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Abstract

N-methyl-D-aspartate receptors (NMDARS) play important roles in brain development and
neurological disease. We report two individuals with similar dominant de novo GRINI mutations
(c.1858 G>A and ¢.1858 G>C; both p.G620R). Both individuals presented at birth with
developmental delay and hypotonia associated with behavioral abnormalities and stereotypical
movements. Recombinant NMDARS containing the mutant GIuN1-G620R together with either
GIuN2A or GIuN2B were evaluated for changes in their trafficking to the plasma membrane and
their electrophysiological properties. GIUN1-G620R/GIuN2A complexes showed a mild reduction
in trafficking, a ~ 2-fold decrease in glutamate and glycine potency, a strong decrease in sensitivity
to Mg?* block, and a significant reduction of current responses to a maximal effective
concentration of agonists. GIUN1-G620R/GIuN2B complexes showed significantly reduced
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delivery of protein to the cell surface associated with similarly altered electrophysiology. These
results indicate these individuals may have suffered neurodevelopmental deficits as a result of the
decreased presence of GIuN1-G620R/GIuN2B complexes on the neuronal surface during
embryonic brain development and reduced current responses of GIuN1-G620R-containing
NMDARs after birth. These cases emphasize the importance of comprehensive functional
characterization of de novo mutations and illustrates how a combination of several distinct features
of NMDAR expression, trafficking and function can be present and influence phenotype.

INTRODUCTION

N-methyl-D-aspartate receptors (NMDARS) are ligand-gated cation channels that mediate a
slow, Ca2*-permeable component of excitatory synaptic transmission in the central nervous
system. NMDARs are heterotetrameric complexes comprised of two GIuN1 subunits
(encoded by GRINI) in combination with two GIuN2 subunits (types A-D, encoded by
GRIN2A-D) or some combination of GIuN2 and GIuN3 subunits (types A and B, encoded
by GRIN3A-B).1 While GluN1 is expressed throughout one’s lifetime, the GIuN2 and
GIuN3 subunits differ in their expression pattern during brain development, which results in
the differential temporal expression of NMDAR subtypes.! For example, the GIuN2B
subunit is highly expressed during the embryonic and early postnatal periods, whereas
GIuN2A expression occurs soon after birth.

All NMDAR subunits contain four domains: an extracellular amino terminal domain that
regulates ion channel opening and response-time course, a bi-lobed extracellular agonist-
binding domain (ABD), a transmembrane domain (TM) with four hydrophobic segments
(M1-4) and an intracellular carboxyl terminal domain (CTD), which participates in
localization and intracellular signaling.! Activation of NMDARSs involves several regulatory
mechanisms. The primary mechanism requires occupation of two glycine-binding sites on
GIuN1 and two glutamate binding sites on GIuN2, this combination of binding is thought to
trigger the opening of a cation-selective pore that mediates an inward current leading to
neuronal depolarization and subsequent increase in intracellular Ca?* concentration.?
NMDARs are also negatively regulated in several ways, including in a voltage-dependent
manner by extracellular Mg2* (noted to bind deep within the pore) and tonic inhibition by

extracellular protons (present at physiological pH), as well as endogenous extracellular
Zn2+13

NMDARs play important roles in normal brain development and function, such as synaptic
plasticity, neural development, learning and memory.! As a result of this, NMDAR
dysfunction has been associated with several neurological disorders including Parkinson,
Alzheimer and Huntington diseases.1# Furthermore, mutations in NMDAR subunits have
been associated with a variety of epilepsy syndromes (for example, Rolandic epilepsy and
electrical status epilepticus of sleep), as well as several neurodevelopmental disorders that
may or may not be associated with epilepsy.>~18 Interestingly, many of the mutations
associated with these disorders are de novo and have a dominant negative effect on receptor
function by reducing or eliminating the response of NMDARS via changes in their
electrophysiological behavior.2:6:11-13.16,18 These changes can increase or decrease
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NMDAR activity, as well as altering the NMDAR response-time course. These effects can
subsequently disturb neuronal function and differentially change the neurophysiology of the
affected circuits. For example, several GR/INZA mutations have been associated with
increased NMDAR-mediated charge transfer, which could increase neuronal excitability and
potentially promote neuronal death.”=13:17.19 The phenotypes associated with this
hyperexcitability include disorders along the epilepsy-aphasia spectrum, as well as other
epileptic encephalopathies associated with severe neurodevelopmental delays.>11:12 To date,
many of these pathologic syndromes have been associated with GIUN2A or GIuUN2B.
However, additional data has emerged that suggests that mutations in GIuN1 subunits can
also play a role in these types of disorders.6:16.20.21

