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Abstract: Genomic variations in GRIN2B have been linked to various neurodevelopmental disorders including autism spectrum disorders
(ASD). Unraveling variations that modify the protein’s structure and function is essential for the possible treatment of diseases. Here, we report
in silico analysis of all the ASD-specific genomic variations found in GRIN2B and their roles in the pathogenesis of ASD. GRIN2B variations
were collected through databases and text mining. These variants were predicted for pathogenicity scores using Varsome tools, and protein
domains were predicted using InterPro. Mapping of these variants was done manually. A structural and functional analysis of GRIN2B was
also conducted. The GRIN2B gene has 14 exons, and the transcripts expressed in the brain encode 1484 amino acids. Among the 379 ASD-
specific variants collected, 54 had a pathogenicity score >60%. Of these, four variants, p.G459E, p.G459R, p.E657G, and p.G820R, showed
pathogenic scores >80%. The homology modeling built for these variants indicated that the variants can disrupt the GRIN2B protein. The
network analysis revealed that the GRIN2B protein is biologically connected. Among all the variations, 13 variations are key to consider for
possible diagnostic and therapeutic approaches. Hence, the in silico analysis reveals that the most deleterious variations impair the function of
GRIN2B, resulting in altered Central Nervous System development that contributes to ASD.
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1. Introduction

GRIN2B is a member of the family of seven genes: GRINI,
GRIN2A, GRIN2B, GRIN2C, GRIN2D, GRIN3A, and GRIN3B.
These genes encode proteins that together form a receptor responsible
for sending chemical messages between neurons in the brain. These
proteins are components of N-methyl-D-aspartate (NMDA) receptor
complexes that function as heterotetrameric, ligand-gated ion channels
with high calcium permeability and voltage-dependent sensitivity to
magnesium. Channel activation requires binding of the neurotransmitter
glutamate to the epsilon subunit, glycine binding to the zeta subunit,
and membrane depolarization to eliminate channel inhibition by Mg?*
[1]. Disruption of the GRIN2B receptor protein causes abnormal
synaptogenesis, leading to an imbalance between excitatory and
inhibitory currents that contribute to the pathogenesis of various
neurodevelopmental diseases, particularly autism spectrum disorders
(ASD) [2]. However, the information is limited on how improper
NMDA receptor activation compromises typical brain growth and
development or why excessive activity manifests in neurological
complications in people with GRIN2B-related neurodevelopmental
disorders.

GRIN2B and its genetic variations are linked to various
neurodevelopmental disorders, including ASD [3]. GRIN2B is a
highly confident score 1 gene reported in the SFARI database,
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indicating its association with ASD [4]. Our earlier studies on
ASD, employing various approaches such as global primary hits,
global exome sequencing, and homozygosity mapping, identified
an association between GRIN2B and ASD. Identifying disease-
causing genomic variations is essential in contemporary genomic
research. Next Generation Sequencing technologies have
generated vast amounts of data, linking patient genomic
variability to brain disorder phenotypes. Sharma et al. [S] studied
the association between AT2R and its variants and several
diseases, particularly hypertension, to develop AT2R as a
potential drug target. They reported that the association of Single
Nucleotide Polymorphism (SNPs) (A1675G/G/A1332 G) with
alternate splicing of AT2R mRNA, A1332G variants with the
shortening of the AT2R mRNA, specifically SNP(C4599A) in
females and SNP(T1334C) in males, was associated with the
diseases. Further, computational investigation of the impact of
potential AT2R polymorphism on small molecule binding was
also reported [6]. Such studies with more sophisticated
computational approaches are beneficial in detecting high-risk
variations.  Therefore, characterizing the pharmacological
properties of GRIN2B variant receptors could provide
opportunities for translational therapeutic strategies for ASD [7].
The deleterious variations in GRIN2B and their interactions may
play a crucial role in the pathogenesis of ASD. Bioinformatics
studies on the functional effects of structural variations of
GRIN2B on ASD have not yet been addressed, despite various
studies demonstrating a link between variations in this gene and
various diseases. Here, we report all the ASD-specific genomic
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Data Collection and Processing

Organization of GRIN2B using NCBI and UniProt databases

Collection of SNPs from SFARI database, ClinVar database, GRIN Portal and
literature survey including Google Scholar, Pubmed and Medline.

Selection and mapping of SNPs — nsSNPs, frameshift, splice sites and UTRs

Analysis of nsSNPs using prediction tools
and selection of deleterious variants>60%

Protein structure analysis including Prediction of Secondary and
tertiary structure, conserved regions, stability and PTM sites
using computational tools

Protein interacting network and pathway analysis

|

Homology modeling for the selected
four most deleterious variants

Figure 1. Schematic representation of the workflow of the present study

variations found in GRIN2B, including their pathogenic effects,
functional impacts, conservation analyses, post-translational
alterations driving residues, and the dynamic behaviors of
deleterious variations on protein models.

