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Abstract

GRID1 and GRID2 encode the enigmatic GluD1 and GluD2 proteins, which form tetrameric receptors that play important roles in synapse
organization and development of the central nervous system. Variation in these genes has been implicated in neurodevelopmental
phenotypes. We evaluated GRID1 and GRID2 human variants from the literature, ClinVar, and clinical laboratories and found that many
of these variants reside in intolerant domains, including the amino terminal domain of both GRID1 and GRID2. Other conserved regions,
such as the M3 transmembrane domain, show different intolerance between GRID1 and GRID2. We introduced these variants into GluD1
and GluD2 cDNA and performed electrophysiological and biochemical assays to investigate the mechanisms of dysfunction of GRID1/2
variants. One variant in the GRID1 distal amino terminal domain resides at a position predicted to interact with Cbln2/Cbln4, and the
variant disrupts complex formation between GluD1 and Cbln2, which could perturb its role in synapse organization. We also discovered
that, like the lurcher mutation (GluD2-A654T), other rare variants in the GRID2 M3 domain create constitutively active receptors that
share similar pathogenic phenotypes. We also found that the SCHEMA schizophrenia M3 variant GluD1-A650T produced constitutively
active receptors. We tested a variety of compounds for their ability to inhibit constitutive currents of GluD receptor variants and found
that pentamidine potently inhibited GluD2-T649A constitutive channels (IC50 50 nM). These results identify regions of intolerance to
variation in the GRID genes, illustrate the functional consequences of GRID1 and GRID2 variants, and suggest how these receptors
function normally and in disease.
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Introduction
The GluD or delta subunits belong to a subfamily of glutamate
receptors that includes the GluD1 and GluD2 receptors, which
are encoded by the GRID1 and GRID2 genes, respectively. Both
GluD1 and GluD2 are widely expressed throughout the brain,
with GluD2 most strongly expressed in the cerebellum [1, 2].
GluD2 is expressed in the Purkinje cell spines and is often co-
expressed with other glutamatergic receptors [1, 3, 4]. GluD1
and GluD2 proteins assemble as homomeric tetramers and con-
tain an agonist binding domain that can bind D-serine [5, 6].
Unlike other ionotropic glutamate receptors, the GluD receptor is
not discernibly gated by agonist binding alone, and may require
the accessory proteins Cbln and Neurexin to form functional
d-serine or glycine-responsive receptors [7]. Cbln and Neurex-
ins, together with GluD proteins, form a trans-synaptic complex
[8–11], and this complex linking the presynaptic terminal (Cbln
and Neurexin) and postsynaptic density can control the recruit-
ment of postsynaptic AMPA and NMDA receptors through the
GluD1 C-terminal motifs [12]. GluD2 and Cbln1 are critical for
proper cerebellar granule and Purkinje cell dendritic morphology
and synapse stability [13–15].

Although genetic studies have linked GRID1 copy number
variants (CNVs) with autism [16–18] and single nucleotide
polymorphisms (SNPs) in the gene have been implicated in both
schizophrenia and bipolar disorder [19–22], a clear relationship
between missense GRID1 variants and clinical phenotypes is not
yet well established. Transgenic animal models provide insight
into potential roles of GluD1 in neurological disease. Deletion of
GluD1 in mice leads to hyperactivity, social deficits, aggression
and depression-like behavior, as well as deficits in learning and
memory [6, 23, 24]. Adult mice lacking GluD1 in medial prefrontal
cortex (mPFC) and hippocampus show a higher dendritic spine
count [25], which may have implications for disorders such as
autism for which a higher number of spines has been observed
[26].

Loss-of-function variation in GRID2 has been implicated in an
autosomal recessive syndrome with cerebellar ataxia, eye move-
ment abnormalities, cerebellar atrophy, and global developmental
delay [27–32]. In addition, a deletion affecting the GRID2 gene
has been associated with schizophrenia [33]. Transgenic mice
with Grid2 knockout (the hotfoot strain) exhibit ataxia, impaired
locomotion, and Purkinje cell abnormalities, and implicate GluD2
receptor involvement in cerebellar synaptic long term depression
[13, 34], as well as cerebellar synaptic organization [35]. Evidence
in mice and humans also suggests that missense variation in
GRID2 is involved in neurological disease pathogenesis. The lurcher
mouse contains a Grid2 variant [36, 37], p.Ala654Thr, which results
in constitutively open ion channels that pass inward currents at
rest [37], and lead to subsequent apoptosis of cerebellar Purkinje
neurons [38]. Electrophysiological studies of this variant deter-
mined that the constitutively active GluD2-A654T receptor can
be inhibited by d-serine [5], and potentiated by extracellular Ca2+

[39, 40]. In addition, p.Ala654Thr and p.Ala654Asp heterozygous
GRID2 variants were identified in patients from different fami-
lies with congenital spinocerebellar ataxia, and either heterozy-
gous or homozygous missense p.Leu656Val variants in GRID2
have been reported in multiple patients from a large family with
cerebellar ataxia [41]. These variants were speculated to result
in a gain-of-function leading to a dominant or semi-dominant
inheritance pattern [41]. All three variants reside in the third
membrane domain (M3) motif of GluD2 (residues SYTANLAAFL),
which is highly conserved and critical for glutamate receptor
channel gating [42, 43]. Two of these variants alter the same amino
acid as in the lurcher mouse (Ala654) and this strain exhibits
degeneration of cerebellar Purkinje cells and ataxic gait [37]. In
the GRIA3 gene encoding another glutamate receptor (GluA3), a
variant at the homologous amino acid as lurcher was identified
in two patients with developmental delay and a disturbed sleep–
wake cycle (GRIA3 p.Ala653Thr; SYTANLAAFL). This change sta-
bilizes the closed state of the AMPA receptor [44]. A recurrent
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GRIA1 variant at the same location (p.Ala636Thr; SYTANLAAFL) in
five patients is associated with intellectual disability and autism
[45]. Variants at this position in GRIN1 have also been described
(p.Ala653Gly, ClinVar).

Variants in genes that encode proteins (Cbln, neurexin families)
that form a trans-synaptic complex with GluD receptors may
contribute to neuropsychiatric conditions through alteration in
the actions of GluD1 and GluD2 receptors. Association studies
showed an enrichment of heterozygous NRXN1-NRXN3 variants in
cases versus controls and thus linked common variation in these
genes to schizophrenia, autism spectrum disorder, and Tourette’s
syndrome [46]. Rare variation in NRXN1 causes a recessive, severe
epileptic encephalopathy [47]. CBLN2 is implicated in Tourette’s
syndrome [48]. Furthermore, functional transgenic animal studies
suggest that CBLN2 plays a role in compulsive behaviors and spine
formation in the prefrontal cortex [49, 50]. These actions likely
involve alterations in GluD receptor signaling.

Given the prominent roles in CNS development, overall intol-
erance to variation of the GRID genes (Supplementary Table S1)
and accumulating evidence of their role in neurological disor-
ders, we sought to establish critical domains and residues in
GluD1 and GluD2 in order to facilitate clinical variant classifi-
cation in these genes. We also anticipated analysis of variant
effects could provide clues to the enigmatic function of the GluD
receptor family. Here we report a comprehensive set of poten-
tial disease-associated GRID2 and GRID1 human variants, which
includes several newly identified variants as well as a compilation
of the previously published and publicly available variants. We
used multiple computational and functional assays to establish
the domains that are intolerant to variation and the residues
that are critical for GluD1-Cbln2 protein interactions. We also
assessed the function of several of the GluD1 and GluD2 variants
in electrophysiological and biochemical assays and performed
pharmacological studies to identify small molecules capable of
modulating constitutive currents produced by GRID variants as
potential therapeutic strategies.

Results
Clinical features of GRID1 and GRID2 human
variants
GRID1 and GRID2 show substantial genetic intolerance to
variation, as measured by residual variance intolerance scores
(RVIS; Supplementary Table S1). To understand the variation
that may disrupt gene function, we identified known missense,
nonsense, and deletion variants in GRID1 and GRID2 from the
public database ClinVar, the Schizophrenia Exome Sequencing
Meta-analysis (SCHEMA) database, and published reports in the
literature. In addition, a network of clinical colleagues identified
new patient-derived GRID1 and GRID2 variants via whole exome
sequencing, and we worked with individual clinical testing labs
to identify GRID1 and GRID2 variants in patients who received
exome sequencing. Clinical and genetic information describing
the 57 GRID1 (31 this study, 1 literature, 1 SCHEMA, 24 ClinVar)
and 70 GRID2 (3 this study, 5 published, 62 ClinVar) missense
variants identified in patients or present in clinical databases
for this study are presented in Table 1 and Supplementary
Tables S2–S5.

There was no common phenotype evident for individuals with
GRID1 missense variants. That is, we found little overlap in pheno-
typic characteristics between patients with GRID1 variants (Sup-
plementary Tables S2–S5). Unlike GRID1 where phenotypes were
variable, GRID2 missense and nonsense variants presented with

ataxia (n = 20) and cerebellar atrophy (n = 6), consistent with the
phenotypic characteristics of mutant Grid2 lurcher mice [37]. Other
common phenotypes were eye movement disorders (n = 10) and
to a lesser degree developmental delay (n = 7). Whereas both the
GluD1 and GluD2 proteins are expressed in a variety of brain
regions including the cerebral cortex, hippocampus, and cerebel-
lum, GluD2 expression is highest in the cerebellum and present at
higher levels than GluD1 [1], potentially explaining the occurrence
of ataxia and cerebellar atrophy in patients with GRID2 variants.

