de novo 
variants within this helix have been identified in patients presenting early in life with intellectual disability, developmental 
delay, and/or epilepsy. In this study, we evaluated functional properties for twenty variants within the pre-M1 linker in GRIN1, 
GRIN2A, and GRIN2B genes, including six novel missense variants. The effects of pre-M1 variants on agonist potency, 
sensitivity to endogenous allosteric modulators, response time course, channel open probability, and surface expression were 
assessed. Our data indicated that virtually all of the variants evaluated altered channel function, and multiple variants had 
profound functional consequences, which may contribute to the neurological conditions in the patients harboring the vari-
ants in this region. These data strongly suggest that the residues within the pre-M1 helix play a key role in channel gating 
and are highly intolerant to genetic variation.
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Abbreviations
3DMTR	� Three-dimensional missense tolerance
7-CKA	� 7-chlorokynurenic acid
ABD	� Agonist binding domain
AP-5	� d,l-2-amino-5-phosphonovalerate
ASD	� Autism spectrum disorder
ATD	� Amino-terminal domain
CTD	� Carboxyl-terminal domain
LBD	� Ligand binding domain
MTSEA	� 2-aminoethyl methanethiosulfonate 

hydrobromide
NMDAR	� N-methyl-d-aspartate receptor
NTD	� N-terminal domain
TEVC	� Two-electrode voltage clamp
TMD	� Transmembrane domain (M1–4)
τW	� Weighted deactivation tau
WT	� Wildtype

Introduction

N-methyl-d-aspartate receptors (NMDARs) are ligand-gated 
ion channels that mediate a slow, Ca2+-permeable compo-
nent of excitatory synaptic transmission [1]. They are tetra-
meric assemblies of GluN1, GluN2A, GluN2B, GluN2C, 
GluN2D, GluN3A, and GluN3B subunits. Although the 
nature of potential triheteromeric receptors that contain 
GluN1, GluN2, and GluN3 subunits (GluN1/GluN2/GluN3) 
in native cells has been difficult to ascertain, receptors com-
prising other assemblies of these subunits are well charac-
terized. Co-assembly of GluN1/GluN3 produces glycine-
activated receptors, and classical NMDAR receptors arise 
from co-assembly of two GluN1 and two GluN2 subunits 
[1]. NMDARs are activated by the binding of both gluta-
mate and glycine to the agonist binding domains (ABDs, 
also known as LBD, ligand binding domain) in the GluN2 
and GluN1 subunits, respectively. Binding of both co-ago-
nists to the NMDAR ABDs induces closure of the bilobed 
clamshell-like domains around the agonists, which triggers 
rearrangement of the linkers connecting the ABD to the ion 
channel pore and ultimately leads to opening of the pore 
[1]. Pore opening following agonist binding is controlled 
by multiple regions of the receptors, including the amino-
terminal domain, linkers between domains, and membrane-
associated portions (transmembrane domains M1–M4, 
TMD) of the receptor. Three closely spaced elements of the 
NMDAR within the transmembrane domain that control gat-
ing include the M3 transmembrane helix, the linker connect-
ing the ABD to the M1 transmembrane helix (the pre-M1 
linker or S1–M1 linker), and the linker preceding the M4 
transmembrane helix of the adjacent subunit (the pre-M4 
linker) [2]. The pre-M1 linker of all NMDAR subunits con-
tains a two-turn helix (the pre-M1 helix) that lies parallel to 

the surface of the plasma membrane and has been proposed 
to control channel gating through van der Waals interactions 
with the pore-forming M3 transmembrane helix [2–8].

Use of the Genome Aggregation Database (gnomAD) to 
assess the variation in the GRIN2A/GluN2A and GRIN2B/
GluN2B S1–M1 linker revealed a lack of missense variants 
between residues 540–555 for GRIN2A and 541–557 for 
GRIN2B in a population of over 140,000 healthy individuals 
(http://​gnomad.​broad​insti​tute.​org, evaluated August 2022). 
A similar lack of variants was observed in GRIN1/GluN1 
subunit in the pre-M1 linker (only 2 ultra-rare missense vari-
ants were reported in gnomAD between residues 545/566 in 
NP_015566). This lack of tolerated variation suggests that 
missense mutations in the pre-M1 linker could have signifi-
cant effects on receptor function and, consequently, brain 
health. Evaluation of several missense variants residing in 
the GluN1 and GluN2A pre-M1 linker in patients with neu-
rological conditions revealed significant functional conse-
quences [9]. For example, GluN1-D552E and GluN1-P557R 
were identified in patients with intellectual disability and/
or epilepsy, and both variants reduced current responses to 
saturating agonist and reduced surface expression relative to 
total expression when co-expressed with GluN2A [7]. These 
variants also altered glutamate and glycine potency. In addi-
tion, GluN2A-P552R identified in a patient with epilepsy 
slowed channel activation, prolonged the NMDAR deactiva-
tion time course, and markedly increased charge transfer [7]. 
A variant at the analogous residue, GluN2B-P553T, reduced 
channel function [10].

In this study, we have evaluated the functional properties 
of twenty additional pre-M1 variants identified in patients 
with neurological conditions to further explore the conse-
quences of variation in this intolerant region. We expressed 
the GluN1, GluN2A, and GluN2B variants in heterolo-
gous systems and measured the effects on pharmacology, 
response time course, channel open probability, and receptor 
trafficking. We found multiple variants produced profound 
functional consequences, indicating that the residues within 
the pre-M1 linker, including the pre-M1 helix, play a critical 
role in channel function and may explain the neurological 
deficits identified in the patient with de novo missense vari-
ants in this region.

Materials and methods

Ethics, consent, study approval, and genetic analysis

This study was approved by the Medical Ethics Committee 
and the Institutional Review Boards of Federico II Univer-
sity (Italy), University of California, San Francisco (USA), 
University Hospital Virgen del Rocío (Spain), and Cedars-
Sinai Medical Center (USA; Pr00037131).

http://gnomad.broadinstitute.org
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Proband-1, -8, -9, -10, -14, -15, -18, and -24 (Supplemen-
tal Table S1) were registered and evaluated at Cedars-Sinai 
Medical Center (proband 1; GluN1- R548Q), University 
of California, San Francisco (probands 8, 9, 10; GluN2A-
S545L), Federico II University (probands 14, 15, 24; 
GluN2A-S554T, GluN2B-S541G, and GluN2B-S555N), and 
University Hospital Virgen del Rocío (proband 18; GluN2B-
A549V) by whole exome sequencing. All genomic DNA 
used in the experiments was extracted from peripheral leu-
kocytes or buccal samples. All the variants were validated 
by Sanger sequencing.

All in vitro studies were conducted according to the 
guidelines of the Emory University Health and Safety Office 
and the Institutional Review Board.

Three‑dimensional missense tolerance 
determination

The three-dimensional missense tolerance (3DMTR) [11] 
was determined for each of the diheteromeric NMDARs 
using homology models based on the non-active GluN1/
GluN2B structure (pdb: 6WHS) [12] and the non-neuro 
gnomAD (v.2.1.1) dataset for each subunit. The 3DMTR 
application (https://​github.​com/​riley-​persz​yk/​3DMTR) was 
used to perform all analysis and score colored models, which 
were then used in PyMol to produce structure images.

Molecular biology

Human complementary DNAs (cDNAs) encoding human 
GluN1, GluN2A, and GluN2B were used as templates for 
site-directed mutagenesis with QuikChange Lightning Site-
Directed Mutagenesis Kit (Agilent Technologies, Santa 
Clara, CA, USA) to replicate the parental cDNA strand 
with the desired mismatch incorporated into the oligonu-
cleotide primer. Methylated parental cDNA was digested 
with Dpn I for 1 h at 37 °C and the nicked mutant cDNA was 
transformed into XL10-Gold Ultracompetent Cells (Agilent 
Technologies, Santa Clara, CA, USA). Mini-prep plasmid 
DNA was prepared from selected bacterial colonies grown in 
overnight cultures using the Qiaprep Spin Miniprep kit (Qia-
gen, Hilden, Germany) and the entire open reading frame 
of the glutamate receptor cDNA was verified using dideoxy 
DNA sequencing to verify the installation of the intended 
mutation and confirm no secondary site mutations were 
present (Eurofins Genomics, MWG Louisville, KY, USA). 
The human wildtype (WT) GluN1-1a (hereafter GluN1; 
NM_007327; NP_015566), human GluN2A (NM_000833; 
NP_000824) and human GluN2B (GenBank accession 
codes: NM_000834; NP_000825) cDNA were subcloned 
into the pCI neo vector [13].