Recently, several GR/INI mutations have been associated with neurodevelopmental
phenotypes. Epilepsy is often present in these patients, and their seizures can be either
primary generalized or focal in onset.:16:20.21 |n one case, a missense mutation (p.Y647S)
in the M3 TM of GIuN1 was identified in a girl with developmental delay and infantile
spasms: 20 while another variant involving the pre-M1 segment (p.S560dup) was associated
with severe developmental delay and complex partial epilepsy.® Four other de novo GRINI
missense mutations were reported in four patients exhibiting epilepsies that were either focal
or primary generalized in onset. These patients also had developmental delay, hypotonia,
facial dysmorphisms, stereotypical hand movements and oculogyric crises.16:21 Three of
these mutations were located in TMs, while the other was located in the extracellular loop
near transmembrane helix 1 (p.D552E; p.M6411; p.N650K; and p.G815R).2! In addition to
these examples, several other variants have been reported that were associated with diverse
developmental and epileptic phenotypes.1® Many of these latter variants underwent
electrophysiological investigation; however, genuine phenotype—genotype correlations were
difficult to establish.16

We report two individuals with similar dominant de novo GRINI mutations resulting in the
same amino acid substitution: a 12-year-old male (Proband-1: c.1858 G>A; p.G620R) and a
20-year-old female (Proband-2: ¢.1858 G>C; p.G620R). Both presented at birth with
developmental delay and hypotonia associated with cognitive disability, but without
epilepsy. Investigations with recombinant human NMDARS possessing the GIuN1-G620R
mutant along with either GIUN2B or GIuN2A revealed abnormal activity. When GIuN1-
G620R was complexed with either GIUN2A or GIuN2B subunits and evaluated
electrophysiologically, there was a decreased potency for glutamate, glycine and
magnesium, and a significant reduction of the current responses. Interestingly, in addition to
its altered electrophysiological activity, GIuN1-G620R co-expression with GIuN2B was also
noted to have reduced trafficking of this specific NMDAR to the plasma membrane. These
data highlight the importance of functional characterization of NMDARSs by revealing the
complex effects that GR/NI mutations can have on multiple levels of their function, and
suggest that changes in the function and trafficking of specific NMDAR subtypes underlie
these individuals’ similar developmental phenotypes.
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MATERIALS AND METHODS

Consent and study approvals

Research protocols were approved through the institutional review board, and the families
gave informed consent (CSMC IRB protocol Pro00037131). All in vitro studies in this paper
were conducted according to the guidelines of Emory University.

Genetic evaluation

Genomic DNA was extracted from blood and exome sequencing was performed as per
previous protocols (GeneDx, Gaithersburg, MD, USA,; Baylor College of Medicine,
Houston, TX, USA).22.:23

Electrophysiology evaluation

We utilized cDNA for wild-type human NMDA receptor GIuN1-1a (hereafter GluN1;
GenBank: NP_015566), GIuUN2A (GenBank: NP_000824) and GIuN2B (GenBank:
NP_000825) subunits subcloned into the plasmid vector pCl-neo (Promega, Madison, W1,
USA). The mutant GIuN1 was generated by site-directed mutagenesis using the QuikChange
protocol (Stratagene, La Jolla, CA, USA). Synthesis and injection of cRNA into Xenopus
laevis oocytes (Ecocyte Bio Science, Austin TX, USA), as well as two-electrode voltage-
clamp recordings from oocytes were performed as previously described.24 The recording
solution contained (in mM) 90 NaCl, 1 KCI, 10 HEPES, 0.5 BaCl,, 0.01 EDTA (23 °C, pH
7.4 unless otherwise stated). The membrane potential was held at — 40 mV for all two-
electrode voltage-clamp recordings unless otherwise stated. The agonist concentration-
response curves were fitted with:

Response=100%/ (1+(Ecso/[agon15t])N) (1)

The concentration-response data for Mg2* inhibition and Food and Drug Administration
(FDA)-approved NMDA receptor blockers was fitted with:

Response(%)=(100—minimum)/ (1 — ([concentration] /IC50)N) +minimum @)

where Nis the Hill slope, ECg is the concentration of the agonist that produces a half-
maximal effect, ICxg is the concentration of the inhibitor that produces a half-maximal effect
and minimum is the degree of residual inhibition at a saturating concentration of the
antagonist.