Regional intolerance of the GRID1 and GRID2
amino terminal and transmembrane domains
The missense tolerance ratio (MTR) is a parameter that estimates
the subregions within gene coding domains that are under
purifying selection based on population genetics data [51]. The
MTR quantifies the frequency of missense variants present
in a sliding window of the protein coding domain observed
in the human population reported by the Exome Aggregation
Consortium Database (ExAC). Since the GluD1 and GluD2
receptors have complex tertiary and quaternary structure (Fig. 1),
we used a 3D MTR algorithm that can predict hotspots of regional
intolerance by evaluating nearest neighbors in 3-dimensional
space within the protein structure rather than nearest neighbors
along the polypeptide linear chain [52]. Using this approach, we
determined that both GluD1 and GluD2 receptors have regions of
the amino terminal domain (NTD) that are intolerant to genetic
variation, such as the most extracellular portion of the NTD
(Figs 2–3; see also Supplementary Fig. S4). Interestingly, 7 GRID1
missense variants reported here (GluD1-P120Q, GluD1-R161C,
GluD1-K199R, GluD1-A236S, GluD1-R300L, GluD1-R341Q, GluD1-
P146L, R148C; Fig. 2) and two variants in ClinVar (GluD1-Q117E,
GluD1-P146L) that are absent from gnomAD reside within the
intolerant NTD domain (GluD1 residues 21-421; Supplemen-
tary Tables S2 and S3), suggesting potentially clinically-relevant
NTD variants may exist for GluD1 receptors. Four missense
variants reported in ClinVar that reside in the GluD2 NTD
(GluD2 residues 24–425) were absent from gnomAD (Supplemen-
tary Table S5). Additional patient-derived variants in the NTD are
also present in gnomAD, although most are outside of the most
intolerant regions (Supplementary Fig. S4).

While there was strong overlap in intolerant regions in the
NTD across both genes, we also identified several differences in
regional intolerance between the GRID1 and GRID2. For exam-
ple, GluD2 showed regional intolerance around the extracellular
end of the M3 transmembrane helix close to the linker regions,
whereas GluD1 showed no such intolerance. Overall 9/70 of the
clinically reported GRID2 missense variants were absent from
the gnomAD database (Table 1, Fig. 3) and resided in the M3
transmembrane helix. By contrast only 1/56 of the GRID1 patient
variants resides in M3, and there are multiple variants in this
region found in gnomAD v2.1.1 (Table 1, Supplementary Tables S2
and S4, Fig. 3). This suggests differential roles of the M3 helix or
different functional responses to genetic variation between the
GluD1 and GluD2 receptors. The GluD1 M4 domain also appears
intolerant to variation using the 3D MTR method, and one variant
(GluD1-A817T) from a patient with developmental delay and
other neurological features was identified in this region and was
absent from the gnomAD database. Both GluD1 and GluD2 agonist
binding domains revealed some regional intolerance, which could
suggest important roles for Ca2+ binding and d-serine binding in
these receptors, as missense mutations in this domain can alter
these properties [40]. Interestingly, it appears that the agonist
binding domain for GluD2 is less tolerant to variation than that
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Table 1. The GluD1 M3 domain is more tolerant to variation than GluD2.

Gene Nucleotide
Change

Protein
Change

Domain PolyPhen gnomAD
Alleles

gnomAD
noneuro
Alleles

SCHEMA
Case
Alleles

SCHEMA
Control
Alleles

Source

GRID1 c.1911G > T p.Trp637Cys M3 probably damaging 2/248 908 2/206 130 1/48 496 2/194 644 ClinVar
GRID1 c.1940C > T p.Ser647Phe M3 probably damaging 3/249 524 2/206 728 0 1/194 644 gnomAD v2.1.1
GRID1 c.1946C > T p.Thr649Ile M3 probably damaging 1/249 506 0 0 1/194 644 gnomAD v2.1.1
GRID1 c.1948G > A p.Ala650Thr M3 probably damaging 1/249 224 0 1/48 496 0 SCHEMA/gnomAD

v2.1.1
GRID1 c.1952A > G p.Asn651Ser M3 benign 6/249 322 6/206 636 0 3/194 644 gnomAD v2.1.1
GRID2 c.1936 T > C p.Ser646Pro M3 probably damaging 0 0 0 0 ClinVar
GRID2 c.1945A > G p.Thr649Ala M3 probably damaging 0 0 0 0 This study
GRID2 c.1945A > T p.Thr649Ser M3 probably damaging 0 0 0 0 ClinVar
GRID2 c.1946C > T p.Thr649Met M3 probably damaging 22/281 822 19/228 708 0 0 gnomAD v2.1.1
GRID2 c.1948G > C p.Ala650Pro M3 probably damaging 0 0 0 0 ClinVar
GRID2 c.1949C > T p.Ala650Val M3 probably damaging 0 0 0 0 ClinVar
GRID2 c.1961C > G p.Ala654Gly M3 probably damaging 0 0 0 0 ClinVar
GRID2 c.1960G > A p.Ala654Thr M3 probably damaging 0 0 0 0 Coutelier et al. [41]
GRID2 c.1961C > A p.Ala654Asp M3 probably damaging 0 0 0 0 Coutelier et al. [41]
GRID2 c.1966C > G p.Leu656Val M3-S2 probably damaging 0 0 0 0 Coutelier et al. [41]

Nucleotide and protein changes are represented as the consequence on the canonical NCBI RefSeq for GRID1 (NM_017551.2) and GRID2 (NM_001510.4). A
complete list of GRID1 and GRID2 variants with clinical information is given in Supplementary Tables S2 and S3. Variants present in ClinVar are summarized
in Supplementary Tables S4 and S5. All variants were predicted by SIFT to be deleterious (not shown).

Figure 1. GluD1 protein structure described by Burada et al. (2020), pdb ID 6KSS (see Supplementary Data 1). (A1) Full view of protein structure with four
separate GluD1 protein subunits visible (chain A, blue; chain B, yellow; chain C, green; chain D, orange). (A2) Top down view of the amino-terminal domain
(NTD) of the GluD1 tetramer. (B1-2) Isolated GluD1 subunit shown with ribbon and space fill model. (C) GluD1 protein NTD in pink, agonist-binding
domain [56] in green, and transmembrane domain (TMD) in cyan.

of GluD1, raising the possibility that ligand binding to GluD2 may
be more important for its biological role(s) than perhaps ligand
binding to GluD1 is for its role(s).

NTD variants predicted to disrupt interactions
with Cbln1 and Cbln2
The NTD of the GluD1 and GluD2 receptors binds the presynap-
tically-secreted cerebellins to form trans-synaptic complexes

with pre-synaptic neurexins [9, 11, 53]. Presynaptic binding of the
neurexin-cerebellin complex to GluD1 transduces signals that
control the recruitment of AMPA and NMDA receptors to the
postsynaptic membrane [12]. Thus, the intolerance observed in
the GluD1 and GluD2 NTD may be due to its binding to the Cbln1-
neurexin trans-synaptic protein complex [8–11]. That is, variants
in the GRID1 and GRID2 genes could be disease-associated if they
alter the binding affinity to Cbln1 or Cbln2. Because 8 of the
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Figure 2. Genetic regional intolerance to variation of GRID1. The 3D MTR analysis for GRID1 was developed from the GluD1 structure described by Burada
et al. (2020) with 3D MTR residue window of 31 (see Supplementary Data 1 and 2). Low 3D MTR scores (blue) indicate residues less tolerant to variation,
while high scores indicate residues that are more tolerant to variation [81]. (A1) Full view of GRID1 3D MTR scores on GluD1 protein structure. (A2) Top
down view of the amino-terminal domain (NTD) of GRID1 3D MTR scores on GluD1 protein structure. (B1-2) Isolated subunit GRID1 3D MTR scores shown
with ribbon and space fill model. (C) GRID1 variants clinically relevant or tested here that are not present in gnomAD 2.1.1 from Supplementary Tables S2
and S4 shown in context of 3D MTR scores. # denotes position of missense variants residing at listed positions that are not represented in the displayed
figure due to lack of electron density. ∗ denotes that variants were evaluated in this study.

∧
denotes that variants at listed positions are found in gnomAD

(v2.1.1) evaluated because they were in SCHEMA patients.

reported missense GRID1 variants reside in the NTD, we generated
a homology model of GluD1-Cbln2 interactions to look at possible
mechanisms for variant dysfunction. The model predicts that
three GluD1 amino side chains (Asp21, Glu58, Arg341) form salt
bridges between GluD1 and Cbln2. Cbln2 Ser345 participates in
sidechain H-bond interactions, and Trp343 and Met346 form main
chain H-bond interactions (Fig. 4). Importantly, Arg341 is also
the site of the human variant GRID1 p.R341Q (Fig. 2C). If these
residues participate in protein complex formation in vivo, then
changing the positively charged arginine to the neutral glutamine
at position 341 should diminish the strength of this interaction
and alter the binding affinity between GluD1 and Cbln2. We
ran 3D MTR analysis on the GluD1-Cbln2 homology model to
look at the intolerance of GRID1 and CBLN2 near the site of the
protein–protein interactions, and found a marked intolerance
of both genes at sites encoding residues near their respective
sites of interaction (Fig. 4B), including the GluD1-R341Q variant
(Fig. 2C). While the full scope of how GluD1 works in vivo remains
incomplete, this model and intolerance analysis emphasize the
importance of both the GluD1-Cbln2 protein–protein interaction
and genetic variants in these domains.