2. Materials and Methods

2.1. GRIN2B sequence information retrieval

Nucleotide sequence of GRIN2B [8] in FASTA format was
collected from the NCBI (http://www.ncbi.nlm.nih.gov accessed
in March 2024). The protein sequence of GRIN2B [9],
downloaded from UniProt (https://www.uniprot.org/, accessed in
March 2024), was used in the present study.

2.2. Data collection and processing

ASD subject-specific genomic variations of GRIN2B were
collected from the SFARI repository [4], ClinVar [10], GRIN
Portal database [11], and text mining using three search tools. The
detailed steps for data collection and processing are provided in
Figure 1. ClinVar is a freely accessible, public archive of reports
on human variations classified by disease and drug response,
along with supporting evidence [10]. The GRIN Portal is a
coalition of investigators seeking to aggregate and harmonize data
generated to study GRIN-related disorders, making summary data
interactively accessible to the broader scientific community while
providing educational resources for all [10].

For text mining, search tools Google Scholar, Medline, and
PubMed were utilized, employing MeSH search keywords such as
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GRIN2B, neurodevelopmental disorder, and ASD. All these data
were accessed on March 28, 2024. The detailed steps followed in
text mining are provided in Figure 2.

Variants were collected and processed according to stringent
exclusion and inclusion criteria. The study included all
nonsynonymous, truncating, 3/, and 5’ untranslated regions
variants. The study excluded all synonymous and intronic
variants, except for splice site variants. The amino acid residues
of GRIN2B were sub-grouped into their domains, motifs, and
loop regions. The position and number of amino acid variations
within each sub-region were determined. All the truncating
variants, that is, frameshift deletion/insertion and stop gain or loss
variants, were regarded as loss-of-function variants. Further, all
the nonsynonymous variants were subjected to pathogenicity
prediction analysis to identify the most deleterious variants.

2.3. Mapping of GRIN2B variants

Varsome is an online server used to predict deleterious variants
(https://varsome.conv/, accessed in March 2024) [12]. For predicting
protein domains, InterPro (https://www.ebi.ac.uk/interpro/ accessed in
March 2024) was utilized. Among all the variations collected from
different databases and text mining, only nonsynonymous variants
were further analyzed by using a total of 22 different tools from
Varsome, including BayesDeladdAF, BayesDelnoAF, Meta SVM,
EVE, LRT, MetaRNN [13], M-CAP [12], MetaLR and Mutation
Accessor [13], SIFT4G [14], DANN [15], DEOGEN2 [16],
BLOSUM [17], EIGEN and EIGENPC [18], FATHMM-MKL
[19], FATHMM-XF [20], MVP [21], PrimateAI [22], MutPred
[23], Mutation taster [24], and LIST-S2 [25]. These tools were
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Figure 2. Schematic representation of text mining

used to determine the pathogenicity status of the variants, including
pathogenic, strongly pathogenic, pathogenic supporting, and
moderately pathogenic. Based on this information, we calculated
the pathogenicity percentage and selected the variants with the
highest percentage, indicating pathogenicity. A nonsynonymous
variant was considered as confirmed ‘deleterious (D)’ only if >60%
of tools predicted it as a damaging variant. All deleterious
variations were predicted within all domains, motifs, loops, and
regions outside them to identify the most mutationally sensitive
regions of GRIN2B. All the deleterious variants predicted were
manually mapped on GRIN2B.

2.4. Study of protein structure, function, and
stability

The secondary structure was predicted based on sequence
information from the PSSpred algorithm [26] for GRIN2B, which
combines seven neural network predictors from different
parameters and PSI-BLAST [27] profile data. For 3D protein
structure prediction and structure-based function annotation, a
hierarchical approach called I-TASSER was used [28].

2.5. Sequence conservation analysis

To analyze protein conservation and predict protein target area
high-throughput functions [29], ConSurf, an online software
(http://ConSurf.tau.ac.il/ accessed on March 14, 2024), was
used. This tool takes FASTA protein sequences as input. The
conservation analysis was shown on a scale of 1-9 for each
relevant protein residue. On the scale, 1-3 represent variable
regions, 4—6 represent the average region, and 7-9 represent
highly preserved regions [29].