The cDNA for WT and variant NMDAR subunits was 
linearized using FastDigest (Thermo Fisher, Waltham, MA, 
USA) restriction digestion at 37 °C for 1 h and the cor-
responding complementary RNA (cRNA) was synthesized 
in vitro using the mMessage mMachine T7 kit according 
to manufacturer’s instructions (Invitrogen, Waltham, MA 
USA).

Unfertilized Xenopus laevis oocytes (stage V–VI) were 
prepared from commercially available ovaries (Xenopus 
One Inc, Dexter, MI, USA), which were digested with Col-
lagenase Type 4 (Worthington-Biochem, Lakewood, NJ, 
USA) (800 μg/ml in dw, 15 ml for a half ovary) in Ca2+-free 
Barth's solution, which contained (in mM) 88 NaCl, 2.4 
NaHCO3, 1 KCl, 0.82 MgSO4, and 10 HEPES (pH 7.4 with 
NaOH), supplemented with 100 μg/ml gentamycin and 1 
U/ml penicillin/streptomycin. The ovary was incubated in 
enzyme solution with gentle mixing at room temperature 
(RT, 23 °C) for 2 h. The oocytes were then rinsed 10 times 
with Ca2+-free Barth's solution (35–40 ml of fresh solution 
each time) for 5 min each time and further rinsed 4 times 
with normal Barth's solution (same as above supplemented 
with 0.41 mM CaCl2 and 0.33 mM Ca(NO3)2) on the slow 
shaker for 5 min each rinse. The oocytes were then kept in 
16 °C incubator until further use. Xenopus laevis oocytes 
were injected with cRNA encoding either WT or mutant 
NMDAR subunits (GluN1:GluN2A or GluN2B ratio 1:2 
for 5‐10 ng total weight in 50 nl of RNAase-free water per 
oocyte). Injected oocytes were maintained in normal Barth’s 
solution at 16 °C.

Two‐electrode voltage‐clamp current recordings 
from Xenopus laevis oocytes

Two-electrode voltage clamp (TEVC) current record-
ings were performed at room temperature (23  °C) as 
previously described [14–16]. A dual‐stage micropipette 
puller (PC‐10; Narishige, Japan) was used to prepare the 
electrodes from borosilicate glass (#TW150F‐4; World 
Precision Instruments, Sarasota, FL, USA). Current and 
voltage electrodes were filled with 3 M KCl and used for 
TEVC recordings of oocytes one to five days postinjec-
tion (amplifier model OC‐725C; Warner Instruments, 
Hamden, CT, USA). Oocytes were transferred to a dual-
track recording chamber that shared a single perfusion line 
and allowed simultaneous recording from two oocytes. 
Oocytes were perfused with extracellular recording solu-
tion that contained (in mM) 90 NaCl, 1 KCl, 0.5 BaCl2, 10 
HEPES, and 0.01 EDTA (pH 7.4 with NaOH unless oth-
erwise stated; no EDTA for experiments measuring Mg2+ 
or Zn2+ sensitivity). The extracellular recording solution 
was supplemented with 10 mM tricine for experiments 
evaluating Zn2+ sensitivity [17], and the following buff-
ered free Zn2+ concentrations were achieved by adding 

https://github.com/riley-perszyk/3DMTR
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nominal concentrations of ZnCl2 to tricine-containing 
external solution: for 1 nM free Zn2+ we added 0.14 µM 
ZnCl2, for 3 nM free Zn2+ we added 0.42 µM ZnCl2, for 
10 nM free Zn2+ we added 1.4 µM ZnCl2, for 30 nM free 
Zn2+ we added 4.2 µM ZnCl2, for 100 nM free Zn2+ we 
added 14  µM ZnCl2, for 300  nM free Zn2+ we added 
42 µM ZnCl2. Solution exchange was computer-controlled 
through an 8-valve positioner (Digital MVP Valve, Ham-
ilton, CT, USA). Current responses to agonist application 
were recorded under a voltage clamp at a holding poten-
tial of − 40 mV unless otherwise stated. All solutions for 
concentration–response experiments were made in the 
extracellular recording solution. Maximal concentrations 
of agonists (100 μM glutamate and 100 μM glycine) were 
used in all oocyte recordings unless otherwise stated. The 
covalent modifying reagent 2-aminoethyl methanethiolsul-
fonate hydrobromide (MTSEA; Toronto Research Chemi-
cals, Ontario, Canada) was prepared fresh and used within 
30 min.

Whole cell voltage clamp recordings

Human embryonic kidney (HEK) 293 cells (ATCC CRL-
1573) were plated on glass coverslips pretreated with 
0.1 mg/ml poly-d-lysine and cultured in Dulbecco’s modi-
fied Eagle medium (DMEM) supplemented with 10% fetal 
bovine serum and 10 U/ml penicillin and 10 ug/ml strep-
tomycin and maintained at 37℃ in a humidified environ-
ment with 5% CO2. The cells were transiently transfected 
with cDNA encoding GluN1, GluN2A, and eGFP at a 
ratio of 1:1:5, or GluN1, GluN2B, and eGFP at a ratio of 
1:1:3 by using the calcium phosphate precipitation method 
[15]. NMDAR antagonists (200 μM DL-APV and 200 μM 
7-CKA) were added after the transfection. After 12–24 h 
following transfection, the cells were perfused with an 
external recording solution that contained (in mM) 3 
KCl, 150 NaCl, 0.01 EDTA, 1.0 CaCl2, 10 HEPES, and 
22 D-mannitol (the pH was adjusted to 7.4 with NaOH). 
The patch electrodes (resistance 3–5 MΩ) were prepared 
from thin-walled glass micropipettes (TW150F-4, World 
Precision Instruments, Sarasota, FL, USA) by a dual-stage 
glass micropipette puller (PC-10, Narishige, Tokyo, Japan) 
and filled with an internal solution containing (in mM) 110 
d-gluconate, 110 CsOH, 30 CsCl, 5 HEPES, 4 NaCl, 0.5 
CaCl2, 2 MgCl2, 5 BAPTA, 2 NaATP and 0.3 NaGTP (pH 
was adjusted to 7.4 with CsOH; osmolality was adjusted 
to 300–305 mOsmol/kg).

The whole cell current responses were evoked by the 
application of maximally-effective concentrations of ago-
nists (1 mM glutamate and 100 µM glycine) at a holding 
potential of -60 mV and recorded by an Axopatch 200B 

amplifier (Molecular Devices, Union City, CA, USA). 
All whole-cell recordings were performed at room tem-
perature (23 ℃). The current responses were low pass fil-
tered at 8 kHz with an 8-pole Bessel filter (− 3 dB; Fre-
quency Devices) and digitized at 20 kHz using a Digidata 
1440A acquisition system (Molecular Devices) controlled 
by Clampex 10.3 (Molecular Devices). The position of a 
two-barreled theta-glass micropipette used for rapid solu-
tion exchange was controlled by a piezoelectric translator 
(Burleigh Instruments, Newton, NJ, USA).

Beta‑lactamase assay

HEK cells were plated in 96-well plates at a density of 
50,000 cells/well. The cells were transiently transfected 
approximately 24  h later with cDNA encoding beta-
lactamase (β-lac)-GluN1 variants with WT GluN2A, or 
β-lac-GluN2 variants with WT GluN1 using Fugene6 
(Promega, Madison, WI). The β-lac-open reading frame 
was fused in the frame at the end of the signal peptide 
sequence for GluN1, GluN2A, or GluN2B receptors [18]. 
Several wells in each plate were treated with Fugene6 
alone without cDNA to define background absorbance. 
Six wells were transfected for each condition to allow the 
determination of surface and total protein levels in three 
wells each. NMDAR antagonists (200 μM DL-APV and 
200 μM 7-CKA) were added at the time of transfection. 
After 24 h, cells were rinsed with Hank’s Balanced Salt 
Solution (HBSS) containing (in mM) 140 NaCl, 5 KCl, 
0.3 Na2HPO4, 0.4 KH2PO4, 6 glucose, 4 NaHCO3 and sup-
plemented with 10 mM HEPES (pH 7.4). Subsequently, 
100 μl of a 100 μM nitrocefin (Millipore, Burlington, MA, 
USA) solution in HBSS with HEPES was added to each 
of the three wells for measuring the level of extracellular 
enzymatic activity, which reflected surface expression of 
NMDAR. The cells in the other three wells were lysed by 
a 30 min incubation in 50 μl H2O prior to the addition of 
50 μl of 200 μM nitrocefin to determine the expression 
level of total enzymatic activity, which reflects the total 
NMDAR protein level. The absorbance at 486 nm was 
determined using a microplate reader every min for 30 min 
at 30 ℃. The rate of increase in absorbance was generated 
from the slope of a linear fit to the data.