While little is known about the phenotypic features of GRID1
human variants, GluD1 knock-out mice exhibit social deficits, in
addition to anxiety-like, depression-like and aggressive behaviors
[6, 23, 24]. These behaviors may be consistent with the phenotypic
features of this patient with GluD1-R341Q, which include intel-
lectual disability, ADHD, aggression, anxiety, and schizoaffective

disorder. These clinical correlates together with our prediction
that this variant perturbs interactions between GluD1 and cere-
bellins within an intolerant region suggests this variant may have
deleterious effects on the trans-synaptic GluD1 function.

Human variant R341Q reduces the interaction
between the GluD1-NTD and Cbln2
Given that the human variant GluD1-R341Q is in a portion of the
receptor that is highly intolerant and predicted to interact with
Cbln2, it should have a strong functional effect. However, this
residue is distal to the agonist binding domain and the channel
pore, and thus seems unlikely to alter their actions. We hypoth-
esized that given its position and likely interaction with Cbln2,
GluD1-R341Q should disrupt this protein–protein interaction. To
study the interaction between GluD1 and Cbln2, we performed
a biomembrane force probe (BFP) experiment where Cbln2 was
attached to a probe bead that is manipulated to touch a HEK293T
cell expressing GluD1 (Fig. 5A and B). In this experiment the probe
bead is attached to a red blood cell, which acts as a spring to gauge
the forces during measurements, and held using a micropipette by
suction. The HEK cell was repeatedly brought into contact with
the probe bead to enable interaction between GluD1 and Cbln2,
as indicated by a compressive force (Fig. 5C and D, negative force),
and then it was pulled away to observe whether interaction indeed
occurred. In some cases the force simply returned from negative
to zero, and this indicates that the contact did not produce binding
between GluD1 and Cbln2 (Fig. 5C). In other cases a tension force
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Figure 3. Genetic regional intolerance to variation of GRID2. The 3D MTR analysis for GRID2 was developed from the GluD1 structure described by
Burada et al. (2020) with 3D MTR residue window of 31 (see Supplementary Data 1 and 2). Low 3D MTR scores (blue) indicate residues less tolerant to
variation, while high scores [81] indicate residues that are more tolerant to variation. (A1) Full view of GRID2 3D MTR scores mapped onto the GluD1
protein structure, assuming that GluD2 has a similar architecture to GluD1. (A2) Top down view of the amino-terminal domain (NTD) of GRID2 3D MTR
scores on the GluD1 protein structure. (B1-2) Isolated subunit GRID2 3D MTR scores shown with ribbon and space fill model. (C) GRID2 variants clinically
relevant or tested here that are not present in gnomAD v2.1.1 from Supplementary Tables S3 and S5 shown in context of GRID2 3D MTR scores.

was observed (positive force), indicating adhesion (Fig. 5D). Such
contact-retraction cycle was repeated 50-100 times per bead-cell
pair to enumerate a frequency of the occurrence of the positive
events and multiple bead-cell pairs were tested to tabulate the
individual adhesion frequency for each condition. To avoid com-
plications from endogenous GluD1 expression, GluD1 KO HEK293
cells were used (Supplementary Fig. S3). As expected, increasing
concentrations of Cbln2 resulted in an increase in the adhesion
frequency for GluD1-WT expressing cells (Fig. 5E). By contrast,
the adhesion frequency was reduced with R341Q in all scenarios
where Cbln2 was applied to the probe bead suggesting that the
propensity for binding was disrupted by the GluD1 variant. Con-
trol experiments confirmed that WT and variant receptors were
expressed at similar levels (Supplementary Fig. S5). These data
strongly suggest that this NTD variant can alter the interaction of
GluD1 and Cbln2, and raises the possibility that the intolerance
of this region to variation reflects disruption of the interactions
between GluD receptors and cerebellins.

Constitutive activity of GRID1 and GRID2 human
transmembrane domain variants
The M3 transmembrane helix plays an essential role in gating
for most members of the glutamate receptor family of AMPA,
kainate, and NMDA receptors. Moreover, the GluD2 lurcher muta-
tion within the highly conserved SYTANLAAF motif of the M3
transmembrane helix produces constitutively active channels
[37]. We therefore tested whether patient-derived variants in
the GRID2 M3 domain (GluD2-L656V, GluD2-T649A, GluD2-A654T,
GluD2-A654D, GluD2-S646P) as well as gnomAD variants in M3

(GluD2-T649M) could produce constitutive currents (see Table 1).
We introduced these 6 variants into rat GluD2 cDNA and per-
formed voltage clamp recordings from Xenopus oocytes injected
with variant cRNA. In order to determine whether the expres-
sion of these constructs produced constitutive inward currents
through the GluD receptors, we designed an assay that evalu-
ated the dependence of constitutive current flow on the pres-
ence of extracellular permeant ions, a conventional means by
which to assess ion channel activity. The external solutions either
contained permeant Na+ or equimolar concentrations of the
impermeant cation NMDG+ (see Methods). This ionic replace-
ment experiment allowed the quantification of differences in
the constitutive influx of sodium ions through presumably open
GluD2 variant receptors, which we refer to as a difference current.
We found that there was a minimal difference current between
NMDG+- and Na+-containing solution for oocytes expressing wild
type GluD2 receptors (18 ± 1.6 nA, n = 14, Fig. 6, Table 2). Oocytes
expressing the previously characterized GluD2 lurcher mutation
(p.A654T) had a large difference current between NMDG+- and
Na+-containing solution of 1300 ± 160 nA (n = 14), confirming the
constitutive activation of these GluD2 ion channels. Two previ-
ously reported human variants GluD2-A654D and GluD2-L656V
also produced large constitutive currents of 740 ± 110 nA (n = 12)
and 1040 ± 140 nA (n = 12), respectively. While not significant by
Dunnett’s multiple comparisons test, the GluD2-T649A variant,
which is newly reported in this study, showed a difference current
of 113 ± 14 nA (n = 13; see Table 2). By contrast, GluD2-T649M,
which was present in gnomAD, showed minimal constitutive
currents (37 ± 11 nA, n = 16).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad188#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad188#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad188#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad188#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad188#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad188#supplementary-data
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Figure 4. GluD1-Cbln protein-protein interactions. (A) Side view of a homology model (see Supplementary Data 1) of human GRID1 in complex with
human CBLN2. This structure was one frame from the MD simulation modeling the interactions between these proteins (Supplementary Fig. S2). (B)
3D MTR analysis of CBLN2 and GRID1 using the closest 21 residues in the analysis (see Supplementary Data 2). Low MTR scores (blue) indicate residues
intolerant to variation, while high scores indicate residues tolerant to variation [81]. (C) Interacting residues between the GluD1-Cbln2 complex. Labeled
residues are predicted to form both hydrogen bonding and salt bridge interactions between GluD1 (Asp21, Arg341, Glu58) and Cbln2 (Lys212, Asp178,
Arg204). R341-D178, E58-R204, and D21-K212 salt bridges are predicted to occur during 99.5%, 99.5%, and 100% of analyzed frames. View shown is
depicted in panel A by the eye cartoon. On the chain not shown here, R341 interacts with a D176. (D) 3D MTR of the site of GluD1-Cbln2 interaction
(same view as in C).

Table 2. Screen for constitutive activity of GRID1 and GRID2 human variants.

Constitutive activity
(NMDG+− Baseline)
nA (n)

d-Serine effecta

(Baseline −10 mM d-Serine)
nA (n)

Pentamidine effecta

(Baseline −100 μM Pentamidine)
nA (n)

GluD1-WT 200 ± 60 (13) 2.3 ± 2.9 (13) 37 ± 11 (14)
GluD1-R341Q 230 ± 130 (6) 7.2 ± 1.8 (6) 64 ± 15 (6)
GluD1-S647F 190 ± 100 (10) 14 ± 3.8 (10) −47 ± 11 (10)
GluD1-T649I 140 ± 76 (9) 8.9 ± 1.2 (9) −45 ± 9.5 (9)
GluD1-A650T 2220 ± 410 (12)∗ 810 ± 130 (12)∗ −1090 ± 200 (12)∗

GluD1-N651S 100 ± 43 (10) 7.6 ± 1.6 (10) 38 ± 8.3 (10)
GluD2-WT 18 ± 1.6 (14) −3.6 ± 1.0 (14) 3.6 ± 4.8 (14)
GluD2-D535E 56 ± 23 (12) −5.8 ± 2.4 (12) −0.67 ± 1.1 (12)
GluD2-S646P 28 ± 23 (11) 5.2 ± 6.0 (11) 6.5 ± 5.4 (11)
GluD2-T649A 113 ± 14 (13) −35 ± 5.6 (14) −18 ± 4.8 (14)
GluD2-T649Mb 37 ± 11 (16) −0.31 ± 2.8 (16) 5.8 ± 7.0 (16)
GluD2-A654D 740 ± 110 (12)∗ −29 ± 10 (14) −700 ± 160 (14)
GluD2-A654Tc 1300 ± 160 (14)∗ −1000 ± 130 (14)∗ −930 ± 130 (14)∗

GluD2-L656V 1040 ± 140 (12)∗ −460 ± 53 (12)∗ −640 ± 190 (12)∗

GluD2-R710W 27.7 ± 2.3 (11) −2.3 ± 0.60 (11) 0.82 ± 1.9 (11)

Data are mean ± SEM (n). ∗Indicates P < 0.05, One way ANOVA, Dunnett’s multiple comparisons test. aPositive values indicate an increase of activity and
negative values indicate a decrease of activity. bThis was found in gnomAD. cThis is the constitutively active lurcher mutation.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad188#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad188#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad188#supplementary-data
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Figure 5. GluD1-R341Q reduces binding between GluD1-NTD and Cbln2. (A) Schematic of the biomembrane force probe (BFP) experiment. (B)
Photomicrograph of the BFP experiment. (C) Force trace of a single BFP trial where there was no GluD1/Cbln2 interaction, as demonstrated by the lack of
a tension force (+) upon probe retraction. (D) Force trace of a single BFP trial where there was a GluD1/Cbln2 interaction as evidence by the positive force
reading upon probe retraction. (E) Adhesion frequencies between HEK293T cells expressing similar levels of GluD1 WT or R341Q (Supplementary Fig.
S5) and BFP beads coated with indicated concentrations of Cbln2. Each point represents an adhesion frequency evaluated from the observed number
of binding events divided by the total number of repeated contacts (50-100) between a single pair of cell and bead. Also shown are mean ± SEM for
each condition. Abbreviations: RBC, red blood cell; SA, streptavidin. Means were compared with an unpaired ANOVA with post hoc Tukey test, where
∗∗∗∗ indicates P < 0.0001, ∗∗∗P < 0.001, ∗∗P < 0.01, and ∗P < 0.05. Only pertinent significant comparisons are shown.