HEK293 cells (ATCC CRL-1573) were transiently transfected with plasmid cDNAs
encoding wild-type human GIuN1/GIuN2A, or GIuUN1/GIuN2B, or the mutant GIuN1-
G620R/GIUN2A, or GIuN1-G620R/GIuN2B.2> Following 18-24 h transfection, the whole-
cell voltage-clamp current recordings were performed with a solution containing (in mM)
150 NaCl, 3 KClI, 10 HEPES, 0.01 EDTA, 0.5 CaCl; and 11 D-mannitol, with the pH
adjusted to 7.4 by addition of NaOH (23 °C). The recording electrodes were prepared using
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thin-walled filamented borosilicate glass (TW150F-4; World Precision Instruments,
Sarasota, FL, USA) using a vertical puller (Narishige P-10, Tokyo, Japan), and filled with
the internal solution (in mM: 110 D-gluconic acid, 110 CsOH, 30 CsCl, 5 HEPES, 4 NaCl,
0.5 CaCly, 2 MgCl,, 5 BAPTA, 2 Na,ATP, 0.3 NaGTP adjusted to pH 7.35 with CsOH; the
osmolality was adjusted to 300-310 mOsmol kg1 using CsClI or water). The current
responses to external application of glutamate (1000 uM) and glycine (100 uM) were
recorded using an Axopatch 200B patch-clamp amplifier (Molecular Devices, Sunnyvale,
CA, USA) with the holding potential of —60 mV. The current responses were filtered at 8
kHz (-3dB, 8 pole Bessel filter, Frequency Devices, Ottawa, IL, USA) and digitized at 20
kHz using a Digidata 1440A data acquisition system (Molecular Devices).

All data were presented as mean * s.e.m. Statistical significance was established to £<0.05
by unpaired Student’s #test. Power to detect a 40% difference was 0.8.

biotinylation

The protocol for cell surface biotinylaiton was previously described and several
modifications were added.28 HEK293 cells were transfected with human NMDAR cDNAs
(GIuN1/GIuN2A, GIuN1-G620R/GIuN2A, GIuN1/GIuN2B and GluN1-G620R/GIuN2B) for
24 h with Fugene 6 (Promega, E2691), incubated on ice with 1 mg ml~1 Sulfo-NHS-Biotin
(Thermo Scientific, 89881 Waltham, MA, USA) in ice-cold PBS/MgCl,/CaCl, (1 mM
MgCl, and 0.01 mM CacCly) for 20 min, rinsed 3 times with 50 mM glycine in tris-buffered
saline (TBS) to quench the biotin reactivity, and scraped in lysis buffer (50 mM Tris pH 7.5,
150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 10 mM Na4P,07, 50 mM NaF, 1% SDS, 1%
Triton X-100 and protease inhibitors). Lysates were sonicated and then centrifuged, and the
protein concentration of each supernatant was adjusted to 1 mg mI~1 with Bradford assay.
Equal amounts of supernatants were added to Neutravidin beads (Thermo Scientific, 29200),
which were then rotated for 1 h at 4 °C. Biotinylated proteins were eluted from the
Neutravidin beads with Laemmli Sample Buffer (Bio-Rad, 161-0737, Hercules, CA, USA)
containing 200 mM dithiothreitol and evaluated by Western blotting.

Western blotting and statistical analysis

After boiling for 5 min, SDS-polyacrylamide gel electrophoresis (Bio-Rad, 456-8124) was
used to separate 10 pl of the total and surface protein fractions for samples of GIuN1 co-
expressed with GIUN2 A, while 5 ul of total protein and 30 pl of the surface protein fraction
were separated for samples of GIuN1 co-expressed with GIUN2B. Proteins were transferred
onto polyvinylidene difluoride (PVVDF) membranes, and immunoblotted with following
antibodies: mouse anti-GluN1 (BD Pharmingen, San Diego, CA, USA), mouse anti-
transferrin receptor (Sigma, St Louis, MO, USA) and mouse anti-tubulin (Sigma). Tubulin
was the internal control for total protein expression and monitors the quality of biotinylation
experiment as tubulin is only present in the cytoplasmic fraction. Transferrin receptor was a
control to show relatively equal surface biotin labeling. Bands were detected with film, and
subsaturated bands were quantified with NIH ImageJ. Densitometry was used for
chemiluminescence signal quantification, and the ratio of surface-to-total protein level of
mutant was normalized to the wild type.
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The statistical difference was determined by paired #test. The number of independent
experiments was represented by 7. Samples sizes were determined by a priori power analysis
for effect size = 2, power = 0.8 and a. = 0.05.