2.6. Prediction of phosphorylation sites (PTMs)

Various amino acid alterations occur as post-translational
modifications (PTMs), including methylation, phosphorylation,
acetylation, and ubiquitination, resulting in a diverse spectrum of
proteins. Consequently, projecting PTM data assists in assessing
the influence of polymorphisms on disease association or
pathogenicity. MuSiteDeep — a deep-learning-based webserver for
protein PTM site prediction and visualization — was used [30].
NetPhos 3.1 [31] server predicts phosphorylation sites using
ensembles of neural networks. This tool was used to identify
phosphorylation sites on serine (S) and tyrosine (Y) residues.

2.7. Prediction of normal and variant protein
structures

The Swiss model is an online server used to build the
homologous model of the query protein sequences for the selected
variants [32]. The structural stability of the normal and variant
proteins was assessed using structural analysis. Here, sequence-
based homology modeling was done for both normal and variant
proteins, and the best model was selected as the target based on
the highest sequence identity of >50%. Discovery Studio was
used to correct the nomenclature of atoms and model side chains
[33]. The SAVES server was used to validate the protein models
(http://servicesn.mbi.ucla.edu/SAVES, accessed on June 10, 2024).

2.8. Study of protein—protein interaction (PPI)

The PPI network of GRIN2B was constructed using
STRING (https://string-db.org/ accessed on June 25, 2024 [34]).
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Table 1. The detailed list of GRIN2B exons and intron sizes

Exons of GRIN2B

Introns of GRIN2B

SL. no Exon ID Length (bp) Intron number Length (bp)
1 ENSE00003903818 261 Intron 1 985
2 ENSE00003770327 429 Intron 2 113,701
3 ENSE00000993733 429 Intron 3 111,882
4 ENSE00000993731 599 Intron 4 77,457
5 ENSE00000993725 115 Intron 5 59,087
6 ENSE00000993720 203 Intron 6 790
7 ENSE00000993722 172 Intron 7 225
8 ENSE00001667846 154 Intron 8 3,263
9 ENSE00000993729 126 Intron 9 2,892
10 ENSE00000993719 230 Intron 10 36,638
11 ENSE00000993723 161 Intron 11 1,786
12 ENSE00004022628 188 Intron 12 2,566
13 ENSE00000993715 239 Intron 13 2,385
14 ENSE00004022629 27,303

GRIN2B was used as input, with Homo sapiens as the organism of
interest. The STRING database incorporates information from
various sources, including experimental data, computer prediction
techniques, and open text collections. Using various functional
categorization systems, including GO, Pfam, and KEGG, the site
also highlights functional enrichments in user-provided lists of
proteins.

3. Results

3.1. Organization of GRIN2B

The human GRIN2B spans 544,060 bps and is located on the
reverse strand of chromosome 12pl13.1, from 13437942 to
13982002 bp (https://asia.ensembl.org/Homo_sapiens/Gene/Summa
ry?g=ENSG00000273079;r=12:13437942-13982002 accessed on
July 17, 2025). This gene produces ten transcripts, among which the
transcript with ID ENST00000609686.4 (GRIN2B), expressed in the
brain (https://gtexportal.org/home/gene/GRIN2B#gene-transcript-bro
wser-block accessed on July 17, 2025), contains 14 exons on the
reverse strand and plays a vital role in ASD [34].
ENST00000609686.4/CCDS8662.1/NM_000834.5 are the canonical
reference for GRIN2B in most genomic analyses to ensure
consistency across Ensembl, CCDS, and RefSeq annotations [35].
This transcript, with 30609bp, codes for 1484 amino acids, as
shown in Table 1.

3.2. Types of variations of GRIN2B and their
mapping

A comprehensive workflow for data collection and processing on
GRIN2B is presented in Figure 1. A systematic literature search of
2,736 articles, published from 2000 to 2024, was conducted using
text mining. Out of these, duplicated articles were removed, and
1369 articles without duplicates were eligible for the studies. After
reviewing the titles and abstracts, 1260 articles that were not
relevant were excluded. Of the remaining 109 articles, 51 were
excluded after reviewing the full text based on insufficient firm
conclusions. Finally, 58 articles were included in this systematic
review, as detailed in Figure 2. A total of 379 ASD-specific
variants were collected from the SFARI, ClinVar, and GRIN portal
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databases, as well as text mining data. This includes 282
nonsynonymous variants, 17 synonymous variants, 19 frameshift
variants, 64 intron variants, and 10 variants from the 3° UTR. After
removing the overlapping variants, a total of 153 variants, namely,
117 nonsynonymous variants, 7 from splice sites, 19 frameshift
variants, and 10 variants from the 3> UTR, were selected for further
analysis. The list of 153 ASD-specific variants, including location,
position information, mutation type, and specific reference sources,
is provided in Supplementary Table 1.