Because 3DMTR predicted the M3 transmembrane helix within
GluD1 to be tolerant to variation, and multiple M3 GRID1 variants
are reported in gnomAD, variation in GluD1 M3 might not produce
constitutive activity, in contrast to what we observed for GluD2.
We performed a parallel assay for constitutive activity of the
single GRID1 M3 variant found in the SCHEMA schizophrenia
database, as well as three additional GRID1 M3 variants in pre-
sumably healthy individuals from the gnomAD database. None
of the three GRID1 variants from gnomAD produced constitu-
tive activity, consistent with the 3D MTR prediction that this
conserved region of GRID1 is tolerant to change. However, the
GRID1 SCHEMA variant GluD1-A650T produced strong consti-
tutive activity (2220 ± 410 nA, n = 12, P < 0.0001 Fig. 6, Table 2).
This variant, which appears in an individual with schizophre-
nia in the SCHEMA database (1/48496 alleles), is absent from
both SCHEMA’s control population (0/194644 alleles) and the
gnomADv2.1.1 non-neuro population database, a more stringent
subset curated to remove variants from patients with neurological
disease (see Table 1). This suggests a more localized intolerance
to variation in this domain of GluD1 M3 compared to GluD2
and demonstrates a new functional mechanism by which GRID1
variants might trigger neurological disease. As a control to ensure
constitutive activity is due to the location of the M3 residues,
GluD1-R341Q, which resides in an intolerant region but in the
NTD rather than M3, was also tested for constitutive activity.
As expected, given that this variant is distal to the pore and
presumably participates in transynaptic binding of cerebellins,
we did not detect any constitutive activity from GluD1-R341Q
currents (Table 2).

Surface expression of GRID1 and GRID2 human
variants
The results from these TEVC experiments suggest substantial dif-
ferences in the degree of constitutive activity between variants in
both GRID1 and GRID2 (Fig. 6, Table 2). To assess whether the vari-
able degree of constitutive activity observed for GRID1 and GRID2
M3 variants reflected altered surface trafficking, we used a col-
orimetric β-lactamase reporter assay in GluD-transfected HEK293
cells to quantify the surface to total protein expression ratios.
We found that constitutive activity for GluD1-A650T correlated
with decreases in both the surface/total ratio and total protein
expression (Table 3; Fig. 6E). Similar decreases were not observed
for GluD1 variants without constitutive activity, including GluD1-
R341Q (Table 3). By contrast, there was less consistency in results
for the GRID2 variants. Whereas GluD2-A654D had reduced total
protein expression and GluD2-T649M exhibited a slight reduction
in total and surface protein expression (Table 3), other variants
with constitutive activity did not show reduced surface/total or
total protein expression (GluD2-T649A, GluD2-A654T, and GluD2-
L656V).

We hypothesize that reduced expression of GluD1-A650T and
GluD2-A654D might be a consequence of the large constitutive
leak currents produced by these channels, which can trigger
Ca2+-mediated toxicity in mammalian cells showing strong
protein expression [54]. However, GluD2-A654T also showed large
leak currents and exhibited no deficits in surface trafficking,
which may point to changes in calcium permeability that
could influence cell toxicity. Of all GRID1 and GRID2 variants
that showed no constitutive current, only the GRID2 variant
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Figure 6. Screen for constitutive channel activity of GRID1 and GRID2 human variants. (A) Two electrode voltage clamp assay in Xenopus laevis oocytes
expressing cRNA encoding GRID1 and GRID2 human variants. The zero current line is shown (dashed line). (B) Changes in current upon application of
10 mM d-serine. Positive values represent potentiation of constitutive current, while negative values are inhibition of constitutive current. (C) Constitutive
current determined by ionic substitution of Na+ for NMDG+. (D) Application of 100 μM pentamidine inhibits constitutively active GluD1 and GluD2
variant receptors. (E) β-Lactamase-GluD1 and -GluD2 protein fusion constructs were assayed to determine surface expression of GluD1 and GluD2
variant receptors (see Methods). Values are normalized to wild-type surface/total ratios, and wild-type total protein expression. (F) GluD protein structure
(GluD2 homology model) indicating the view in (G) and (H). (G) GluD1 ion channel pore (homology model) and (H) GluD2 ion channel pore (homology
model) showing the localization of constitutively active variants in the channel pore. ∗P < 0.05 ANOVA with Dunnett’s multiple comparisons test.

Table 3. Surface expression of GRID1 and GRID2 variants determined by β-lactamase activity.

Constitutive activity Surface/Total, %WT (n) Total, %WT (n)

GluD1-WT — 100 ± 4.7 (8) 100 ± 15 (8)
GluD1-R341Q — 108 ± 6.6 (5) 75 ± 16 (5)
GluD1-S647F — 103 ± 5.6 (9) 89 ± 8.0 (9)
GluD1-T649I — 86 ± 7.9 (9) 89 ± 14 (9)
GluD1-A650T present 48 ± 12 (5)∗ 33 ± 11 (5)∗

GluD1-N651S — 102 ± 2.6 (6) 90 ± 11 (6)
GluD2-WT — 100 ± 6.4 (21) 100 ± 11 (21)
GluD2-D535E — 95 ± 9.9 (8) 63 ± 16 (8)∗

GluD2-S646P — 29 ± 9.3 (3)∗ 1.9 ± 2.6 (3)∗

GluD2-T649A likely 109 ± 11 (9) 92 ± 9.3 (9)
GluD2-T649M — 84 ± 10 (9) 57 ± 14 (9)∗

GluD2-A654D present 35 ± 7.5 (8)∗ 14 ± 4.2 (8)∗

GluD2-A654T present 109 ± 7.5 (11) 78 ± 18 (11)
GluD2-L656V present 99 ± 6.9 (7) 115 ± 8.4 (7)
GluD2-R710W — 111 ± 7.2 (10) 93 ± 7.0 (10)

Data are mean ± SEM (n). See Fig. 6 for related graph. ∗P < 0.05 one way ANOVA, with Dunnett’s multiple comparisons test, all variants compared to WT
(normalized to 100%).
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Figure 7. Modulation of constitutively active GluD1 and GluD2 M3 variants by d-serine. Representative concentration-response curves showing d-serine
modulation of the constitutive current observed for (A) GluD1-A650T and (B) GluD2-A654T. The differences between the baseline current and the
current in NMDG+ are used to establish theoretical maximum inhibition for each recording. The dotted line represents zero current. (C–F) D-Serine
concentration-response curve for d-serine modulation of constitutively active M3 variants GluD1-A650T (C), GluD2-A654D (D), GluD2-L656V (E) and
GluD2-T649A. For each experiment, same day control curves recorded for the lurcher variant GluD2-A654T are shown. Unlike GluD2-A654T, GluD2-
L656V, GluD2-T649A, we observed that GluD1-A650T is modestly potentiated by d-serine rather than inhibited. A654D shows a near complete loss of
d-serine potency.

GluD2-S646P showed reduced surface and total protein expres-
sion, which might account for the receptor’s lack of constitutive
current despite the variant location in the M3 pore-forming
transmembrane helix. The proline in this transmembrane region
may produce a completely non-functional or misfolded protein,
causing pathogenicity via a separate mechanism.

Constitutively active GRID human variants are
modulated by D-serine and Ca2+

Previous studies had shown that when d-serine occupies the
agonist binding domain of GluD2, it induces closure of the bilobed
domain around d-serine, similar to binding of agonists to other
glutamate receptors [5]. Furthermore, d-serine reduces the consti-
tutive current in GluD2-A654T, suggesting that d-serine-mediated
agonist binding domain closure could inhibit gating produced by
constitutively active M3 variants. We therefore applied 10 mM d-
serine in Na+ external solution (before replacement with NMDG+)
to determine whether it triggered agonist domain closure, as
measured via changes in constitutive receptor activity. Whereas
d-serine had minimal activity on the GluD2-WT difference cur-
rent, it reduced by ∼50% the maximum possible activity of two
variants that were constitutively active (GluD2-A654T and GluD2-
L656V), as demonstrated by the Na+ -NMDG+ difference current
(Fig. 6). These findings were consistent with previous studies on
the effect of d-serine on the GluD2-A654T lurcher mutation [5],
and suggest that GluD2-L656V shares a similar gain-of-function
mechanism. Figure 7 shows the concentration-dependence of d-
serine inhibition of GluD2-A654T and GluD2-L656V, which has
a similar trend to d-serine inhibition of a variant that produces
constitutive baseline current (GluD2-T649A). All three of these
variants GluD2-A654T, GluD2-L656V, and GluD2-T649A showed
similar potencies for d-serine of 100–300 μM IC50 (Fig. 7E and F,
Table 4). By contrast, d-serine had little effect on constitutively
active GluD2-A654D (Fig. 7D, Table 4).