Data and statistics analysis

Statistical analyses were performed in GraphPad Prism 8.0.1 
(La Jolla, CA, USA) and OriginPro 9.0 (Northampton, MA, 
USA). Statistical significance was assessed using one-way 
ANOVA with post hoc Dunnett's multiple comparison test, 
with p < 0.05 considered significant. Data are presented as 
mean ± standard error of the mean (SEM). Error bars in 
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figures represent SEM unless otherwise stated. Power was 
determined using GPower 3.1.

EC50 values and IC50 values were obtained by fitting 
the concentration–response curve with Eqs. (1) and (2), 
respectively:

where N is the hill slope, EC50 is the concentration of the 
agonist that produces a half-maximal effect,

where IC50 is the concentration of the inhibitor that pro-
duces a half-maximal effect, and minimum is the amplitude 
of the residual response at a saturating concentration of the 
inhibitor.

The channel open probability (POPEN) was estimated 
from the fold potentiation observed in MTSEA using the 
following equation [19]:

where γMTSEA and γCONTROL were the single channel chord 
conductance values estimated from GluN1/GluN2A recep-
tors and fold Potentiation was defined as the ratio of cur-
rent in the presence of MTSEA to current in the absence of 
MTSEA; γMTSEA/γCONTROL was 0.67 [19].

The rise time for current responses recorded from HEK 
cells was determined as the time measured for the response 
amplitude to reach between 10 and 90% of the peak cur-
rent. The current deactivation response time course fol-
lowing removal of glutamate was fitted using ChanneLab 
(Synaptosoft, Decatur, GA, USA) by:

The weighted deactivation tau (τw) was calculated by:

Charge transfer was estimated as the product of peak 
whole-cell current response amplitude and the weighted 
deactivation tau (τw) for responses to prolonged applica-
tion of glutamate divided by the cell capacitance. We eval-
uated the relative fold-change in synaptic and non-synaptic 
charge transfer with the following equations, as previously 
described [18, 20]:

(1)Response(%) = 100∕
(

1 +
(

EC50∕
[

agonist
])N

)

(2)

Response (%) = (100 −minimum)

∕
(

1 +
(

[inhibitor]∕IC50

)N
)

+minimum

(3)POPEN = (�MTSEA∕�CONTROL) × (1∕Potentiation)

(4)
Response = AmplitudeFAST

(

exp
(

−time∕tauFAST
))

+ AmplitudeSLOW
(

exp
(

−time∕tauSLOW
))

(5)
�w = (AmplitudeFAST�FAST + AmplitudeSLOW�SLOW)

∕
(

AmplitudeFAST + AmplitudeSLOW
)

where τW is the mean weighted deactivation time constant, P 
is the receptor open probability, Surf is surface protein level, 
Mg is the residual % response remaining by 1 mM Mg2+ at a 
holding potential of − 60 mV, and RGLY and RGLU are relative 
response in a given agonist concentration calculated from 
Eq. (1). The concentration of glutamate used for synaptic 
charge transfer (RGLU, Synaptic) was 1 × 10−3 M and for non-
synaptic charge transfer (RGLU, Non-synaptic was 1 × 10−7 M. 
The concentration of glycine was 3 × 10−6 M.

Results

Clinical phenotypes associated with pre‑M1 variants

This study includes twenty missense and insertion/dele-
tion variants within the sequence coding pre-M1 linker 
and short pre-M1 helix in the NMDAR GRIN1, GRIN2A, 
and GRIN2B genes. The variants studied here were absent 
from the gnomAD database (evaluated August 2022). 
Table 1 and Supplemental Table S1 summarize the clini-
cal phenotype, the DNA and protein alteration, patho-
genicity prediction, and source for each of these variants. 
These include six GRIN1 variants, five GRIN2A vari-
ants, and nine GRIN2B variants. Five variants are novel 
(Patients-7,8,9, GluN2A-S545L; Patient-14, GluN2A-
S554T; Patient-15, GluN2B-S541G; Patient-18, GluN2B-
A549V; and Patient-24, GluN2B-S555N), while fifteen 
were reported in the academic literatures [10, 21–32] 
or ClinVar (Supplemental Table S1, Table 1) with one 
recurrent variant reported in this study (Patient-1, GluN1-
R548Q). All 24 patients (Supplemental Table S1) pre-
sented with neurodevelopmental disorders (i.e., intellec-
tual disability or developmental delay). In addition, eight 
of the patients presented with seizures (Supplemental 
Figure S1). Eleven patients had abnormal tone (hypotonia 
and/or hypertonia). Nine patients presented with speech 
and language problems. Among them, a father (Patient-10, 
38-year-old), daughter (Patient-9, 11-year-old) and son 
(Patient-8, 9-year-old) were all symptomatic as a result 

(6)

Relative charge transferSynaptic

= �wMUT∕�wWT × PMUT∕PWT

× SurfMUT∕SurfWT × RGLY

× RGLU, Synaptic ×MgMUT∕MgWT

(7)

Relative charge transferNon-synaptic

= PMUT∕PWT × SurfMUT∕SurfWT × RGLY

× RGLU, Non-synaptic ×MgMUT∕MgWT



	 L. Xie et al.

1 3

110  Page 6 of 19

of a common mutation in GRIN2A_p.Ser545Leu (Supple-
mental Fig. S1). The daughter had a very abnormal EEG 
with ESES-like features at 5 years of age, although the 
spikes are not sleep-activated and normal sleep architec-
ture was present. She has never had a clinical seizure, but 
her language, attention, and memory have responded well 
to a trial of Depakote (valproic acid). The son had speech-
language delay and more modest abnormalities on EEG at 
2-year-old. Father has never had an EEG or seizures but 
has a lifelong history of speech problems.

The affected residues within the pre-M1 region were pre-
sent in GluN1, GluN2A, and GluN2B subunits, encoded by 
GRIN1, GRIN2A, and GRIN2B genes, respectively (Fig. 1). 
Tolerance to variation for genes encoding NMDA receptor 
subunit was assessed from the frequency of variants present 
in gnomAD, using the 3-dimensional structure to assess like-
lihood that a region is devoid of variants [11]. This analy-
sis reveals strong sensitivity to variation of the linker and 
associated short helix that precedes the M1 transmembrane 
domain (Fig. 2, Supplemental Fig. S2, S3). Previous stud-
ies have shown intolerance in this region as well as func-
tional consequences of human variants in the pre-M1 linker 
(e.g., [7, 10]). We introduced each of these variants into 

cDNA encoding human GluN1, GluN2A, and GluN2B, and 
expressed these mutant cDNAs in heterologous systems that 
allowed us to assess the in vitro functional consequences of 
these variants.