RESULTS

Clinical features

Proband-1 was a 12-year-old male born of a dizygotic twin pregnancy via emergency
caesarian section at 35 weeks gestation. Complications included HELLP syndrome and
gestational hypothyroidism. The mother noted decreased fetal movements /n utero
(compared to his twin). Growth parameters were normal. A spontaneous pneumothorax on
his first day of life required 2 weeks of endotracheal intubation. His twin was without issues.

Proband-1 was hypotonic and floppy throughout infancy. At ~ 6—7 months, he developed
‘abnormal movements’ of his arms and legs. He started walking at 5 years. His mother noted
he had a recent increase in ataxia and falls. He spoke his first words at 2 years of age and by
12 years his vocabulary consisted of 100 spoken words, although he could not put two words
together. Mother noted a history of intermittent and episodic regressive aphasic episodes,
especially after illness. His mother also noted hyperactivity associated with self-stimulatory
and self-injurious behaviors (for example, biting himself). He has never had any eye
movement abnormalities or oculogyric crises. He has never had a seizure.

He developed ulcerative colitis at 6 years of age that required total colectomy. He was
treated for an ostomy-stoma prolapse and eosinophilic esophagitis the following year. There
were no other significant health issues.

Previous testing included a normal electromyography-nerve conduction study and muscle
biopsy at 2 years, as well as normal magnetic resonance imaging and magnetic resonance
spectroscopy of the brain at 8 years. There were no callosal abnormalities or cerebral
atrophy. Electroencephalogram at that time was abnormal due to mild diffuse background
slowing, without epileptiform features.

The family was non-consanguineous. The mother was of Scottish and Syrian-Arabic descent
and the father was of Italian descent. There was no history of neurological disease in the
family. Both his twin sister and 13 year-old brother were healthy.

Proband-2 was a 25-year-old female with a similar history of severe intellectual disability.
She was born via spontaneous vaginal delivery with normal growth parameters. Her mother
also noted decreased fetal movements /n utero. She was hypotonic and had difficulty feeding
in the postnatal period and early infancy. She had ‘tremors’ as an infant and was diagnosed
with “cerebral palsy’ at 15 months. She started walking at 2 years, but was very unsteady
with ‘slow progress to a normal walk around 4-5 years of age’. Her first words were at 2-3
years, although she has over 500 words now. She makes good eye contact and has good
social reciprocity. She was diagnosed with attention deficit hyperactivity disorder. She had
surgery to repair strabismus at 5 years of age; otherwise, ophthalmological exams were
normal and she was without oculogyric crises.
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Previous testing at 12 years of age included an electroencephalogram that was non-
epileptiform and a normal magnetic resonance imaging of the brain. At ~ 15 years, she was
noted to have spells of disorientation, ataxia and lethargy lasting over several weeks that
resolved on their own. She also had tremors and some abnormal stereotypical movements of
her arms and legs that were not consistent with a movement disorder. She has never had a
seizure. She had numerous episodes of syncope over the past several years without an
established etiology, although an echocardiogram revealed mitral valve leaflet bowing
without frank prolapse. She had issues with constipation as a child and has had persistent
gastro-esophageal reflux. Menarche was at 16 years.

The family was non-consanguineous of Northern European ancestry. There was no history
of neurological disease in the family; however, numerous family members were thought to
have joint laxity and mitral valve prolapse. Her older sister was healthy.

On examination, Proband-1 had a thin elongated face associated with mild dolichocephaly,
thick eyebrows and deep-set hypoteloric eyes (Figure 1a). He had a maxillary overbite,
prominent recessed chin, high-arched palate, and showed frequent twisting and protrusion of
his tongue. His sternum had an absent xyphoid tip.

He was alert, but hyperactive. He made appropriate eye contact and followed only a few
commands. He was sensitive to sounds and had mild hyperekplexia. He had decreased bulk
throughout, with mildly increased appendicular tone and normal strength. He had frequent
stereotypical movements of his arms and legs throughout the exam. There was no action or
resting tremor. His reflexes were brisk (legs greater than arms). There was mild dysmetria
when reaching for objects and fine repetitive movements had reduced amplitude and speed.
He had a wide-based stance and ambulated with exaggerated slapping of his feet.