As shown by Naur and colleagues [5], extracellular calcium
potentiates the GluD2 constitutive activity [39, 40]. To further
explore the properties of the newly identified constitutively active
GluD2-A654D, GluD2-L656V, and GluD2-T649A, we assessed the

concentration-dependence of Ca2+ potentiation on these recep-
tors (Fig. 8). Two of these variants (GluD2-L656V, GluD2-T649A)
had similar potencies for Ca2+ potentiation within a range of 0.1–
0.4 mM EC50 (Fig. 8E and F, Table 4). In addition, Ca2+ acted as a
weak inhibitor of GluD2-A654D (Fig. 8D, Table 4). These findings
suggest that constitutively active GluD2 variant receptors respond
to the endogenous modulators d-serine and Ca2+, but not always
in the same manner.

Like GluD2 receptors, GluD1 receptors are modulated by d-
serine and Ca2+ [55]. Therefore, we assessed the constitutively
active currents generated by GluD1-A650T for d-serine and Ca2+

sensitivity. Surprisingly, unlike GluD2-A654T, GluD1-A650T is
slightly potentiated by d-serine and inhibited by Ca2+ (Fig. 7C,
Fig. 8C). Despite having opposite effects, the EC50 values for d-
serine and Ca2+ acting on GluD1-A650T were 120 μM and 290 μM,
respectively, which is within the same range for GluD2-A654T (d-
serine EC50 360 μM, Ca2+ EC50 150 μM; Table 4). As a control, we
assessed GluD1-R341Q, which—as expected due to its location in
the distal NTD—was insensitive to D-serine (Table 2).

Human GRID2 variants in the agonist binding
domain alter d-serine and Ca2+ potency
While many GRID2 variants demonstrated constitutive activ-
ity, this was not the case for all variants tested. Although
GluD2-R710W in the agonist binding domain segregated with
disease in three siblings with cerebellar ataxia and delayed
psychomotor development in a homozygous state [56] (Sup-
plementary Table S3), it did not show constitutive currents
when expressed in Xenopus oocytes (Table 3) or alter sur-
face expression (Table 3). We also identified another agonist
binding domain missense variant present in gnomAD (GRID2
c.1605C > G, p.Asp535Glu; gnomAD: heterozygous 1/250696
Alleles) that alters one of the residues involved in the coor-
dination of Ca2+ binding to the GluD2 receptor (Fig. 9) [40].
We confirmed that GluD2-D535E did not produce constitutive
currents (Table 2) and did not alter receptor surface expression
(Table 3), as expected given its location in the agonist binding
domain.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad188#supplementary-data
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Table 4. Modulation of constitutive current from GRID1 and GRID2 variants expressed in Xenopus oocytes by d-Serine and calcium.

d-serine
EC50 μM
[95% CI] (n)

d-serine % Max
(NMDG+− Na+)
Mean ± SEM (n)

d-serine EC50

A654T/EC50

variant

Ca2+

EC50 μM
[95% CI] (n)

Ca2+ % Max
(NMDG+− Na+)
Mean ± SEM (n)

Ca2+

EC50 A654T/EC50

variant

GluD1-A650T 130a

[90, 160] (11)
120 ± 1.8 (11)∗ — 290b

[140, 360] (10)
65 ± 3 (10)∗ —

GluD2-A654T 360
[300, 390] (32)

51 ± 1.3 (32) 1.0 150
[140, 160] (32)

299 ± 5.8 (32) 1.0

GluD2-T649A 210
[120, 300] (7)

49 ± 2.5 (7) 1.7 290
[250, 310] (10)

345 ± 55 (10) 0.52

GluD2-L656V 240
[170, 280] (14)

62 ± 3.2 (14)∗ 1.5 170
[150, 190] (11)

260 ± 9.9 (11)∗ 0.88

GluD2-A654D > 10 000 (11) 85 ± 2.6 (15)∗ — 170b

[92, 230] (12)
82 ± 10 (12)∗ 0.88

GluD2-A654T-R710Wc 270
[220, 300] (14)

42 ± 3.5 (14) 1.3 80
[76, 85] (9)

245 ± 15 (9) 1.88

GluD2-A654T-D535Ec 700
[550, 790] (15)

60 ± 2.2 (15) 0.51 5600b

[3080, 6500] (15)
70 ± 2.0 (15)∗ —

EC50 data are mean [95% CI Lower, Upper] (number of oocytes), where the confidence intervals were determined from log EC50 values. The maximal effect of
d-serine is given as a mean ± SEM percent of the constitutive leak current, determined as the difference current between NMDG+ and Na+ containing
solutions. See Figs 4 and 5 for related concentration-response curves. ∗P < 0.05 two-sample Welches t-test with Bonferroni correction comparison with
GluD2-A654T control recorded under the same conditions. aPotentiated by d-serine rather (not inhibited); see d-serine % Max (NMDG+− Na+). bInhibited by
Ca2+ (not potentiated); see Ca2+ % Max (NMDG+ − Na+) data column. cDouble mutation including A654T to generate constitutively active channels in a
variant that previously demonstrated no constitutive activity.

Figure 8. Modulation of constitutively active GluD1 and GluD2 M3 variants by extracellular Ca2+. Representative Ca2+ concentration-response curves
for (A) GluD1-A650T and (B) GluD2-A654T. The dotted line represents zero current. (C–F) Ca2+ concentration-response of GluD1-A650T, GluD2-A654D,
GluD2-L656V, GluD2-T649A, and GluD2-A654T. For each experiment, same day control curves recorded for the lurcher variant GluD2-A654T are shown.
All recordings normalized to NMDG+ − Na+ difference current. Unlike GluD2-A654T, GluD1-A650T and GluD2-A654D were modestly inhibited by Ca2+.

To allow us to investigate d-serine and Ca2+ interactions
with the agonist binding domain, we introduced the constitutive
GluD2-A654T variant into GluD2-R710W and GluD2-D535E to
convert these variants to constitutively active receptors. GluD2-
A654T, D535E variant receptors modestly reduced d-serine
potency, showing a 1.9-fold shift of the EC50 compared to that
observed for GluD2-A654T alone (Fig. 9). Additionally, GluD2-
A654T, R710W showed increased Ca2+ potency compared to
GluD2-A654T controls (i.e. decreased EC50, Fig. 9, Table 4). By
contrast, GluD2-A654T, D535E receptor showed a complete
loss of Ca2+ potentiation and was instead slightly inhibited
by Ca2+ (Fig. 9). These changes in function could indicate a
potential mechanism of pathogenicity of these variants, although
the role of Ca2+ regulation of native GluD2 receptors is still
poorly understood in vivo. Additionally, the GluD2-R710W variant
stabilizes the closed conformation of the GluD2 agonist binding

domain [57], providing an additional possible clue for disease
pathogenesis, although the mechanism of dysfunction of GluD2
agonist binding domain variants remains to be determined.

Inhibition of GluD1/2 constitutive current by
FDA-approved channel blockers
d-Serine is one of the first compounds shown to inhibit the
constitutively active current of the GluD2-A654T (GluD2 lurcher)
mutation through its association with the agonist binding domain
of the receptor [5]. However, d-serine is not sufficiently potent
(IC50 of about 0.3 mM) to consider therapeutic treatment. Other
studies have evaluated similar compounds at the GluD2 lurcher
mutation, but none were more active than d-serine [58]. We
explored whether the constitutively active current produced
by GluD2-T649A might also be inhibited by some of these
compounds, and thus evaluated other amino acids for their
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Figure 9. Non-constitutively active GRID2 agonist binding domain variants alter d-serine and Ca2+ potency. For each experiment, same day control curves
recorded for the lurcher variant GluD2-A654T are shown. (A) Ca2+ concentration-response curve for inhibition of GluD2-A654T-R710W and -A654T (B)
Ca2+ concentration-response curve for inhibition of GluD2-A654T, D535E and GluD2-A654T. Unlike GluD2-A654T, GluD2-A654T,D535E is weakly inhibited
by Ca2+. (C) d-Serine concentration-response of GluD2-A654T, R710W and GluD2-A654T. (D) d-Serine concentration-response of GluD2-A654T,D535E
and GluD2-A654T. (E) GluD2 protein structure (GluD2 homology model) with a closer view of the GluD2 agonist binding domain shows the location of
GluD2-R710W and GluD2-D535E. (F) Variant GluD2-D535E is at a site that is important for Ca2+ binding (PBD: 2V3T).
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Figure 10. Rescue pharmacology of GluD1 and GluD2 constitutively active variants using FDA-approved channel blockers in Xenopus oocytes. (A)
Pentamidine composite concentration-response curves for GluD2 variants show that pentamidine has an IC50 value that is > 200 fold lower (i.e. more
potent) for GluD2-T649A (IC50 37 nM) than for GluD2-A654T. Recordings were performed in 1 mM Ca2+. (B) Structures of compounds tested in this study
are shown. (C and D) Results are shown for a single concentration screen for memantine (C) and ketamine (D) inhibition of GluD receptor channel
constitutive activity. (E) Memantine concentration-response curves are shown for GluD2-A654D and GluD2-A654T.

potency to inhibit GluD2-T649A and GluD2-A654T activity
(Supplementary Fig. S6, Supplementary Table S8). Glycine, l-
aspartic acid, and d-alanine inhibited both GluD2-T649A and
GluD2-A654T (Supplementary Table S8). The largest potency
difference was in l-aspartic acid, with a 19-fold increase in
potency for GluD2-T649A (0.27 mM) compared to GluD2-A654T
(5.0 mM) (Supplementary Table S6). However, like the GluD2-
A654T variant, none of these compounds were more effective on
GluD2-T649A than d-serine, which showed modest dependence
on Ca2+ (Supplementary Figs S6 and S7).