Effects of pre‑M1 variants on agonist potency

Two electrode voltage clamp recordings were performed 
on Xenopus oocytes co-injected with WT or variant GluN1 
and WT GluN2A or GluN2B cRNA. Oocytes were held at 
− 40 mV and current responses to the application of gluta-
mate and glycine were recorded to evaluate the functional 
effects of these pre-M1 variants. Concentration–response 
curves were generated for the endogenous NMDAR ago-
nists glutamate or glycine to determine their EC50 values 
and assess variant effects on agonist potency. We identified 
three GluN1 variants with confidence intervals for both 
glutamate and glycine EC50 values that were non-over-
lapping with wild-type NMDAR values. GluN1-R548Q 
co-expressed with GluN2A or GluN2B had a 3.3-fold 
and 1.9-fold lower glutamate EC50 than WT NMDARs, 
respectively, in the presence of maximally effective gly-
cine (Fig. 3a, b, upper panels; Table 2). GluN1-R548Q 

Table 1   Information of pre-M1 variants and patients’ phenotypes

ASD autism spectrum disorder, DD developmental delay, Epi epilepsy/seizures, ID intellectual disability, LD language disorder (including lan-
guage delay, speech disorders), MD movement disorders

# Variant Gene Genotype Amino acid changes Phenotype Source

1 GluN1- R548Q GRIN1 c.1643G>A p.Arg548Gln Epi, DD, ID, MD, ASD This study, ClinVar, [31]
2 GluN1-S549R GRIN1 c.1645A>C p.Ser549Arg Inborn genetic diseases, Epi, ID ClinVar, [24, 25]
3 GluN1-L551P GRIN1 c.1652T>C p.Leu551Pro Epi, ID, MD [27, 30]
4 GluN1-P557L GRIN1 c.1670C>T p.Pro557Leu ID, DD, LD, MD ClinVar, [23]
5 GluN1-Q559R GRIN1 c.1676A>G p.Gln559Arg ID, DD, MD [29]
6 GluN1-S560insS GRIN1 c.1679_1681dupGCA​ p.Ser560insSer Epi, ID [21]
7 GluN2A-S545L GRIN2A c.1643C>T p.Ser545Leu Speech and language problems, 

abnormal EEG
This study

8 GluN2A-S547del GRIN2A c.1639_1641delTCT​ p.Ser547del ID, Epi, MD, LD [22]
9 GluN2A-A548P GRIN2A c.1642G>C p.Ala548Pro Landau-Kleffner syndrome ClinVar
10 GluN2A-E551K GRIN2A c.1651G>A p.Glu551Lys Inborn genetic diseases ClinVar
11 GluN2A-S554T GRIN2A c.1661G>C p.Ser554Thr DD, ID, LD This study
12 GluN2B-S541G GRIN2B c.1621A>C p.Ser541Gly Epi, DD, ID, MD, ASD This study
13 GluN2B-S541R GRIN2B c.1623C>G p.Ser541Arg Epi, ID, MD, ASD ClinVar, [28]
14 GluN2B-G543R GRIN2B c.1627G>C p.Gly543Arg Complex neurodevelopmental disor-

der, MD
ClinVar

15 GluN2B-A549V GRIN2B c.1646C>T p.Ala549Val Severe encephalopathy, DD, hypo-
tonia

This study

16 GluN2B-F550S GRIN2B c.1649T>C p.Phe550Ser Inborn genetic diseases ClinVar
17 GluN2B-L551S GRIN2B c.1652T>C p.Leu551Ser ID [32]
18 GluN2B-P553T GRIN2B c.1657C>A p.Pro553Thr DD, Rett-like syndrome, Epi [10, 26]
19 GluN2B-S555I GRIN2B c.1664G>T p.Ser555Ile Complex neurodevelopmental disor-

der, ID
ClinVar, [28]

20 GluN2B-S555N GRIN2B c.1664G>A p.Ser555Asn Epi, DEE, DD, ID, ASD This study
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co-expressed with GluN2A or GluN2B similarly had a 
1.8-fold or 4.5-fold lower glycine EC50 in the presence 
of maximally effective glutamate than WT NMDARs, 
respectively (Fig. 3a, b, lower panels; Table 2). In addi-
tion, GluN1-L551P co-expressed with GluN2A or GluN2B 
had a 20-fold or 57-fold lower glutamate EC50, and a 
109-fold or 14-fold lower glycine EC50, respectively, 
than WT NMDARs (Fig. 3a, b; Table 2). GluN1-S549R 
co-expressed with GluN2A possessed a 1.9-fold higher 
glutamate EC50 and a 2.5-fold higher glycine EC50 than 
observed for WT receptors. However, GluN1-S549R/
GluN2B currents were too small to measure. These data 
suggest variants in this region alter co-agonist potency 
and, in some cases, overall response amplitudes. We also 
observed that GluN1-Q559R co-expressed with GluN2A 
had a modest effect on glutamate potency with non-
overlapping confidence intervals when compared to WT 
NMDARs. GluN1-P557L and GluN1-S560insS did not 
produce currents large enough to accurately determine 
the EC50 value when co-expressed with either GluN2A 
or GluN2B.

We also performed two-electrode voltage clamp 
recordings on Xenopus oocytes co-injected with WT 
GluN1 and WT or variant GluN2A or GluN2B cRNA. 
NMDARs composed of GluN1 and GluN2A-E551K or 
GluN2A-S554T had statistically significant 6.7- and 4.6-
fold decreases in glutamate EC50 compared to WT recep-
tors, respectively (Fig. 3c, upper panel; Table 2), and 
showed 4.6-fold and 5.2-fold decreases in glycine EC50, 
respectively (Fig. 3c, lower panel; Table 2). GluN2A-
S545L modestly reduced glutamate and glycine potency 
compared to WT receptors (Fig. 3c; Table 2). Several 
GluN2A variants did not produce currents large enough 
to accurately determine EC50 values, including GluN2A-
S547del and GluN2A-A548P.

GluN2B-S541G, GluN2B-G543R, GluN2B-S555N 
showed 4.3-, 5.9-, and 3.6-fold decreases in glutamate EC50 
and similar 4.8-, 3.6-, and 2.8-fold decreases in glycine 
EC50, respectively, compared to WT NMDARs (Fig. 3d; 
Table 2). By contrast, GluN2B-S541R and GluN2B-P553T 
decreased agonist potency, with glutamate EC50 increased 
by 7- and 1.9-fold, and glycine EC50 increased by 2.9- and 

Fig. 1   Location of the affected residues in pre-M1 helix. a Struc-
ture of the GluN1/GluN2A homology model [11] shown as a ribbon 
structure overlaid with the pre-M1 domains shown in space-filling 
representation. GluN1 is in green, and GluN2 is in wheat. b The 
top-down view (depicted in a) of the pre-M1 linker and transmem-
brane domain of GluN1/GluN2A (b1) and GluN1/GluN2B (b2) [11]. 
c Sphere representation of the identified pre-M1 variants presented 

in this study. GluN1 variants are shown in both c1 and c2, GluN2A 
variants is shown in c1, and GluN2B variants are shown in c2. NTD, 
N-terminal domain (also known as ATD, amino-terminal domain), 
ABD, agonist binding domain, TMD, transmembrane domain (three 
transmembrane helices M1, M3, M4 and a reentrant pore-forming 
loop M2)
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3.2-fold compared to WT receptors (Fig. 3d; Table 2). Four 
GluN2B pre-M1 linker variants did not produce current 
responses large enough to accurately determine the agonist 
EC50 values, including GluN2B-A549V, GluN2B-F550S, 

GluN2B-L551S, GluN2B-S555I. These data together con-
firm that 90% of these variants produce detectable changes 
in agonist potency.

Fig. 2   The GluN1, GluN2A, and GluN2B pre-M1 linker is intoler-
ant to genetic variation. a The 3DMTR score is shown represented 
as a heat map on the GluN1/GluN2A and GluN1/GluN2B structures. 
More tolerant scores are depicted by red shades and more intoler-
ant score are depicted by blue shades (scale shown in the bottom left 
corner). The closest 31 residues were used in the intra-receptor cal-
culation of the 3DMTR using the non-neuro gnomAD dataset (ver-
sion 2.1.1). The heat map for each isolated subunit was presented 
in Supplemental Fig-S3. b The 3DMTR scores for the GluN1 (b1 

and b2), GluN2A (b1), and GluN2B (b2) pre-M1 linker residues 
are shown using the same view as in Fig. 1b. c The 3DMTR scores 
for the GluN1 (c1 and c2), GluN2A (c1), and GluN2B (c2) pre-M1 
variants are shown using the same top-down view as in Fig.  1c. d 
Linear domain representation of a GluN1 or GluN2 subunit and an 
alignment of the GluN1 and GluN2 pre-M1 sequences. Under each 
sequence, the residues that possess missense (gold) and synonymous 
(green) variants in gnomAD (non-neuro, version 2.1.1) are shown 
along with each residue’s 3DMTR score represented as a heat map
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Effect of pre‑M1 variants on sensitivity to negative 
allosteric modulators