For GRIN2B, among the 14 exons, 12 (exons 3—14) exhibit both
nucleotide and amino acid variations. From exon 6 to exon 13,
variations were repeatedly found in different samples. Figure 3(A)
illustrates the mapping of 153 variants of GRIN2B based on the
Varsome tool. According to the mapping, exons 10, 13, and 14 had
the highest number (>20) of variants, exons 8 and 11 had a medium
number of variants (>10), and exons 3, 4, 5, 6, 7, 9, and 12 had the
lowest number of variants (<10). Our findings revealed three
frameshift variants, including insertions, deletions, and duplications,
found in exons 3, 4, 9, 11, 13, and 14. Among these exons, exon 13
had the highest number (7) of frameshift variants, including three
deletions (c.2384_2391del, c¢.2555delC, and ¢.2594delC), three
duplications (c.2409_2419dup, ¢.2479dupG, and ¢.2590_2593dup),
and one insertion (c.2394_2395ins). Exon 11 had only one variant,
that is, duplication (c.2208dupC). The exon 3 had one deletion
(c.13delC), one duplication (c.99dupC), and two insertions
(c.23_24insC and c.91_92insC), exon 4 had three deletions
(c.735delG, ¢.803_804delTG, and ¢.996delG), exon 9 had one
deletion (c.1711delC), and exon 14 had three deletions (c.2825del,
¢.2862_2863delCA, and ¢.3937_3940delCTTC). We identified
seven splice site variants in the 1, 4, 9, 10, 11, and 12 introns.
Among these introns, only intron 10 had two splice sites
(c.2010+1G>C and c.2011-5_2011-4del). The remaining introns
had only single splice sites such as intron 3 (c.4114+1G>A),
intron 4 (c.1010+1G>A), intron 9 (c.1780+1G>A), intron 11
(c.2172-2A>A), and intron 12 (c.2360-2A>G). The 10 variants
from the 3’UTR region included ¢.4615C>T, c¢.5072T>G,
c.5806A>C, ¢.5988T>C, c.6509T>C, c.9215C>T, c.9825A>G,
c.15141C>G, ¢.17075G>C, and ¢.24377C>T.

All 117 nonsynonymous variants with amino acid changes were
mapped on GRIN2B, from exons 3 to 14, as shown in Figure 3(B).
Exon 14 had the maximum number of nonsynonymous variants, and
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Figure 3. (A) Mapping of all the nonsynonymous variants on the exonic region, splice site variants on the intronic region, and 3’ UTR
variants on the 3’ UTR region of GRIN2B. Variants highlighted with bold letters are frameshift and splice site variants. (B) Mapping
of amino acid changes in GRIN2B on the exon regions. Variants highlighted in bold letters are frameshift variants. (C) Predicted
domains of GRIN2B. SP, signal peptide; ATD, amino-terminal domain; S1 and S2, the ligand-binding domains; TSD, re-entrant
pore-forming and transmembrane spanning domains (pore); PDZ, C-terminus PDZ domain-binding motif. The four most
deleterious variants were highlighted in bold letters.
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exons 1 and 2 showed no variants. Some variants were observed
repeatedly on exons 6—13, except for exon 12. All 19 frameshift
variants, including insertions, deletions, and duplications, were
also mapped on GRIN2B in exons 3, 4, 9, 11, 13, and 14 and
highlighted in Figure 3(B). Furthermore, all 117 nonsynonymous
variants were analyzed and categorized into five types based on
their level of pathogenicity, specifically 0-20%, 21-40%,
41-60%, 61-80%, and 81-100%. The prediction tool revealed
that the 18 variants fell within the 0-20% range, 17 variants fell
within the 21-40% range, 28 variants fell within the 41-60%
range, 50 variants fell within the 61-80% range, and four variants
fell within the 81-100% range. Among them, 54 variants had a
pathogenicity score >60%. All these 54 variants were highlighted
in bold in Figure 3(B) and selected for further analysis.

The exons and the variants with the pathogenicity score >60%
are as follows: exon 3 with one variant (p.G96W), exon 6 with three
variants (p.E413G, p.F416L and p.C436R), exon 7 with seven
variants (p. C456Y, p.G459E, p.G459R, p.C461F, p.Y476C,
p-G487A and p.G499R), exon 8 with 10 variants (p.V510E,
p.T514A, p.J515T, p.R519Q, p.D524N, p.F525V, p.S526P,
p-R540H, p.G543R, and p.L551S), exon 9 with two variants
(p-PSS3L and p.S555I), exon 10 with 12 variants (p.N615I,
p.-V618G, p.A636V, p.A636P, p.A639V, p.L643P, p.A652P,
p.1655F, p.E657G, p.D661V, p.D668N, and p.D668Y), exon 11
with eight variants (p.R682C, p.G684E, p.T685P, p.V686M,
p.I695T, p.1695S, p.R696H, and p.M706V), and exon 13 with 11
variants (p.G799S, p.L813V, p.L813P, p.M8I18T, p.A819T,
p.G820E, p.G820A, p.G820R, p.V821F, p.L833P, and p.E839K).
Exons 4, 5, 12, and 14 showed no variants with a pathogenicity
score >60%. Among all the exons, all variants located on exons
six and seven were found to be pathogenic, with a score >60%.