In addition to ligands that bind within the agonist binding
domain, we also tested the glutamate receptor channel blocker
pentamidine [59] for its ability to inhibit the constitutive cur-
rents generated by GluD2 M3 variants. Pentamidine has also been
shown to inhibit the GluD2-A654T receptor with an IC50 of 11 μM
[60]. We tested pentamidine on GluD2-A654T and GluD2-T649A
and found that pentamidine had a ∼200-fold increase in potency
on GluD2-T649A (IC50 36 nM) compared to GluD2-A654T (IC50

9.6 μM; Fig. 10A, Table 5). Compared to GluD2-A654T, pentamidine
was more potent (3.7 μM), GluD2-L656V showed no significant
difference in pentamidine potency (10 μM), and GluD1-A650T
showed reduced pentamidine potency (20 μM; Fig. 10A, Table 5).
We conclude that pentamidine inhibition is a feature of all four of
these variants, but with differing potencies spanning two orders of
magnitude. These diverse pharmacological properties provide an
opportunity to evaluate potential precision medicine approaches
to identify compounds used for the treatment of specific GluD2
receptor variants.

Table 5. Channel blockers of constitutively active GluD1 and
GluD2 current.

Pentamidine IC50 (μM) Memantine IC50 (μM)

GluD1-A650T 20 [16, 23] (10) > 300
GluD2-A654T 9.6 [7.1, 11] (13) 89 [60, 104] (14)
GluD2-T649A 0.036 [0.014, 0.039] (15) ND
GluD2-L656V 10 [6.7, 12] (12) ND
GluD2-A654D 3.7 [2.6, 4.4] (13) 55 [31, 87] (5)

Data are mean [95% CI Lower, Upper] (n), where confidence intervals were
determined from log IC50 values. See Fig. 10 for related concentration
inhibition curves. ND indicated no data is available.

We additionally assessed the effect of the FDA-approved
NMDAR channel blockers memantine and ketamine on con-
stitutively active GluD1 and GluD2 receptor variants (Fig. 10B).
We found that memantine inhibits GluD receptor constitutively
active currents more effectively than ketamine (Fig. 10C and D).
GluD2-A654T and GluD2-A654D were inhibited by memantine
with an IC50 of 89 μM and 55 μM, respectively (Fig. 10D, Table 5).
Though memantine’s potency on these receptors is apparently
too low to present an effective therapeutic treatment, this
demonstrates that compounds in this class could also be
considered as potential therapies.

Discussion
Here we present a comprehensive description of GRID1 and GRID2
variants that have been reported in individuals with neurological
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disorders, in addition to a number of newly described variants.
Clinical interpretation of variation in these genes is impeded
by the low number of cases reported and the general lack of
understanding of the critical residues and domains of the GluD
proteins, as well as lack of mechanistic understanding of GluD
signaling. In this work, we sought to advance the understanding of
these proteins through systematic analyses of clinically identified
variants in computational and functional assessments. While
we cannot confirm the pathogenicity of most of these GRID1
variants, predictions of regional intolerance and gene level intol-
erance increase the likelihood that these GRID1 variants could be
pathogenic, particularly those arising in the distal amino terminal
domain. Functional evaluation shows for the first time that a
GRID1 missense variant altering a residue in the NTD (GluD1-
R341) can weaken the interaction of GluD1 with Cbln2, creating
a precedent that suggests that intolerance of this region may per-
turb transsynaptic complex formation and associated signaling.
In addition, we show that a GRID1 SCHEMA variant showed strong
constitutive activity, consistent with a potential contribution to
neuropathology in this patient and a role in schizophrenia.

By contrast, GRID2 variants demonstrated more consistent
phenotypic characteristics including spinocerebellar ataxia and
oculomotor symptoms, suggestive of pathogenicity, but further
functional studies as well as genetic trio studies are needed. Many
variants resided in the transmembrane domain, which for GluD2
(but not GluD1) is largely intolerant to variation. Electrophysi-
ological studies showed that human GluD2 variants in the M3
transmembrane helix generate constitutive activity, as well as
functional changes in d-serine inhibition and calcium potenti-
ation of this current. All GRID2 variants tested showed similar
surface expression as WT GluD2 receptors except for GluD2-
A654D, which was expressed at a lower level overall and had a
lower surface/total protein ratio. While it is unclear how GluD2
signals, these changes in functional receptor characteristics could
impact neuronal function in multiple ways. For example, the
constitutive current observed with some variants constitutes a
gain-of-function that could provide a constant depolarization,
and might allow sufficient Ca2+ entry to engage mechanisms
that lead to cell death [37]. Moreover, both GluD2 expression [61,
62] and d-serine binding to GluD2 [34] are required for certain
forms of cerebellar synaptic plasticity. The observation that GluD2
variants in the agonist binding domain alter d-serine and Ca2+

potency at constitutive receptors may suggest that these variants
perturb the downstream effects of d-serine and Ca2+ interactions
with the agonist binding domain.

We predict that the constitutive currents we observed with
variants in rat GluD2 M3 mimic the effects in patients harboring
those variants, as has been previously shown for the GluD2-
A654T mutation in mice. Both the GluD2-A654T (lurcher) mutation
and patient variants such as A654D, L656V, and T649A share
similar constitutive activity, as observed in our voltage clamp
studies, and they also share the phenotype of cerebellar ataxia.
Further studies, such as those involving animal models, could
elucidate the mechanism by which dysfunction of these variants
produces cerebellar ataxia. We expect that for gain-of-function
constitutively active GluD2 variants, a small molecule capable of
inhibiting the constitutive inward current could reduce excitotox-
ity of the Purkinje cells [37] and possibly reduce cerebellar atrophy.
This presents a potential therapy for patients with constitutively
active GluD2 variants but would require considerably more cel-
lular and molecular data to confirm, including rescue of ataxic
symptoms in vivo using GluD2 inhibitors in constitutively active
knock-in mouse models. Furthermore, any therapeutic strategies

to inhibit these gain-of-function variant receptors would need
to target an aberrant activity of the variant receptor (such as
constitutive activation), be free of unacceptable side effects due
to the disruption of the as yet unknown function of native GluD2,
and have relatively few off-target liabilities.

Cryo-EM structures reported for the GluD1 [63] and GluD2 [64]
receptors show a non-swapped NTD architecture that is unlike
any other in the glutamate receptor family. This architecture
suggests structural mechanisms by which they might signal, and
thus differential roles for these receptors that could require trans-
synaptic protein complex with Cbln1/Cbln2 and neurexin for
signaling. Additionally, GluD1 is critical for producing electrical
currents in response to noradrenaline in dorsal raphe neurons
[65]. While it is not yet known how α1-adrenergic receptor acti-
vation in these neurons translates to GluD1-dependent currents,
these data suggest that GluD1 might be capable of gating under
physiological conditions. Despite these advances, a ligand capable
of gating GluD1 or GluD2 receptors has yet to be found [66, 67]. The
lack of understanding of the roles of these receptors in synaptic
currents hinders functional analysis of human variants. However,
understanding the localization of these missense variants in crit-
ical intolerant functional domains raises the possibility that this
conservation is important for neuronal physiology, and provides
important insight into how GluD receptors may participate in
brain function and disease.

Materials and methods
Identification of variants
GRID1 and GRID2 variants were identified from ClinVar, the peer-
reviewed literature, clinical colleagues who ordered whole exome
sequencing, and from diagnostic laboratories (EGL, GeneDx).
EGL provided GRID1 and GRID2 variants that were identified
by whole exome sequencing in patients with varied symptoms.
IRB approval was in place for all interactions with patients at
identifying institutions.

Synthesis of cDNA constructs
Human GluD1 (GRID1) and rat GluD2 (Grid2) cDNAs were
introduced into the pGEM-HE and pCI-neo vectors. GRID1
(NM_017551.3) gene fragments were synthesized by Integrated
DNA Technologies and cloned into empty vectors using InFusion
cloning (Clontech). The rat Grid2 cDNA sequence (NM_024379.1)
was cloned into the pGEM-HE vector using the same protocol;
rat Grid2 amino acid sequence is 97.52% identical to the human
form (NM_001510.3), differing only in 25 positions. However,
rat and human GluD2-encoding cDNA are identical in the M3
domain in which many of the variants we studied reside (see
Supplementary Fig. S1). The full open reading frame for both
constructs were verified by Sanger sequencing (Eurofins) and the
full plasmid sequence was verified by whole plasmid sequencing
(plasmidsaurus). Variant cDNA changes identified in patients
were introduced into the cloned human GRID1 (NM_017551.3) in
pGEM-HE and cloned rat Grid2 cDNA sequence (NM_024379.1) in
pGEM-HE vector using Quikchange Lightning (Agilent) protocol
according to the manufacturer’s instructions. Vectors were
linearized and cRNA was synthesized using T7 RNA mMESSAGE
kit (Invitrogen).