Proband-2 was awake and alert during her examination. She exhibited some mild anxiety.
She was macrocephalic (as were her parents) with a thin elongated face associated with
prominent nose and deep-set eyes (Figure 1b). She had a marfanoid body habitus associated
with hyperextension and hyperflexibility of the knees, elbows and her thin long fingers. She
had good tone and strength. There were no reports of hyperreflexia or dysmetria. Her gait
was normal. She had scoliosis (~25 degrees).

Exome sequencing

Exome sequencing identified de novo heterozygous variants (Proband-1: ¢.1858 G>A;
p.G620R; Proband-2: ¢.1858 G>C; p.G620R) in exon 13 of the GR/INI gene. These variants
have not been previously reported in EXAC; although, Proband-2’s variant had been reported
in one other individual.1® The residue lies within the second transmembrane segment (TM2)
of the GIuN1 protein and is conserved across several species (Figures 1c and d). The
substitution of a large polar arginine in place of a small non-polar glycine has been predicted
to alter protein structure and function.16

Functional analysis of mutant GluN1 receptor

NMDARs possessing wild-type or mutant GluN1-G620R subunits were co-expressed with
wild-type GIUN2A or GIuN2B subunits. The electrophysiological properties of these
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complexes were compared across several pharmacological parameters. Half-maximal current
responses (ECsg) were determined by measuring the response to a range of glutamate and
glycine concentrations (Figures 2a and b). GIuN1-G620R/GIuN2A NMDARs showed a 1.8-
fold increase in the ECsg value (decreased potency) for glutamate (4.2 + 0.48 pM vs 7.5

+ 0.40 uM) and a 1.9-fold increase in the ECsq value for glycine (1.0 £ 0.06 uM vs 1.9

+ 0.10 puM; Figures 2c¢ and d; see Table 1). Agonist potency for GIuN1-G620R/GIuN2B was
similarly decreased, with the glutamate ECsgg increased by 2.9-fold (from 0.80 uM in wild
type to 2.3 uM), and glycine ECg increased by 1.8-fold (from 0.27 uM in wild type to 0.49
UM; Figures 2e and f; see Table 1). These data suggest that the GIuN1-G620R mutation
caused a significant decrease in the potency of glutamate and glycine in both GIuN1-G620R/
GIuN2A and GIuN1-G620R/GIuN2B NMDARs.

We also evaluated the effect of GIUN1-G620R on sensitivity of NMDARSs to several
endogenous extracellular negative modulators (Mg2*, Zn%* and protons).1 When co-
expressed with GIUN2A, the GIuN1-G620R showed a significant 18-fold increase in the
ICsq values (decreased potency) for magnesium at a holding potential of —60 mV (25 + 2.3
UM for wild-type GIUN1/GIUN2A2A vs 446 + 26 uM for 1-G620R/2A,; Figure 3a; see Table
1). Co-expression of GIuN1-G620R with GIuN2B strongly reduced Mg2* inhibition to an
extent such that we could not determine the ICgq value; we observed current responses that
were 106 + 7% (7= 12) of control in the presence of 1 mM extracellular Mg2* (Figure 3b;
see Table 1). The apparent potentiation on GIuN1-G620R/GIuN2B receptors by 1 mM Mg?*
might occur through extracellular Mg?* acting at the spermine site,2” unmasked via the
removal of MgZ*-induced voltage-dependent channel block by the GIuN1-G620R mutation.

When co-expressed with GIuUN2A, the GIuN1-G620R mutation showed enhanced zinc
sensitivity due to decreased ICgq values (24 + 2.6 nM for wild-type GIUN1/GIuN2A vs 9.2
+0.28 nM for GIuN1-G620R/GIuN2A) and increased degree of inhibition at Zn2*
concentrations that saturate the high-affinity site (53 £ 2.3% inhibition for wild-type GIuN1/
GIuN2A vs 77 £ 1.6% inhibition for GIUN1-G620R/GIuN2A,; Figures 3c and d; see Table
1). The GIluN1-G620R mutation showed enhanced proton sensitivity when co-expressed
with GIUN2A, with the current recorded at pH 6.8 as a percent of that recorded at 7.6 being
47 + 2.3% for wild-type GIUN1/GIuN2A and 25 + 1.4% for GIuN1-G620R/GIuN2A (Figure
3e; see Table 1). For GIUN2B, the current measured at pH 6.8, as a percent of that recorded
at pH 7.6, was 16 + 1.2% for wild-type GIuN1/GIuN2B and 9.6 + 0.29% for GIuN1-G620R/
GIuN2B (Figure 3f; see Table 1). These results suggest that the GIUN1-G620R substitution
in the two probands had a mixed effect on the sensitivity to negative modulators, with
reduced Mg?* inhibition but enhanced zinc and proton inhibition.