GRIN2B is 1484 amino acids long and includes conserved
domains of the NR2B subunit, that is, signal peptide (SP) from
residues 1-28, amino-terminal domain (ATD) from 28-393 that is
involved in receptor assembly, S1 from 458-547, S2 from
681-798 that forms the ligand-binding domain, re-entrant
pore-forming and transmembrane spanning domains (TSD) from
431-829, and the C-terminus PDZ domain-binding motif (PDZ)
from 840-1484 residues, as illustrated in Figure 3(C). All 54
deleterious variants with a pathogenic score >60% were mapped
to different domain regions of GRIN2B, as detailed in Table 2.
Among these, most pathogenic variants were found in TSD, S1,
and S2. Only the variant p.G96W was identified in the ATD
domain, suggesting that it is involved in receptor assembly,
whereas the PDZ domain did not exhibit any variants. Among all
the 54 variants, the four variants, p.G459E, p.G459R, p.E657G,
and p.G820R, showed pathogenic scores >80% and were selected
for further analysis. The variants p.G459E and p.G459R were
found on the S1 domain, which is involved in the ligand-binding
process. The other two variants, p.E657G and p.G820R, were
found on the TSD throughout , which is involved in the re-entrant
pore-forming and transmembrane spanning process.

3.3. GRIN2B protein

The secondary structure of GRIN2B is predicted to consist of 37
alpha helices (H), 27 beta sheets (S), and 1420 coils (C). The analysis
revealed that both helices and strands are shaped by hydrogen
bonding between the carbonyl ‘O of one amino acid and the
amino H of another. These hydrogen atoms constitute nearly half
of the atoms in a protein. They mediate hydrogen bonds and
participate in noncovalent interactions including electrostatic and
van der Waals forces. Prediction revealed that among all the 54
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deleterious variants, 23 were alpha helices, 9 were beta sheets,
and 22 were coils, indicating that more alpha helices could
tolerate more variations than beta sheets. I-TASSER predicted
models with a C-score of > —1.5 possessed a correct topology.
The TM-score ranges from 0 to 1, with higher values showing
better structural models. The present study revealed that the first
model had a better structure, with a C-score of -2.73, a TM-score
of 0.41 + 0.13, and an RMSD of 17.1 + 2.7 A, which was used
for further analysis.

Solvent accessibility was predicted, and the results showed that
solvent accessibility at the bottom was presented in 10 levels, from
buried (0) to highly exposed (9). This indicates that most amino acids
with the selected 54 variants were moderately exposed to the solvent.
Most N- and C-terminal regions were predicted to have positive
normalized B-factors, indicating that these regions are structurally
more flexible than other regions.

3.4. Conserved residues of GRIN2B

The ConSurf server predicted the conserved behavior on a scale
of 1-9, with color codes ranging from blue to purple, where blue
indicates variability and purple indicates a highly conserved
location. On the scale, 1-3 represented variable, 46 represented
the average, and 7-9 represented highly conserved regions. The
results of the ConSurf prediction revealed that all 54 selected
deleterious variants were found to be conserved, especially in the
region of the TSD, highlighted in the red-colored box and shown
in Figure 4.

3.5. Phosphorylation sites on GRIN2B

The MusiteDeep and NetPhos 3.1 servers predicted PTMs
associated with 113 nonsynonymous variants identified in the
present study, using the protein sequence. These findings were
obtained in .csv format, and all nonsynonymous variants were
evaluated. Among them, 43 were shown to contribute to
phosphorylation, including 41 phosphothreonine, and only two
were phosphoserine. The descriptions of the 43 nonsynonymous
variants involved in phosphorylation are provided in Table 3.
Using ensemble neural networks, the NetPhos 3.1 server predicted
serine, threonine, or tyrosine phosphorylation sites in the GRIN2B
protein. Generic and kinase-specific predictions yielded scores
>0.5, indicating optimistic predictions. Predictions were made
using the selected prediction score of >0.5 for the 17 kinases,
including ATM, CKI, CKII, CaMIl, DNAPK, EGFR, GSK3,
INSR, PKA, PKB, PKC, PKG, RSK, SRC, cdc2, cdkS, and p38
MAPK. The results revealed that all 43 predicted PTM sites with
a score >0.5 were accurate predictions.