One of the most important features of NMDARs is the nega-
tive regulation by endogenous extracellular allosteric modu-
lators such as extracellular Mg2+, Zn2+, as well as protons. 
We evaluated the effect of extracellular Mg2+ by record-
ing the current responses evoked by 100 μM glutamate 
and 100 μM glycine with different concentrations of Mg2+ 
at a holding potential of − 60 mV. Two variant NMDARs 
showed increased sensitivity to Mg2+ channel block includ-
ing GluN1-L551P/GluN2B and GluN1/GluN2B-S541R, 
whereas one variant (GluN2A-S554T) reduced Mg2+ block. 
These data suggest that most pre-M1 variants do not alter 
the sensitivity to extracellular Mg2+, and those that do have 
relatively modest effects, although these may be meaningful 
in the context of physiological function (Fig. 4a, b; Table 2). 
This is consistent with the location of the pre-M1 linker, 
which is distant from the Mg2+ binding site deep within 
the pore. We also determined the effect of extracellular 
Zn2+ on the high-affinity binding site within the amino-
terminal domain of the GluN2A subunit by recording the 
current responses from GluN1/GluN2A NMDARs evoked 
by 50 μM glutamate and 50 μM glycine with different con-
centrations of tricine-buffered Zn2+ at a holding potential of 
− 20 mV, to minimize potential voltage-dependent channel 
block by higher concentrations of Zn2+. The only variant 

to show a detectable potency change was GluN1/GluN2A-
S554T, which was 2.6-fold less sensitive to extracellular 
Zn2+ (Fig. 4c; Table 2).

NMDA receptors can be inhibited by extracellular pH 
with a nearly monotonic inhibition curve possessing an 
IC50 value near physiological pH, suggesting receptors 
are under tonic proton inhibition. The sensitivity to extra-
cellular protons was evaluated by comparing the current 
amplitude recorded at two pH values pH 6.8 and pH 7.6 
that bracket physiological pH. Measurements were made at 
a holding potential of − 40 mV. All GluN1 variants showed 
altered current at pH 6.8 relative to pH 7.6 compared to 
WT NMDARs (Fig. 4d; Table 2). Similarly, most GluN2A 
and GluN2B variants also showed altered levels of proton 
inhibition (Fig. 4e; Table 2). For example, GluN1/GluN2A-
E551K and GluN1/GluN2A-S554T, GluN1/GluN2B-S541R, 
GluN1/GluN2B- GluN2B-S555N showed modestly reduced 
inhibition at pH 6.8, which would reduce tonic inhibition at 
physiological pH and suggest enhanced current responses. 
GluN2B-P553T showed modestly enhanced levels proton 
inhibition.

Effects of pre‑M1 variants on response time course 
and channel open probability

To determine whether the pre-M1 variants alter the over-
all response of NMDARs to agonist, we expressed WT 

Fig. 3   Effects of pre-M1 transmembrane linker variants on NMDAR 
agonist potency. a–d Composite concentration–response curves for 
glutamate (top panels, in the presence of 100 µM glycine) and gly-
cine (lower panels, in the presence of 100 µM glutamate) activation 
of WT and variant GluN1 co-expressed with GluN2A (a) or GluN2B 

(b), respectively, and WT GluN1 co-expressed with WT or variant 
GluN2A (c), and GluN2B (d). The curves were obtained from two-
electrode voltage clamp recordings from oocytes at a holding poten-
tial of − 40 mV
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and variant NMDAR subunits in HEK cells and performed 
whole-cell voltage clamp recordings to determine whether 
there were changes in the response time course. We rap-
idly applied maximally active concentrations of glutamate 
(1000 µM) and glycine (100 µM) to HEK cells that had been 
lifted from the coverslip and placed into the flow stream, 
which allowed rapid piezo-driven solution exchange (see 
“Materials and methods”). We applied glutamate and glycine 

for either 1.5 s (prolonged; Fig. 5a, b, left panels) or 10 ms 
(brief; Fig. 5a, b, right panels), and measured the 10–90% 
rise time, the peak currents, and the time course of deac-
tivation upon rapid removal of agonists to mimic synap-
tic events. Deactivation time courses were fitted by either 
a single or double exponential function and the weighted 
tau calculated as an overall indicator of whether the variant 
accelerated or slowed the deactivation time course. Table 3 

Table 2   Pharmacological properties of pre-M1 variants in NMDAR subunits

The glutamate concentration–response relationship was determined in the presence of 0.1 mM glycine, and the glycine concentration–response 
relationship were determined in the presence of 0.1 mM glutamate. Wild-type IC50/EC50 values were from experiments performed the same 
day. Data shown are the mean IC50/EC50 value with 95% confidence intervals determined from the LogEC50 or LogIC50 values. * indicates 95% 
confidence intervals that are non-overlapping with WT GluN2A- or GluN2B-containing NMDARs. Data are mean ± SEM for current ratio at 
different pH values, which were assessed by one-way ANOVA with post hoc Dunnett’s multiple comparison test (#p < 0.05); n is the number of 
cells recorded from. ND indicates not determined due to low current amplitude. NA indicates not applicable as GluN2B does not harbor a high-
affinity Zn2+ binding site
a Data are from Han et al. [52]

Glutamate EC50
µM (95%CI) (n)

Glycine EC50
µM (95%CI) (n)

Mg2+ IC50
µM (95%CI) (n)

Zn2+ IC50
µM (95%CI) (n)

%, pH6.8/pH7.6
mean ± SEM (n)

WT 1a/2A 3.6 (3.3, 4.0) (47) 1.2 (1.1, 1.4) (43) 22 (19, 25) (45) 8.0 (6.8, 9.3) (48) 49 ± 1.3 (56)
1a-R548Q/2A 1.1 (0.92, 1.4) (14)* 0.66 (0.54, 0.81) (12)* 28 (22, 36) (13) 10 (6, 15) (12) 61 ± 2.2 (13)*
1a-S549R/2A 7.0 (5.6, 8.6) (17)* 3.0 (2.5, 3.5) (14)* 24 (18, 33) (13) 4.6 (3.1, 6.8) (12) 26 ± 3.9 (13)*
1a-L551P/2A 0.18 (0.15, 0.21) (12)* 0.011 (0.0076, 0.017) (13)* 20 (14, 29) (21) 8.0 (5.4, 12) (17) 26 ± 1.5 (19)*
1a-P557L/2A ND ND ND ND ND
1a-Q559R/2A 2.8 (2.5, 3.1) (13)* 1.4 (1.2, 1.7) (15) 23 (19, 29) (11) 11 (8.4, 15) (12) 73 ± 1.1 (11)*
1a-S560insS/2A ND ND ND ND ND

WT 1a/2B 1.3 (1.2, 1.4) (40) 0.37 (0.33, 0.43) (32) 27 (21, 33) (30) NA 16 ± 0.93 (30)
1a-R548Q/2B 0.67 (0.53, 0.85) (12)* 0.083 (0.066, 0.10) (12)* 29 (21, 41) (9) NA 26 ± 3.2 (9)#

1a-S549R/2B ND ND ND NA ND
1a-L551P/2B 0.023 (0.018, 0.031) (11)* 0.026 (0.019, 0.037) (12)* 15 (13, 17) (12)* NA 8.4 ± 1.2 (12)#

1a-P557L/2B ND ND ND NA ND
1a-Q559R/2B 1.2 (0.91, 1.5) (12) 0.38 (0.28, 0.51) (14) 23 (17, 30) (12) NA 28 ± 1.7 (12)#

1a-S560insS/2B ND ND ND NA ND

WT 1a/2A 3.1 (2.8, 3.4) (32) 1.1 (1.0, 1.2) (39) 21 (18, 24) (35) 6.8 (6.2, 7.5) (38) 43 ± 1.2 (34)
2A-S545L 4.9 (4.5, 5.4) (11)* 1.4 (1.3, 1.6) (12)* 17 (14, 19) (12) 6.2 (4.9, 7.9) (12) 49 ± 2.2 (11)
2A-S547del ND ND ND ND ND
2A-A548P ND ND ND ND ND
2A-E551K 0.46 (0.41, 0.52) (12)*a 0.24 (0.19, 0.29) (12)* 18 (15, 23) (12) 7.8 (6.0, 10) (12) 52 ± 3.0 (12)#