GluN1-G620R mutant affects receptor trafficking and current response in mammalian cells

We assessed recombinant NMDAR protein expression and localization in transiently
transfected HEK?293 cells by measuring both total protein and surface localized protein by
western blot. There was no significant difference in the ratio of surface-to-total protein
expression of the mutant GluN1-G620R/GIuN2A compared to wild-type GIuUN1/GIuN2A
(13 + 15%; P=0.43, paired #test; Figures 4a and c). In contrast, the ratio of surface-to-total
protein was significantly decreased by 60% when the mutant GluN1-G620R was co-
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expressed with GIUN2B and compared to wild-type GIUN1/GIuN2B (P = 0.0001, paired #
test; Figures 4b and ¢). These data reveal that GIuUN1-G620R can disrupt the forward
trafficking of some NMDAR subtypes. We also measured and compared the current
response of the GIUN1-G620R mutant to the wild-type receptors from transiently transfected
HEK?293 cells. Consistent with the trafficking data, cells expressing the G620R mutant and
GIuN2B showed a dramatic reduction in current amplitude (Figure 4e; GIuN1-G620R/
GIuN2B: 2.0 + 0.65 pA/pF, n= 6 vs wild-type GIuUN1/GIuN2B: 71 + 27 pA/pF, n=5; P=
0.02, unpaired #test) when co-expressed with GIUN2B subunits. Surprisingly, the mutant
also showed a significantly decreased current amplitude when co-expressed GIUN2A subunit
(Figure 4d; 1-G620R/GIuN2A: 33 £ 8.3 pA/pF, n= 13 vs wild-type GIuUN1/GIuN2A: 160

+ 42 pAlpF, n=7; P=0.001, unpaired #test).

DISCUSSION

We report two individuals with de novo mutations in GR/NI resulting in the G620R
substitution. These individuals presented with intellectual disability, motor delays and
abnormal stereotypical movements in the absence of seizures. De novo mutations in GRIN1
have recently been identified in several patients with non-syndromic intellectual disabilities,
oftentimes associated with epilepsy.6:16:20.21 A 7-year-old boy had previously been reported
with the same G620R substitution and similar phenotypic features (although dysmorphism
was not reported),18 indicating this mutation may be associated with its own phenotypic
presentation. We provide the first analysis of the expression, trafficking and function of the
mutant GIuN1-G620R subunits in the context of co-expression with either GIUN2A or
GIuN2B. Our data suggest that the proband’s phenotype may have been influenced by the
combination of altered protein subtype trafficking and abnormal electrophysiological
activity.

Receptor trafficking experiments revealed that the GIluN1-G620R mutant, when co-
expressed with GIUN2B, decreased the forward trafficking of NMDARs to the plasma
membrane compared to wild type GIUNL1. In contrast, surface expression of GIUN1-G620R
complexed with GIuN2A was only slightly decreased when compared to wild-type
NMDARs. Because GIuN2B is predominantly expressed during fetal development and the
neonatal period, these data indicate that decreased trafficking of GIuN1-G620R/GIuN2B
NMDARs may have a negative impact on embryonic neurodevelopment.

In addition to this trafficking defect, electrophysiological analyses indicated that this amino
acid substitution also affected NMDAR ion channel activity. The GIuN1-G620R variant lies
within the second transmembrane (M2) domain associated with a reentrant loop that lines
the ion channel pore. Changes in amino acid residues in this region have been shown to alter
Mg?2* blockade and calcium permeability.28:29 Specifically, mutations at nearby asparagine
residues have been shown to produce a weaker voltage-dependent block by magnesium and
lower calcium permeability.28:30.31 These findings support the important role of the amino
acid residues in M2 region for regulating flow of ions through NMDA receptors as well as
the voltage-dependent block by extracellular Mg?*. Our functional analysis of GIuN1-
G620R showed a ~ 2-fold decrease in glutamate and glycine binding, and an 18-fold
decrease in Mg2* blockade in the context of GIUN2A co-expression. Because GIuN1-
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G620R/GIuN2A complex is correctly trafficked to the plasma membrane, we assume its
expression and localization at synapses is largely unchanged. Although the reduced Mg?*
inhibition will increase current at resting membrane potentials and will likely dominate at
synaptic receptors activated by high concentrations of glutamate, it is also important to
consider that its lower potency may also produce a briefer excitatory postsynaptic current
(EPSC) time course. Our data showed significantly decreased current responses to a
maximal concentration of agonists. At this time, we do not understand the basis of this
discrepancy between the near normal receptor trafficking and the reduced current responses;
further study with native cells/tissues and animal models is warranted.