3.6. Comparison of normal and variant protein
structures of GRIN2B

The findings showed that variations in GRIN2B at p.G459E,
p-G459R, p.E657G, and p.G820R induced pathogenicity with a
score >80%. The variant p.G459R had a pathogenicity score of
86.36%, while the remaining three variants had a score of
81.81%. These four highly conserved variants were used to
determine the changes in protein structure they produce. Using the
Swiss model, we obtained five templates for each variant, with the
model exhibiting 98.99% sequence identity. Sequence coverage of
>50% was selected for each variant. SAVES gives the result with
the quality factor score for each variant, such as 91.14% for
p-Gly459Glu, 94.86% for p.Gly459Arg, 94.58% for p.Glu657Gly,
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Table 2. The detailed list of all 54 deleterious variants of GRIN2B with a pathogenicity score >60%

Allele change Residue change Pathogenicity in % Domain Conservation level Exon number
c.1970A>G p-E657G 81.81 TSD Conserved 10
c.1376G>A p-G459E 81.81 S1 Conserved 7
¢.2002G>T p-D668Y 77.27 TSD Highly Conserved 10
c.2044C>T p-R682C 77.27 S2 Highly Conserved 11
c.1427A>G p-Y476C 77.27 S1 Highly Conserved 7
c.2515G>A p-E839K 77.27 No domain Highly Conserved 13
c.1658C>T p-P553L 77.27 TSD Highly Conserved 9
c.1664G>T p-S5551 77.27 TSD Highly Conserved 9
c.1963A>T p-I655F 77.27 TSD Highly Conserved 10
c.2459G>T p-G820V 77.27 TSD Highly Conserved 13
c.2053A>C p.-T685P 77.27 S2 Highly Conserved 11
c.2459G>A p.G820E 77.27 TSD Highly Conserved 13
c.1573T>G p.F525Vv 77.27 S1 Highly Conserved 8
c.1619G>A p-R540H 72.72 S1 Highly Conserved 8
c.2056G>A p-V686M 72.72 S2 Highly Conserved 11
c.1844A>T p-N6151 72.72 TSD Highly Conserved 10
c.1238A>G p.E413G 72.72 No domain Highly Conserved 6
c.2084T>C p-1695T 72.72 S2 Highly Conserved 11
€.2459G>C p-G820A 72.72 TSD Highly Conserved 13
¢.1906G>C p-A636P 72.72 TSD Highly Conserved 10
¢.1460G>C p-G487A 72.72 S1 Highly Conserved 7
c.2438T>C p.L813P 72.72 TSD Highly Conserved 13
c.1928T>C p-L643P 72.72 TSD Highly Conserved 10
c.1382G>T p-C461F 72.72 S1 Highly Conserved 7
c.1246T>C p.F416L 68.18 No domain Highly Conserved 6
c.286G>T p-G96W 68.18 ATD Highly Conserved 3
c.1367G>A p-C456Y 68.18 TSD Highly Conserved 7
c.1556G>A p-R519Q 68.18 S1 Highly Conserved 8
c.1570G>A p-D524N 68.18 S1 Highly Conserved 8
c.2002G>A p-D668N 68.18 TSD Highly Conserved 10
c.1853T>G p-V618G 68.18 TSD Highly Conserved 10
c.1306T>C p-C436R 68.18 TSD Conserved 6
c.1495G>A p-G499R 68.18 S1 Highly Conserved 7
c.1907C>T p-A636V 68.18 TSD Highly Conserved 10
c.2116A>G p-M706V 68.18 S2 Conserved 11
c.2455G>A p-A819T 68.18 TSD Highly Conserved 13
¢.2498T>C p-L833P 63.63 No domain Highly Conserved 13
c.2087G>A p-R696H 63.63 S2 Highly Conserved 11
c.2395G>A p.G799S 63.63 TSD Highly Conserved 13
c.1540A>G p-T514A 63.63 S1 Highly Conserved 8
c.1916C>T p-A639V 63.63 TSD Highly Conserved 10
c.2453T>C p-M818T 63.63 TSD Highly Conserved 13
c.2437C>G p-L813V 63.63 TSD Highly Conserved 13
c.2461G>T p.V82IF 72.72 TSD Highly Conserved 13
c.1576T>C p.S526P 68.18 S1 Highly Conserved 8
c.1627G>C p.G543R 63.63 S1 Highly Conserved 8
c.1544T>C pIS15T 72.72 S1 Highly Conserved 8
c.1982A>T p-D661V 72.72 TSD Highly Conserved 10
c.1375G>A p-G459R 86.36 S1 Highly Conserved 7
c.1652T>C p.L551S 77.27 TSD Conserved 8
c.1529T>A p-V510E 68.18 S1 Highly Conserved 8
c.2051G>A p-G684E 77.27 S2 Highly Conserved 11
€.2458G>C p.G820R 81.81 TSD Highly Conserved 13
c.2084T>G p.1695S 72.72 S2 Highly Conserved 11
c.1954G>C p.A652P 77.27 TSD Highly Conserved 10