β-lactamase (β-lac; synthesized by Integrated DNA Technolo-
gies) fusion constructs were made by fusing the β-lactamase open
reading frame into the cDNA for rat Grid2 in pCI-Neo vector, and
human GRID1 in pCI-Neo in-frame between the signal peptide

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad188#supplementary-data
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sequence and the amino terminal domain using InFusion (Clon-
tech). Variant cDNA changes were introduced in these constructs
following the same procedures described above.

Xenopus oocyte two-electrode voltage clamp
experiments
Xenopus laevis oocytes were prepared from ovaries purchased from
Xenopus 1 (Dexter, MI) as previously described, [68] and incubated
at 16◦C in culture Barth’s solution (in mM) 88 NaCl, 2.4 NaHCO3,
1 KCl, 0.33 Ca(NO3)2, 0.41 CaCl2, 0.82 MgSO4, 10 HEPES, pH 7.4
with NaOH, supplemented with 1 U/ml penicillin and 1 μg/ml
streptomycin. Oocytes were injected with approximately 5–40 ng
RNA per oocyte and then incubated at 16–19◦C for 1–3 days in
culture Barth’s solution. The levels of GluD2-A654D and GluD2-
A654T cRNA were reduced to 1.5 ng and 2.5 ng, respectively, due
to oocyte toxicity. Two-electrode voltage clamp (TEVC) recordings
were performed as previously described [69, 70]. Unless otherwise
specified, extracellular solution contained (in mM) 90 NaCl, 3
KCl, 0.5 BaCl2, 0.01 EDTA, 10 HEPES, and was brought to pH 7.4
with NaOH. The oocytes were placed in a dual track recording
chamber and gravity perfused with solution exchange controlled
via a computer-driven 8-valve positioner (Digital MVP Valve). Volt-
age control and data acquisition were achieved with Warner
OC725C amplifiers (Warner Instruments). Recording electrodes
were filled with 0.3 M KCl, and currents were recorded with mem-
brane voltage held at −40 mV. To establish constitutive activity
of recombinant receptors when compared to wild type receptors,
we used the oocyte recording solution described above, but with
90 mM N-methyl-D-glucamine (NMDG) chloride replacing 90 mM
NaCl. The non-permeant cation NMDG+ does not pass through
the channel, and a comparison of leak current in NMDG and
Na+ external solution allows for determination of the amount
of membrane current at rest due to sodium influx. In addition
to establishing constitutive activity, 90 mM NMDG was used in
recording protocols with drug treatment to obtain the percent
maximum theoretical inhibition of a compound, or to determine
the relative degree of drug potentiation. For Ca2+ concentration-
response curves, choline chloride was used to maintain equimolar
concentrations of Cl− ions in the extracellular solution across the
changing concentrations of calcium chloride. All compounds used
in this study for concentration-response oocyte recordings were
dissolved in deionized water as 50–100 mM stock solutions. In
some rescue pharmacology experiments, we substituted 1 mM
CaCl2 for 0.5 mM BaCl2 to evaluate Ca2+-dependent control of
receptor responses.

Determination of GluD1 and GluD2 surface
expression with β-lactamase activity
HEK cells were plated in 96-well plates (50 000 cells/well) and
transiently transfected (FuGENE6, Promega) 24 h later with
cDNA encoding β-lac-GluD1-variant, β-lac-GluD1-WT, β-lac-
GluD2-variant, or β-lac-GluD2-WT, as previously described [71].
Eight wells were transfected for each construct, and surface
and total protein expression activities were each measured in
quadruplicate 24 h post-transfection. For surface expression
analysis, cells were washed with Hanks Balanced Salt Solution
(HBSS; in mM, 140 NaCl, 5 KCl, 0.3 Na2HPO4, 0.4 KH2PO4, 6 glucose,
4 NaHCO3) supplemented with 10 mM HEPES (pH 7.4) and then
replaced with 100 μl HBSS and 100 μM nitrocefin (Millipore) for
surface activity. For total protein expression treatment groups,
cells were first washed with HBSS and then were lysed in 50 μl
water for 30 min, then combined with 50 μl HBSS and 200 μM
nitrocefin. The plate was then warmed to 30◦C and absorbance

was measured every min for 30 min at 486 nm in a plate reader
at 30◦C. The absorbance vs time for each well was fit by linear
regression to determine the slope, and the slope for WT vs variant
β-lac expression was compared to assess surface and total protein
expression.

Data analysis
Concentration-response relationships were analyzed using Prism
8.4 (GraphPad Software) and fit by the following equations:

Response
(
%

) = 100/
(
1 + (

EC50/ [agonist]
)nH

)
(1)

where EC50 is the agonist concentration that elicited a half maxi-
mal response, and nH is the Hill slope, or

Response
(
%

) = (
100 − minimum

)
/
(
1 + (

[concentration] /IC50
)nH

)

+ minimum (2)

where minimum is the residual percent response in saturating
concentration (constrained to be > 0) of the experimental com-
pounds, IC50 is the concentration of inhibitor that causes half
maximal inhibition, and nH is the Hill slope. Data are represented
as mean ± SEM. Statistical significance of logEC50 or logIC50 was
determined by one-way analysis of variance (ANOVA) with a
Dunnett’s multiple comparisons post-hoc test with a significance
threshold of P < 0.05. Sample sizes were adjusted so that the
power to detect an effect size of 1 was > 0.9 (GPower 3.1). All error
bars on figures represent the SEM.

Homology Modeling
A homology model of the GluD1-Cbln2 complex was generated
from 5KC9 (mouse Grid1 NTD) with 2.3 Å resolution [8], 6KSP (rat
Grid1, only NTD used) with 8.1 Å resolution [63], 5H4B (mouse
CBLN4) with 2.3 Å resolution [72], and 5KCA (human GRID2 NTD
complex with human CBLN1) with 3.1 Å resolution [8]. The target
protein sequence modelled was the NTD of the human GRID1
(NP_060021.1) and human CBLN2 (NP_872317.1) C1q domain (no
N-terminal domain). Structural alignment of the models was
performed in PyMol version 2.4 (Schrödinger, LLC) using the “align”
command. First, chains A, B, C, and G from 5KCA were aligned
to chain A of 6KSP, followed by chains D, E, F, and H of 5KCA to
chain B of 6KSP. This achieved an alignment of the human GluD2-
Cbln1 structure to the rat GluD1 structure. Next, chains A and B
of 5KC9 were independently aligned to 6KSP to align mouse GluD1
NTD to the rat GluD1 structure. Next, 5H4B was aligned to chains
A, B, and C of 5KCA, then a second copy of 5H4B to chains D, E,
and F of 5KCA to align Cbln4 to Cbln1. Due to strong sequence
homology between these structures, these structural alignments
all achieved favorable root mean square deviations (RMSDs) near
2 Å. A total of 10 homology models were generated using Modeller
version 10.1 [73], from which the lowest energy model based on
the DOPE score was selected [74].

Protein preparation for MD simulations was performed
in Schrodinger Maestro (Schrödinger Release 2021–2; Protein
Preparation Wizard; Schrödinger, LLC). Hydrogen atoms were
added to the model and side chain protonation states were
assigned using PROPKA with the pH set to 7.4. Hydrogen bond
networks were first programmatically optimized, then side chain
protonation, rotamer, and tautomer states were visually inspected
and manually corrected when necessary using the interactive
optimizer within the Protein Preparation Wizard (Schrödinger
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Release 2020-4; Schrödinger, LLC). Energy minimization was
performed first on hydrogen atoms only, followed by two rounds
of restrained minimization of the full model. A bounding box was
created around the structure with a 9 Å window between the
furthest point on the model and the periodic boundary. Water
molecules were added to the bounding box using SPC model and
the net charge on the system was then neutralized with Na+, with
more Na+ ions being added for a final concentration of 0.15 M.
Restraints on the model were placed on the C-terminal end of
the GluD1 proteins, the N and C-terminal ends of Cbln2. The
model was run for 10 ns, at 100 ps per frame at 278◦K using
the NVT ensemble class. The simulation was then extended
at 310◦K for 400 ns. Analysis of the full simulation was run
in VMD, loading in every 7 frames of the simulation. RMSD
plot was generated using the RMSD trajectory VMD plugin.
Subsequent analysis was conducted from frames 300 onwards
with stabilized RMSD (See Supplementary Fig. S2). Hydrogen
bonding percent occupancy was calculated using the HBonds
VMD plugin. Salt bridges were analyzed using the Salt Bridges
VMD plugin. Model pdb files are available as Supplemental
Information.

Homology models without subsequent molecular dynamics
of full length GluD1 and GluD2 (Fig. 6, Fig. 9) were generated
using Modeller version 10.1 [74]. These models were made with
GluD1 in complex with Cbln2, and GluD2 in complex with Cbln2,
however this is not shown in these figures though the model
is available in supplemental information as generated. Both
models included templates 5KC9 (mouse Grid1 NTD) with 2.3 Å
resolution [8], 6KSS (rat Grid1) with 8.1 Å resolution [63], 5H4B
(mouse CBLN4) with 2.3 Å resolution [72], and 5KCA (human GRID2
NTD complex with human CBLN1) with 3.1 Å resolution [8], and
5WEO (GluA2, transmembrane domain) with 2.3 Å resolution
[75]. The target sequence for GluD1-Cbln2 was human GRID1
(NP_060021.1) (NTD-TMD) and human CBLN2 (NP_872317.1) C1q
domain (no N-terminal domain). The target sequence for GluD2-
Cbln1 was human GRID2 (NP_001501.2) (NTD-TMD) and human
CBLN1 (NP_004343.1) C1q domain (no N-terminal domain). Models
are available as Supplementary Data 1.