2A-S554T 0.68 (0.55, 0.85) (12)* 0.21 (0.17, 0.26) (13)* 33 (26, 42) (11)* 18 (9.0, 34) (9)* 75 ± 1.2 (12)#

WT 1a/2B 1.3 (1.2, 1.4) (68) 0.34 (0.31, 0.37) (68) 27 (23, 32) (57) NA 15 ± 0.44 (82)
2B-S541G 0.30 (0.24, 0.38) (11)* 0.071 (0.053, 0.095) (14)* 30 (20, 44) (12) NA 18 ± 1.3 (11)
2B-S541R 9.1 (7.2, 11) (16)* 1.0 (0.71, 1.4) (17)* 18 (15, 22) (12)* NA 18 ± 0.70 (19)#

2B-G543R 0.22 (0.19, 0.26) (15)*a 0.094 (0.077, 0.12) (15)* 26 (22, 31) (12) NA 14 ± 1.5 (12)
2B-A549V ND ND ND NA ND
2B-F550S ND ND ND NA ND
2B-L551S ND ND 29 (23, 37) (5) NA ND
2B-P553T 2.5 (1.9, 3.3) (11)* 1.1 (0.89, 1.3) (14)* 25 (20, 30) (12) NA 10 ± 0.78 (15)#

2B-S555I ND ND ND NA ND
2B-S555N 0.36 (0.24, 0.56) (12)* 0.12 (0.073, 0.20) (12)* 40 (24, 67) (12) NA 20 ± 1.4 (12)#
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summarizes the weighted time constant describing the 
deactivation time course for each variant (see Supplemental 
Table S2 for individual fast and slow time constants). We 
found that several variant NMDARs have a significantly pro-
longed deactivation time course compared to WT, including 
GluN1-R548Q/GluN2A, GluN1-L551P/GluN2A, GluN1/
GluN2A-E551K, GluN1/GluN2A-S554T, GluN1/GluN2B-
S541G, and GluN1/GluN2B-S555N (Fig. 5c, d; Table 3). 
However, GluN1/GluN2B-S541R, GluN1/GluN2B-L551S, 

and GluN1/GluN2B-P553T showed a significantly accel-
erated deactivation time course compared to WT (Fig. 5c, 
d; Table 3). GluN1-P557L, GluN1-S560insS, GluN2A-
S547del, GluN2A-A548P, GluN2B-A549V, GluN2B-F550S, 
and GluN2B-S555I produced currents too small to reliably 
measure when expressed in HEK cells. In addition, we aver-
aged the response amplitude from patch clamp whole-cell 
recordings in the experiments used to assess time course. 
Table 3 summarizes the results of this analysis and shows 

Fig. 4   Effects of pre-M1 transmembrane linker variants on sensitiv-
ity to NMDAR endogenous modulators. a, b Composite concentra-
tion–response curves for voltage-dependent Mg2+ block of the chan-
nel in the presence of 100  µM glutamate and 100  µM glycine at a 
holding potential of − 60  mV for the GluN1 variants co-expressed 
with GluN2A (a, top panel) or GluN2B (a, lower panel), respec-
tively, and GluN1 coexpressed with GluN2A variants (b, top panel) 
and GluN2B variants (b, lower panel). c Composite concentration–
response curves for buffered Zn2+ on WT and variant GluN1/GluN2A 

NMDARs. Smooth lines are fitted curves (see Materialsf and meth-
ods). d, e Summary of proton sensitivity evaluated by current ratio at 
pH 6.8 to pH 7.6 (in the presence of 100 µM glutamate and 100 µM 
glycine) at a holding potential of -40 mV for the GluN1 variants co-
expressed with GluN2A (d, left panel) or GluN2B (d, right panel), 
respectively, and WT GluN1 coexpressed with GluN2A variants (e, 
left panel), and GluN2B variants (e, right panel). *p < 0.05, one-way 
ANOVA with Dunnett’s multiple comparisons test, compared to WT
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Fig. 5   Effects of pre-M1 transmembrane linker variants on NMDAR 
response time course and surface expression. a Representative record-
ings of the current response time course obtained from whole cell 
voltage clamp recordings of HEK cells transfected with WT GluN1/
GluN2A (black), GluN1-L551P/GluN2A (red) and GluN1/GluN2A-
S554T (blue) at a holding potential of -60 mV in response to rapid 
application of 1,000  µM glutamate in the presence of 100  µM gly-
cine. Left panel: prolonged 1 s agonist application, right panel: brief 
5–10 ms agonist application. b Representative recordings of the cur-
rent response time course for the WT GluN1/GluN2B (black) and 
GluN1/GluN2B-S541R (red). Left panel: prolonged application, right 

panel: brief application. c, d Summary of weighted deactivation tau, 
*p < 0.05, one way ANOVA with Dunnett’s multiple comparisons 
test, compared to WT. e, f Summary of calculated channel open prob-
ability evaluated by the degree of MTSEA potentiation. e Representa-
tive plots of nitrocefin absorbance (optical density, O.D.) versus time 
are shown for HEK cells transfected with the WT β-lac-GluN1 and 
β-lac-GluN1variants when co-expressed with GluN2A. g–i Summary 
of the slopes of O.D. versus time were averaged as percentages of the 
WT NMDAR for the ratio of surface/total from 3 to 27 independent 
experiments. Data are presented as mean ± SEM. *p < 0.05, one-way 
ANOVA with Dunnett’s multiple comparisons test, compared to WT
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that several variants had different response amplitudes, rang-
ing from 1 to 100 pA/pF.

Variants could also alter the probability that an agonist-
bound receptor will open following full occupancy of all 
agonist-binding sites. To better understand the means by 
which variants altered the current response amplitude, we 
measured the open probability and biochemically deter-
mined the ratio of NMDAR protein at the cell surface to the 
total protein made by the cell. The effects of the pre-M1 var-
iants on open probability were evaluated by measuring the 
MTSEA-induced potentiation on NMDARs that harbored a 
mutation in the highly conserved SYTANLAAF region of 
GluN1* (GluN1-A652C, hereafter 1a-A7C) and GluN2A* 
(GluN2A-A650C, hereafter 2A-A7C) by TEVC recording 
at holding potential of − 40 mV in the presence of 100 μM 
glutamate and 100 μM glycine [19, 33]. MTSEA modifica-
tion of this Cys residue locks the channel open, and thus 
the degree of potentiation is inversely related to the open 

probability of the receptor (see “Materials and methods”). 
Evaluation of open probability with this approach indicated 
that several variant NMDARs have significantly higher cal-
culated open probability compared to WT, including GluN1-
R548Q/GluN2A*, GluN1-Q559R/GluN2A*, GluN1*/
GluN2A-E551K, GluN1*/GluN2A-S554T, GluN1*/
GluN2B-S541G, and GluN1*/GluN2B-S555N (Fig.  5e, 
f; Table 3). However, some variants showed significantly 
lower calculated open probability, such as GluN1-S549R/
GluN2A*, GluN1-S560insS/GluN2A*, GluN1*/GluN2A-
S545L, and GluN1*/GluN2B-S541R.

Effects of pre‑M1 variants on NMDAR surface 
expression

To evaluate whether the pre-M1 variants influence NMDAR 
surface expression, the cell surface protein level and total 
protein level were measured in transiently transfected HEK 

Table 3   Response time course 
for pre-M1 variants

Data were expressed as mean ± SEM (n), and given to 2 or 3 (e.g. Tau) significant figures. NA not avail-
able. ND not determined due to low current amplitude. % SS/peak: the ratio of peak amplitude and steady 
state where steady state is estimated as the current level at the end of a 1 s application of glutamate
*p < 0.05 one-way ANOVA, with Dunnett’s multiple comparisons test, corrected family wise error by 
Holm Bonferroni collection

Deactivation 
Tauweighted (ms) 
(n)

Steady-state/
peak (%) (n)

Peak ampli-
tude (pA/pF) 
(n)

POPEN, MTSEA (n) Surface/total 
(% of WT) 
(n)