and 94.57% for p.Gly820Arg. These predicted values were
expressed as the percentage of the protein for which the calculated
error value falls below the 95% rejection limit. Good-quality,
high-resolution structures generally produce values of 95% or

higher. For lower resolutions (2.5-3A°), the average overall
quality factor was around 91%. The present study’s findings
revealed that variants p.G459R, p.E657G, and p.G820R were
high-quality structures with high resolution, whereas p.G459E was
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Figure 4. Evolutionary conservation analysis was performed for GRIN2B with the UniProt ID Q13224 in the ConSurf tool. Legends
are given on a conservation scale, and all 54 deleterious variants are highlighted in red boxes.
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Table 3. Predicted GRIN2B phosphorylation sites

Sl. no. ID Position Residue PTM site PTM score (>0.5)
1 NC_000012.12:¢13982134-13537337 31 S Phosphoserine 0.621
2 NC_000012.12:¢13982134-13537337 225 S Phosphoserine 0.672
3 NC_000012.12:¢13982134-13537337 350 S Phosphoserine 0.723
4 NC_000012.12:¢13982134-13537337 678 S Phosphoserine 0.881
5 NC_000012.12:c13982134-13537337 685 T Phosphothreonine 0.582
6 NC_000012.12:¢13982134-13537337 690 S Phosphoserine 0.598
7 NC_000012.12:¢13982134-13537337 882 S Phosphoserine 0.649
8 NC_000012.12:¢13982134-13537337 886 S Phosphoserine 0.779
9 NC_000012.12:¢13982134-13537337 917 S Phosphoserine 0.888
10 NC_000012.12:¢13982134-13537337 920 S Phosphoserine 0.728
11 NC_000012.12:¢13982134-13537337 929 S Phosphoserine 0.867
12 NC_000012.12:¢c13982134-13537337 930 S Phosphoserine 0.875
13 NC_000012.12:¢13982134-13537337 940 S Phosphoserine 0.713
14 NC_000012.12:¢13982134-13537337 993 S Phosphoserine 0.736
15 NC_000012.12:¢13982134-13537337 996 S Phosphoserine 0.553
16 NC_000012.12:¢13982134-13537337 999 S Phosphoserine 0.542
17 NC_000012.12:¢13982134-13537337 1017 S Phosphoserine 0.503
18 NC_000012.12:¢13982134-13537337 1033 S Phosphoserine 0.561
19 NC_000012.12:¢13982134-13537337 1036 S Phosphoserine 0.565
20 NC_000012.12:¢13982134-13537337 1043 S Phosphoserine 0.654
21 NC_000012.12:¢13982134-13537337 1050 S Phosphoserine 0.723
22 NC_000012.12:¢13982134-13537337 1058 S Phosphoserine 0.693
23 NC_000012.12:¢13982134-13537337 1061 S Phosphoserine 0.649
24 NC_000012.12:¢13982134-13537337 1064 S Phosphoserine 0.56
25 NC_000012.12:¢13982134-13537337 1088 S Phosphoserine 0.768
26 NC_000012.12:¢13982134-13537337 1095 S Phosphoserine 0.627
27 NC_000012.12:¢13982134-13537337 1116 S Phosphoserine 0.861
28 NC_000012.12:¢13982134-13537337 1143 S Phosphoserine 0.825
29 NC_000012.12:¢13982134-13537337 1166 S Phosphoserine 0.792
30 NC_000012.12:¢13982134-13537337 1168 S Phosphoserine 0.616
31 NC_000012.12:¢13982134-13537337 1255 S Phosphoserine 0.755
32 NC_000012.12:¢13982134-13537337 1259 S Phosphoserine 0.827
33 NC_000012.12:¢13982134-13537337 1284 S Phosphoserine 0.879
34 NC_000012.12:¢13982134-13537337 1288 S Phosphoserine 0.532
35 NC_000012.12:¢13982134-13537337 1303 S Phosphoserine 091
36 NC_000012.12:c13982134-13537337 1306 T Phosphothreonine 0.674
37 NC_000012.12:¢13982134-13537337 1323 S Phosphoserine 0.756
38 NC_000012.12:¢13982134-13537337 1334 S Phosphoserine 0.714
39 NC_000012.12:¢13982134-13537337 1468 S Phosphoserine 0.634
40 NC_000012.12:¢13982134-13537337 1469 S Phosphoserine 0.59
41 NC_000012.12:¢13982134-13537337 1478 S Phosphoserine 0.725
42 NC_000012.12:¢13982134-13537337 1479 S Phosphoserine 0.849
43 NC_000012.12:¢13982134-13537337 1482 S Phosphoserine 0.821

an average structure with low resolution. The finalized structures in
3D orientations are represented in Figure 5.