In addition, the reduction in Mg2* block will alter the voltage-dependent aspect of NMDA
receptor-mediated currents, potentially interrupting cellular mechanisms of NMDA receptor-
dependent synaptic plasticity.32:33 For receptors that contain GluN1-G620R complexed with
GIuN2B, it is difficult to predict the effects on receptor function. For instance, there will be a
reduction in function due to the reduced delivery of protein to the cell surface. If the deficit
in trafficking we observed persists in neurons, then this mutation could produce a
hypofunction of GIuN1-G620R/GIuN2B receptor activity, which could play a role in these
individuals’ poor developmental progress. Alternatively, when these receptors do reach the
surface, they will be more active than WT receptors because there will be essentially no
voltage-dependent Mg2* block.

NMDAR function has been investigated in several transgenic mouse models. Grinl
hypomorphic mice that express GIuN1 at 5-10% of normal levels were found to have
increased stereotypy and social behaviors.343% Alternatively, mice with homozygous GluN1-
D481N mutations had a 5-fold reduction in glycine potency and exhibited features including
hyper-reactivity, noise sensitivity, stereotypies and self-injurious behaviors.3¢ Furthermore,
another Grini mouse that possessed a homozygous R844C substitution was shown to have
increased locomotor activity, decreased social interactions and startle responses, as well as
abnormal anxiety-like behaviors.37:38 Although these hypofunctional models are not directly
analogous to our heterozygous patients, they do suggest that GR/NI may play a similar role
in social and cognitive behaviors in both species.

To date, several patients have been reported with GR/N mutations associated with
dysmorphic faces, intellectual disability and hyperkinetic movement disorder.16:21 We report
two individuals with similar phenotypic presentations who had de novo GluN1-G620R
mutations residing in TM2 of the GIuN1 subunit. Our probands seem to be unique among
patients with GR/NI mutations due to their ability to ambulate, as well as their more
extensive language capabilities. One other individual reported with the G620R substitution
was noted to have a similar phenotype (intellectual disability without epilepsy).16 In that
report, the GIuN1-G620R mutation was thought to produce a ‘nonfunctional”’ NMDAR, but
was only tested when co-expressed with the GIuUN2B. This interpretation could have resulted
from the trafficking defect that we have report here with GIuN1-G620R/GIuN2B receptors,
since there was no direct electrophysiological evaluation of GIUN1-G620R/GIUN2A-
containing receptors in that report.
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Interestingly, the potential differential effects of this mutation on GIUN2A- and GIuN2B-
containing NMDARs suggest that the impediments to these individual’s development might
be multi-faceted with temporally distinct components. Embryonically, the probands may
have suffered neurological deficits as a result of the decreased presence of GIUN1-G620R/
GIuN2B complexes on the surface of neurons during brain development. After birth, the
reduced current responses of both GIuN1-G620R/GIuN2A and GIuN1-G620R/GIuN2B
(along with its reduced surface expression) complexes, coupled with diminished voltage-
dependent block by Mg2*, may have compromised both cellular function, network
processing and synaptic plasticity. These cases provide an example that a single amino acid
substitution can produce a combination of factors that perturb NMDAR function in multiple
ways, which together, can produce a profound genotype-specific phenotype.
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p.G620R

Identification of a GR/NI missense mutation in patients with developmental delay. (a and b)
Facial appearance of Probands 1 and 2. (c) A linear schematic representation of the GIuN1
subunit. The position of the mutation is indicated by an asterisk. Gly620 is conserved across
vertebral species. ATD, Amino terminal domain; CTD, carboxy terminal domain; M1-4,
transmembrane domains (TMs) 1-4; S1 and S2, agonist-binding domains. (d) Homology
model of the GIuUN1/GIuN2A receptor built from the GIUN2B crystallographic data3? and
shown as space fill. The position of the alteration p.G620R is indicated by the red color in

region of TM M2,
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GIluN1-G620R changes agonist potency. (a and b) Representative two-electrode voltage-
clamp recordings obtained from oocytes expressing wild-type GIUN1/GIuN2A receptors in
which the currents were evoked by increasing concentrations (uM) of glutamate (a, in the
presence of 100 uM glycine) and glycine (b, in the presence of 100 pM glutamate) at the
holding potential of — 40 mV. (c—f) Composite concentration-response curves determined by
two-electrode voltage-clamp (TEVC) recordings from Xenopus oocytes are shown for wild-
type GIuN1 or GIuN1-G620R co-expressed with GIUN2A (c and d) or GIuN2B (e and f).
Glutamate (c and €) and glycine (d and f) concentration-effect curves showed that the
GIluN1-G620R mutant has a reduced agonist potency (increased ECsq values, see Table 1)