Three-dimensional missense tolerance ratio
(3DMTR) analysis of GRID and CBLN
The calculation of the 3D MTR [52] was performed using a
MATLAB (Mathworks, version R2022a) application. The executable
3D MTR application along with an operation manual explaining
how to use the application on other proteins can be found at
GitHub (https://github.com/riley-perszyk-PhD/3DMTR, current
version v2.000). Colored pdb files with implemented 3D MTR
are available as Supplemental Information. Briefly, the structure
associated with GluD1 encoded by GRID1 (PDB:6KSS, Fig. 1) was
used for both GRID1 and GRID2 3D MTR calculations since the
GRID2 structure had lower resolution. 3D MTR calculations for
GRID2 were performed following a sequence alignment between
GRID1 and GRID2 within the analysis software. As there are
four copies of each subunit in the structure, the scores of the
four chains were averaged together to produce a single score
for when the 3D MTR is displayed onto a single subunit. To
aid in visualizing the span of 3D MTR score the blue-white-
red color scale was determined individually for each structure.
The model for a single dimer of GRID1 NTDs and two trimers
of CBLN2 was used to calculate the intra-complex 3D MTR for
the GluD1-Cbln2 interaction. 3D-MTR results are available as
Supplementary Data 2.

Generation of a GluD1 −/− HEK293T cell line
The HEK293T GluD1 −/− (GluD1 KO) cell line was generated
following a similar procedure as previously described [76]. Briefly,
a guide sequence (5’-CTACTCCATCAAGGTCATCG-3′) targeting the
second exon of the human GRID1 gene (NM_017551.3) was cloned
into the BbsI site of the pSpCas9(BB)-2A-GFP (PX458) to gen-
erate a GRID1-PX458. The base PX458 vector was a generation
gift form Feng Zhang (Addgene plasmid #48138) [77]. GRID1-
PX458 was then transfected into the parental HEK293T cell line.
Three days post transfection, cells were harvested with trypsin
and GFP positive cells were enriched with fluorescence acti-
vated cell sorting (FACS) using a BioRad S3e Fluorescent Cell
Sorter (BioRad). After sorting, GFP positive cells were diluted and
plated into 96 well culture plates. One week after plating, wells
that contained only a single colony of HEK cells were marked
and allowed to grow to confluency within the 96 well, with
fresh media being added to the well as needed. These mono-
clonal cell lines were than expanded and genotyping was used
to confirm GRID1 genetic disruption using the following primers:
GRID1 F1 5’-TCTGTCCTGGGATTTGGGTGGG-3′ and GRID1 R1 5’-
CCGAGAAACAAAGACTGCCCCG-3′. A single monoclonal cell line
(GRID1 KO C4, referred to here as the GluD1 KO cell line) which
contained a + 1 insertion within exon 2 that ultimately results in
premature stop codon within exon 3 was selected for these studies
(Supplementary Fig. S3). GluD1 KO cells were subsequently used
for FACs and Force probe experiments (see below).

Re-expression of wildtype and mutant GluD1 on
GluD1−/− HEK293T cell line
Lentiviral plasmids were constructed by subcloning WT and
variant human GRID1 cDNA into pHRemGFP plasmids optimized
for high expression [78]. Sequences were verified through Sanger
sequencing (EurofinsGenomics). Lentiviruses were prepared
using HEK293T cells. GluD1 KO HEK293T cells were transduced
with virus expressing either WT or the human variant GluD1-
R341Q and then sorted using the intracellular IRES cleaved
GFP tag with flow cytometry to obtain matched expression
for WT and variant receptors using immunostaining with a
rabbit primary antibody against GluD1 (1:50, Glutamate Delta-
1 antibody; Alomone labs) and secondary anti-rabbit AF647
antibody (ThermoFisher Scientific). Briefly, cells were detached
with TrypLE (Thermofisher), neutralized with D10 media (Gibco
DMEM supplemented with 1 mM sodium pyruvate, 10% FBS,
50 U/ml penicillin and 50 μg/ml streptomycin), and then washed
with FACs (fluorescence-activated cell sorting) buffer (1× PBS
without calcium and magnesium, 1% BSA, 25 mM HEPES, and
5 mM EDTA) before incubation with primary antibody diluted in
FACs buffer for one hour, rotating at 4◦C. Cells were then washed
2× with FACs buffer before incubation with secondary antibody
diluted in FACs buffer for one hour at 4◦C, rotating. Cells were
washed two more times with FACs buffer before flow cytometry
analysis.

Generation of soluble Cerebellin 2
A lentiviral vector encoding full-length human Cerebellin 2
(Cbln2, NP_872317.1) with C-terminal 6xHIS and AVI tag for
biotinylation was designed and purchased (Twist). Protein was
expressed in BirA+ HEK 293 T cells previously transduced with
pHR-CMV-TetO2_HA-Bir [78] for biotinylation of proteins with the
addition of 100 μM D-biotin. Cbln2 protein was purified by Ni-
NTA gravity column purification. Cell supernatant containing
secreted protein was collected with the addition of protease
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inhibitor cocktail (Thermofisher; 1000× dilution) sterile-filtered
through 0.45 μm filter, and then allowed to incubate 12 h rotating
overnight at 4◦C with Nickel Agarose (CubeBiotech). After rotating,
gravity columns (Marvelgent Biosciences) were equilibrated with
wash buffer (20 mM imidazole, 50 mM NaH2PO4, 300 mM NaCl in
deionized H20, pH 8.0) before cell supernatant was run through
twice. The column was washed again with wash buffer after flow-
through. and then eluted with elution buffer (500 mM imidazole,
50 mM NaH2PO4, 300 mM NaCl in deionized H20, pH 8.0) that
was allowed to incubate with the capped column 15 min before
collection of eluted proteins. All purification steps were done at
4◦C. Buffer exchange and concentration into 1× phosphate buffer
saline (PBS) without calcium or magnesium was accomplished by
3× column centrifugation (10 kDa cutoff; Pall Corporation, 4◦C).
Protein purity was validated by SDS-page and flow cytometry
(anti-HIS PE antibody 1:20, NovusBiotechnological).

Biomembrane force probe for adhesion
frequency measurements
Red blood cells (RBCs) were isolated from blood obtained by finger
prick from healthy volunteers in accordance with an approved
Georgia Tech IRB protocol. RBCs were biotinylated through cova-
lent linkage to biotin-PEG3500-SGA (JenKem USA, TX), 30 min
rotating at room temperature in C-buffer (80 mM Na2CO3, 126 mM
NaHCO3). Biotinylated RBCs were then incubated with nystatin for
30 min at 4◦C, washed twice, and stored in N2-5% buffer (280 mM
KCl, 40 mM NaCl, 1 mM KH2PO4, 5 mM Na2HPO4, 28 mM sucrose
in H20, pH 7.2) for subsequent use in biomembrane force probe
(BFP) experiments. Borosilicate glass beads of 2 μm in diameter
(Distrilab Particle Technology) were first covalently coupled with
mercapto-propyl-trimethoxy silane (United Chemical Technolo-
gies, Bristol, PA), followed by covalently linking tetravalent strep-
tavidin (SA)-maleimide (Sigma-Aldrich, ST. Lois, MO) in Phosphate
Buffer (230 mM NaH2PO4 and 200 mM Na2HPO4 in deionized water
at pH 6.8) by overnight incubation at 4◦C and then washed with
Phosphate Buffer once more after incubation.

After incubation with sub-saturating levels (1.25 or 12.5 μg/ml)
of biotinylated human Cbln2, glass beads were washed and then
incubated with anti-HIS PE antibody (1:20; NovusBiotechnologi-
cal) for 30 min rotating at room temperature in 1× PBS−/− plus
2% BSA. Beads were washed and then flowed in parallel with
standard calibration beads (BD Quantibrite PE Beads, BD).

The BFP technique has been described previously [79]. Briefly,
inside of a chamber of Leibovitz’s L-15 media (Thermofisher) with
1% BSA and 5 mM HEPES, biotinylated RBCs are aspirated with
a micropipette (2 μm inner diameter). A 2 μm glass bead, con-
jugated with SA and coated with or without biotinylated human
Cbln2 (1.25 or 12.5 μg/ml) at subsaturating level, is attached to
the biotinylated RBC at the apex with a helper pipette, and is
referred to as a “probe”. An opposing pipette is used to pick up the
GluD1 KO HEK293T cells transduced to re-express WT or variant
GluND1. The RBC with Cbln2 coated probe is aligned with the
GluD1-expressing HEK293T cell, and the pipette aspirating the
HEK293T cell is driven to make cyclic contacts with the probe
by a piezoelectric translator (Physical Instrument, MA) with sub-
nanometer precision via a capacitive sensor feedback control. A
customized image analysis LabView (National Instrument, TX)
program tracks the bead position with a 3-nm (standard deviation,
SD) displacement precision in real-time allowing for the genera-
tion of a curve that is used to detect if either binding occurred or
not [80]. Each cell pair is allowed to contact the probe for 50–100
touches and a final number of binding events out of total contacts
is numerated as the adhesion frequency (Pa).
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