WT GluN1/2A 84 ± 6.5 (19) 70 ± 4.3 (19) 42 ± 11 (19) 0.25 ± 0.001 (48) 100 (32)
1a-R548Q/2A 236 ± 35 (7)* 76 ± 10 (7) 27 ± 13 (7) 0.47 ± 0.002 (25)* 118 ± 9.8 (10)
1a-S549R/2A 52 ± 5.9 (6) 83 ± 0.6 (6) 1.3 ± 0.3 (6) 0.02 ± 0.0002 (43)* 128 ± 9.8 (10)
1a-L551P/2A 605 ± 52 (6)* 78 ± 1.9 (6) 33 ± 16 (6) 0.21 ± 0.002 (20)* 75 ± 2.7 (9)
1a-P557L/2A ND ND ND NA 88 ± 9.6 (10)
1a-Q559R/2A 157 ± 28 (9) 80 ± 4.8 (9) 29 ± 12 (9) 0.45 ± 0.002 (28)* 156 ± 13 (10)
1a-S560insS/2A ND ND ND NA 144 ± 9.7 (10)

WT 2A 0.17 ± 0.01 (30) 100 (25)
2A-S545L 78 ± 12 (10) 65 ± 8.0 (10) 49 ± 18 (10) 0.09 ± 0.00 (25)* 89 ± 4.4 (8)
2A-S547del ND ND ND NA 68 ± 1.7 (14)
2A-A548P ND ND ND NA 100 ± 2.0 (12)
2A-E551K 264 ± 15 (7)* 79 ± 5.2 (7) 99 ± 47 (7) 0.34 ± 0.05 (30)* 68 ± 3.5 (5)
2A-S554T 264 ± 35 (9)* 50 ± 11 (9) 47 ± 22 (9) 0.69 ± 0.02 (24)* 141 ± 13 (5)*

WT 2B 1061 ± 91 (16) 74 ± 6.0 (16) 19 ± 3.6 (16) 0.026 ± 0.001 (45) 100 (87)
2B-S541G 2460 ± 362 (7)* 68 ± 10 (7) 3.7 ± 1.7 (7)* 0.045 ± 0.001 (21)* 60 ± 24 (3)
2B-S541R 142 ± 24 (8)* 89 ± 1.8 (8) 3.6 ± 1.7 (8)* 0.014 ± 0.001 (20)* 111 ± 3.2 (9)
2B-G543R 3530 ± 233 (5)* 90 ± 5.2 (5) 1.0 ± 0.4 (5)* NA 108 ± 2.2 (22)
2B-A549V ND ND ND NA 104 ± 3.0 (17)
2B-F550S ND ND ND NA 90 ± 1.6 (8)
2B-L551S 68 ± 11 (5)* 79 ± 2.8 (5) 1.3 ± 0.7 (5)* NA 91 ± 2.3 (17)
2B-P553T 198 ± 39 (5)* 68 ± 2.7 (5) 1.2 ± 0.5 (6)* 0.026 ± 0.001 (22) 121 ± 3.1 (15)
2B-S555I ND ND ND NA 103 ± 2.6 (8)
2B-S555N 2390 ± 229 (7)* 54 ± 4.0 (7) 8.8 ± 2.8 (7) 0.045 ± 0.001 (24)* 97 ± 3.8 (17)
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cells. GluN1 cDNA with β-lac fused in frame to the extracel-
lular NTD/ATD were expressed with WT or variant GluN2A 
or GluN2B in HEK cells. We also evaluated β-lac fused in 
frame to the extracellular NTD/ATD of WT GluN2A or 
GluN2B co-expressed with WT GluN1. The extracellularly 
localized β-lac will cleave the cell-impermeable chromog-
enic substrate nitrocefin in the extracellular solution, and 
the surface receptor expression can be determined using a 
standard enzymatic assay [18, 34]. The data (Fig. 5h) show 
that several GluN1 variant-containing NMDARs exhibit 
significantly lower surface expression compared to WT 
including GluN1-S549R/GluN2B (48% of WT), GluN1-
P557L/GluN2B (13% of WT), GluN1-Q559A/GluN2B 
(10% of WT), and GluN1-Ser560insSer/GluN2B (8.3% of 
WT) (p < 0.05, one way ANOVA, with Dunnett’s multiple 
comparisons test).

Evaluating the overall impact of pre‑M1 variants 
on NMDA receptor function

The functional alterations induced by the disease-associ-
ated GRIN variants are often conflicting, as some changes 
can enhance current responses whereas others can reduce 
responses based on our in vitro assays. Therefore, we esti-
mated the net effect of the pre-M1 variants on cellular 
function by combining all measured parameters to predict 
the alteration of synaptic and non-synaptic charge trans-
fer mediated by the NMDAR variants compared to WT 

receptors ([18, 20]; see “Materials and methods”). Our 
analyses indicated that GluN1-R548Q/GluN2A, GluN1-
L551P/GluN2A, GluN1/GluN2A-E551K, GluN1/GluN2A-
S554T, and GluN1/GluN2B-S555N showed an enhanced 
activity for both synaptic and non-synaptic charge trans-
fer (Table 4), whereas GluN1-S549R/GluN2A, GluN1/
GluN2B-S541R, and GluN1/GluN2B-P553T had reduced 
synaptic and non-synaptic charge transfer compared to WT 
receptors. In addition, GluN1-Q559R/GluN2A and GluN1/
GluN2B-S541G had modestly enhanced activity, while 
GluN1/GluN2A-S545L presented a modestly reduced 
activity.

Discussion

In this study, we have explored the functional effects of 
NMDAR variants identified in the pre-M1 linker region that 
have been identified in affected subjects but are absent in the 
general population. Virtually all of the variants evaluated 
here altered some functional parameter or surface expres-
sion, consistent with the idea that they could contribute to 
the clinical phenotype. These data emphasize the important 
contribution of the pre-M1 linker to NMDAR gating [2–8] 
and are consistent with a lack of variation among healthy 
individuals in this region. These results clearly show that 
changes to the side chain of any residue in this region alters 
the process of channel activation.

Table 4   Summary of predicted 
synaptic and non-synaptic 
charge transfer

The values of predicted synaptic and non-synaptic charge transfer changes of pre-M1 variants relative 
to the WT receptor (set as 1.0) were calculated by Eqs.  (6), (7), and suggest the direction of potential 
changes synaptic and non-synaptic receptor function assuming no other compensatory mechanisms occur. 
↑ A change in the indicated parameter with non-overlapping confidence intervals that should increase the 
response. ↓ A change in the indicated parameter with non-overlapping confidence intervals that should 
decrease the response. – No significant change compared to WT

Glu EC50 Gly EC50 Mg2+ IC50 POPEN Tau Surface Synaptic 
charge 
transfer

Non-synaptic 
charge trans-
fer

WT GluN1/2A – – – – – – 1 1
1a-R548Q/2A ↑ ↑ – ↑ ↑ – 4.5 5.9
1a-S549R/2A ↓ ↓ – ↓ ↓ – 0.06 0.03
1a-L551P/2A ↑ ↑ – ↓ ↑ – 4.2 17
1a-Q559R/2A ↑ – – ↑ ↑ – 2.9 2.5
2A-S545L – ↓ – ↓ – – 0.51 0.34
2A-E551K ↑ ↑ – ↑ ↑ – 4.9 19
2A-S554T ↑ ↑ ↓ ↑ ↑ ↑ 14 43

WT GluN1/2B – – – – – – 1 1
2B-S541G ↑ ↑ – ↑ ↑ – 1.8 4.4
2B-S541R ↓ ↓ ↓ ↓ ↓ – 0.03 0.004
2B-P553T ↓ ↓ – – ↓ – 0.11 0.29
2B-S555N ↑ ↑ – ↑ ↑ – 4.9 15
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Net impact of pre‑M1 variants on receptor function

To better assess the actions of the pre-M1 variants, we 
combined the multiple functional parameters that we meas-
ured into a single indicator of whether the variant would 
be predicted to increase or decrease overall function both 
in the context of synaptic transmission (where receptors 
see high millimolar concentrations of glutamate for a few 
milliseconds) and in the context of extrasynaptic recep-
tors, which we predict are activated by lower concentra-
tions (0.1 µM) of ambient glutamate or glutamate released 
from astrocytes. Table 4 summarized the results of this 
analysis for eleven variants in GluN1/GluN2A and GluN1/
GluN2B NMDARs (see “Materials and methods”), and 
shows that among the variants tested, five can be catego-
rized as a clear gain-of-function (i.e., the variant receptor 
passes more synaptic and/or nonsynaptic current than WT 
NMDAR). Among these, GluN2A-S554T seems to show 
a strong increase and GluN1-R548Q and GluN1-Q559R 
a more modest increase in both synaptic and nonsynaptic 
current function, whereas GluN1-L551P (co-expressed 
with GluN2A), GluN2A-E551K, and GluN2B-S555N 
show more enhanced non-synaptic actions (Table  4). 
Similarly, three variants (GluN1-S549R, GluN2B-S541R, 
and GluN2B-P553T) show clearly reduced function both 
for synaptic and non-synaptic agonist levels, with GluN1-
S549R and GluN2B-S541R reducing predicted currents by 
16–250-fold (Table 4). These latter two variants could be 
considered candidates for the genetic designation loss-of-
function. One variant (GluN2B-S541G) showed enhanced 
synaptic and non-synaptic charge transfer with more mod-
est magnitudes and a single variant (GluN2A-S545L) had 
modestly reduced charge transfer, suggesting caution is 
warranted in classifying these variants as gain-of-function 
or loss-of-function.