for both agonists.
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GIluN1-G620R alters sensitivity to negative modulators. (a and b) Concentration-response
curves for wild-type GIuN1 and GIuN1-G620R co-expressed with GIUN2A (&) and GIuN2B
(b) receptors at holding potential =60 mV revealed decreased inhibition by extracellular
Mg?2*. (c and d) Composite inhibitory concentration-response curves for zinc at holding
potential — 20 mV showing an enhanced inhibition by zinc, with a decreased I1Csq value (c)
and an increased percentage inhibition at 300 nM zinc (d). (e and f) Decreased percentage of
current at pH 6.8 compared to the pH 7.6 in the mutant GIuN1-G620R/2A receptors (€) and
GIluN1-G620R/2B receptors (f). *P<0.01, unpaired *test.
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GIluN1-G620R alters N-methyl-D-aspartate (NMDA) receptor surface expression and
current response. (a and b) The surface proteins (wild-type GIuN1 or GIuN1-G620R) were
expressed in HEK293 cells for 24 h, labeled with biotin and pulled down with avidin beads.
Equivalent amounts of wild type and G620R protein samples were separated by SDS-
polyacrylamide gel electrophoresis (PAGE; GIUN2A: 10 ul of total and surface; GIUN2B: 5
ul of total and 30 pl of surface). The expression of NMDARs was assessed by western
blotting for GIuN1, transferrin receptor (TfR) and tubulin (Tub). Total GIuN1 signals were
normalized to tubulin signal, which served as a loading control. TfR served as a control to
show relatively equal surface labeling. Representative blots are shown for HEK293 cells
expressing wild-type GIuN1/GIuN2A and GIuN1-G620R/GIuN2A (a), and GIuN1/GIuN2B
and GIuN1-G620R/GIuN2B (b). (c) Densitometry was used for chemiluminescence signal
quantification, and the ratio of surface-to-total protein level of wild-type GIuN1 was
compared to GIuUN1-G620R by paired #tests for GIUN2A (P=0.43, n=4) and GIuN2B (*P
=0.0001, n=5). Mutant surface-to-total protein ratios were normalized to the wild type
(dashed line) and plotted as mean * s.e.m. (d and €) Current response was recorded by using
the whole-cell voltage patch-clamp recordings from transiently transfected HEK293 cells at
holding potential of —60 mV. The current amplitude normalized to cell capacitance was
significant decreased in the GIuN1-G620R mutant when co-expressed with GIuN2A (d, 33
pA/pF vs 160 pA/pF for the wild type, n=7, 13; *P=0.001) or with GIuN2B (e, 2.0 pA/pF
vs 71 pA/pF for the wild type, n=5, 6; *P=0.02).
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Table 1

Summary of pharmacological data for GIuUN1-G620R

wild-type GIUNVGIUN2A  1-G620R/GIuN2A  wild-type GIUNLV/GIuN2B  1-G620R/GluN2B

Glutamate, ECsg, UM (7)) 4.2+£0.48 (16) 7.5+ 0.40 (13)2 0.80+0.15(9) 2.3+0.30 (8)4
Glycine, ECsg, UM (1) 1.0 + 0.06 (16) 1.9£0.10 (13)4 0.27 £0.04 (6) 0.49 £ 0.02 (5)2
Mg?*, ICsp, M (7)0 25 +2.3 (10) 446 + 265 (13)? 22+25 (6) 10004
Proton, % (7)€ 47+27(12) 25+ 1.4 (11)4 16+1.2(6) 9.6 +0.29 (5)4
Zinc, ICsp, nM (1) 24+26 (5) 9.2+0.28 (8)4 - -

% inhibition by zinc? 53+2.3% (5) 77+ 1.6% (8)2 - -

The data are expressed as mean + s.e.m. (/).

aP<0.01, compared to the corresponding wild type, unpaired ~test; agonist potency was compared using logEC5( or loglCs( values.

bHoIding potential of -60 mV.
DPercentage current remaining at pH 6.8 compared with the pH 7.6.

dAt 300 nM of zinc.

For all comparisons, number of samples was chosen a priorito give power to detect a 40% change of 0.8.
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