It is also important to mention that 5 additional vari-
ants (GluN1-P557L, GluN1-S560insS, GluN2A-S547del, 
GluN2A-A548P) produced current levels too low in both 
of our heterologous expression systems to study. Therefore, 
these five variants are also candidates to be considered loss 
of function given the response amplitude is controlled by a 
number of factors and thus complex to interpret. For exam-
ple, the overall transfection efficiency can vary from cell-to-
cell, with different amounts of cDNA delivered to different 
cells during transfection. Moreover, cells expressing more, 
or fewer NMDARs might have different adherent properties, 
leaving a non-representative population of cells adhered to 
the experimental coverslip. In addition, the variants might 
alter the efficiency of trafficking of the receptors to the 
plasma membrane, and thus change the overall number of 
receptors that reach the membrane.

GRIN1/GluN1 pre‑M1 variants

Because GluN1 serves as the obligatory subunit for all 
NMDARs (GluN1/GluN2A, GluN1/2B, GluN1/GluN2C, 
GluN1/GluN2D, GluN1/GluN3A, GluN1/GluN3B), GRIN1 
variants will impact more NMDARs than either GluN2A or 
GluN2B variants. For example, the gain-of-function GluN1 
pre-M1 variants co-expression with GluN2B and GluN3 
could be consequential early in the developing brain with 
the high expression levels of these three transcripts, as well 
as during the time after GluN2B peak expression passes and 
GluN2A subunit expression begins to increase throughout 
the CNS. NMDARs that include GluN1 pre-M1 variants that 
are more sensitive to glutamate and glycine could lead to 
increased activation at concentrations of agonists that would 
otherwise be too low to elicit a response. This will initiate 
aberrant signaling and the aberrant detection of extracellular 
glutamate and could lead to the overactivation of receptors 
whose function needs to be tightly regulated to allow for 
neuronal circuitry development. The gain-of-function pre-
M1 variants that prolonged the deactivation time course is 
consistent with data for GluN1-P557R and GluN1-D552E 
variants [7]. Similarly, variants that diminish expression, 
trafficking, or function of GluN1 subunits will impact vir-
tually all NMDA receptors in all cells, and this could have 
profound consequences on neuronal development and circuit 
function.

GRIN2A/GluN2A and GRIN2B/GluN2B pre‑M1 
variants

Variants in both GRIN2A and GRIN2B genes that alter 
amino acid sequence of the pre-M1 linker and short helix 
therein will potentially alter the function of any NMDARs 
that contain these specific subunits. Thus, GluN2B vari-
ants could have broad-ranging effects early in development, 
whereas GluN2A variants might alter function postnatally to 
adulthood of NMDARs. About half of both the GluN2A and 
GluN2B pre-M1 variants that we studied appear to diminish 
receptor function. For example, GluN2A-S547del, GluN2A-
A548P, GluN2B-A549V, GluN2B-F550S, GluN2B-L551S, 
and GluN2B-S555I all produced currents that were too 
small to reliably measure in both oocytes and/or HEK cells. 
Interestingly, GluN2A-A548P, GluN2B-A549V, GluN2B-
F550S, GluN2B-L551S, GluN2B-P553T, and GluN2B-
S555I expressed at normal levels on the surface of HEK 
cells but gave current densities more than an order or more 
of magnitude lower than wild-type receptors, suggesting 
the diminished responses were due to deficits in gating. 
Several variants produced an apparent increase in function 
(GluN2B-S541G, GluN2B-G543R, GluN2B-S555N).
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Role of pre‑M1 in gating

A clear conclusion of these studies is that the pre-M1 linker 
and two-turn helix are key players in the sequence of events 
that lead to channel activation following agonist binding.

GluN1-L551P shows the strongest effects on the 
response time course and agonist potency. The leucine at 
the GluN1 position 551 has a side chain isobutyl group, 
making it a nonpolar aliphatic amino acid. Proline, while 
still considered a nonpolar aliphatic amino acid, has a side 
chain pyrrolidine. This cyclic structure of proline lends 
itself to greater conformational rigidity compared to leu-
cine and other amino acids. As such, if the flexibility of the 
S1–M1 linker is required for transducing agonist binding 
to channel opening, then it is likely that a proline substitu-
tion in this region would disrupt this mechanism. Previ-
ously, this residue has been studied for its effects on the 
activity of NMDAR-positive allosteric modulator GNE-
9278, which binds to the extracellular surface of the TMD. 
A homology model of the GluN1/GluN2A receptor puts 
GluN1-Leu551 near the GluN1 M1, M3, and M4 helices, 
as well as the GluN2A M3 helix [30]. Moreover, GluN1-
Leu551 is immediately upstream of the pre-M1 helix that 
is involved in the gating triad consisting of the GluN1 
S1–M1 linker, the GluN1 M3 helix, and the GluN2A pre-
M4 helix. These three closely spaced elements control gat-
ing and multiple disease-associated mutations have been 
identified within these regions [2, 7, 9, 15, 35]. Moreover, 
modeling the effects of the GluN1-L551P variant on the 
position of other regions of the GluN1 subunit suggested 
that GluN1-L551P altered the position of the extracellular 
gating region of the M3 helix by 6.5 Å [30]. The require-
ment of the pre-M1 displacement before the M3 helix 
movement has been proposed [36] to prime rapid channel 
opening, which in turn facilitates fast synaptic signaling.

Role of pre‑M1 variants in neurological disease

GRIN variants have been identified in patients display-
ing a wide range of clinical features, including (but not 
limited to) intellectual disability, developmental delay, 
epilepsy, movement disorders, and language and speech 
issues [1, 37, 38]. Any aberrant NMDAR activation profile 
in developing CNS tissue that produces too little or too 
much NMDAR function will almost certainly trigger com-
pensatory mechanisms and could alter NMDAR-develop-
mental programs that impact entire populations of neurons 
[39–42]. In addition, persistent aberrant receptor function 
could alter circuit function or synaptic plasticity in a man-
ner that produces clinical symptoms in its own right. Thus, 
there are two potential consequences of variation (com-
pensation, altered receptor function) driving changes in 

brain function that manifest as clinical symptoms. Further-
more, enhanced currents produced by variant NMDARs in 
some cases could elevate levels of Ca2+ influx that trigger 
dendritic, axonal, or neuronal damage secondary to exci-
totoxic processes [43, 44]. NMDAR hyperfunction has 
also been suggested to be linked to multiple neurological 
disorders including Alzheimer’s disease [45], Huntington’s 
disease [46], epilepsy [37]. Thus, it is possible that vari-
ants that lead to increased charge transfer could engage 
some underlying features of these disorders.

NMDAR hypofunction has been associated with schizo-
phrenia [47, 48] and memory impairment [48]. It seems pos-
sible that the loss-of-function pre-M1 variants evaluated in 
this study (i.e., GluN1-S549R/GluN2A, GluN1/2A-S545L) 
may lead to overall hypofunction of the NMDARs by 
reducing agonist potency, shortening response time course, 
decreasing channel open probability, and/or reducing surface 
expression. These variants could drive pathological circuit 
function by altering the balance of excitatory and inhibitory 
inputs in CNS or dramatically changing the overall charge 
transfer of a synaptic or non-synaptic receptor.

One clear result from multiple mouse models of GRIN 
variants is that the features observed in heterologous recep-
tors can be manifest in some neurons [49–51], however, 
the neuronal context and subunit composition of variant-
containing receptors can alter the extent to which specific 
functional changes appear.
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