3.7. Protein—protein interaction (PPI) network

A PPI network was constructed for GRIN2B using the STRING
database, yielding a complex network of 10 interactions among 11
nodes. The results revealed that the resultant edges were 51, which is
more than the expected number of interactions, indicating that the
GRIN2B protein is biologically connected as a group. The statistical
data revealed that the average node degree was 9.27, the average
local clustering coefficient was 0.943, and the PPI enrichment p-value
was <1.0e - 16. The interaction network is presented in Figure 6,
which includes network nodes and edges. Only interactions with a
confidence score that is more significant than the lowest needed
interaction score are involved in the predicted network. More
engagement, but with higher false positives, is associated with lower

scores. The confidence score represented the likelihood of a predicted
association between two proteins in the metabolic pathway database.
The bounds of confidence are as follows: low confidence — 0.15,
medium confidence — 0.4, high confidence — 0.7, and highest
confidence — 0.9. The STRING database predicted that all the
functional partners, such as GRIN2A, GRIN1, GRIN2D, GRIN2C,
GRIN3A, DLG4, GRIN3B, DLG3, CAMK2A, and DLG2, were
found with a score of 0.99, suggesting that all these partners were
highly confident in their interaction with GRIN2B. The data is given
in Supplementary Table 1.

4. Discussion

4.1. GRIN2B variations

GRIN2B facilitates calcium-permeable excitatory synaptic
transmission between neurons in the brain. Many genomic
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Figure 5. 3D images of four variants are represented with normal amino acid on the left and a mutant on the right. The site of the
variant replaced the amino acid with a cavity, which is represented by a ball-and-stick structure at the center in yellow, surrounded by

alpha helices and beta sheets.

variations in this gene are reported with their association with
neurodevelopmental disorders such as ASD, Attention Deficit/
Hyperactivity Disorder, epilepsy, and schizophrenia [2]. A meta-
analysis of a triad family cohort and a case-control cohort from a
Chinese population has identified significant associations between
multiple common variants and autism risk [36].

The present study involves extracting and analyzing large
amounts of raw genomic variation data from text mining and
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databases to identify and map the GRIN2B variations associated
with ASD comprehensively. Out of the 379 variations found in
GRIN2B, not all are relevant for the disease’s pathogenicity, as
many are random, nonspecific, and silent variations. Of the 117
nonsynonymous variants, 54 had a pathogenicity score >60%,
indicating their potential to disrupt protein function. Among all the
exons, the nonsynonymous variants found in exons six and seven
are pathogenic, highlighting their potential impact on protein
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Figure 6. Predicted interaction network around GRIN2B. From
a confident perspective, the thicker lines represent a stronger
association, while the thinner lines indicate a weaker
association. All the proteins that undergo interaction are
represented in ball structures known as nodes. The colored
node represents the query protein GRIN2B, which
corresponds to the first shell of interaction. Other nodes,
highlighted in yellow, represent functional partners that
exhibit direct interaction with GRIN2B.

function. Additionally, as frameshift variants are considered major
causes of disease, the present study identified 19 high-prevalence
frameshift variants in exons 3, 4, 13, and 14. Notably, those located
in the N-terminal regions posed a greater threat to the gene’s
functionality than those in the C-terminal regions. Similarly,
variations in the splice site of the gene can disrupt RNA splicing,
leading to the inclusion of introns or loss of exons, thereby
disrupting the protein-coding sequence [37]. All the frameshift and
splice site variants lead to premature chain termination of GRIN2B
transcripts, which results in haploinsufficiency. Understanding these
prevalent variants can significantly enhance the diagnosis and
treatment of ASD. The 3’ UTR region of the gene is larger and has
10 wvariants. These variants could potentially influence mRNA
localization, stability, and translation, thereby affecting the
production of the GRIN2B protein.

ENST00000609686.4 (GRIN2B-201) is the major functional
isoform widely expressed in the brain, and includes all key
regulatory and channel-targeting domains. It is essential to recognize
the isoform diversity of GRIN2B, as alternative splicing generates
multiple transcript variants with differences in regulatory regions and
protein domains. While the majority of pathogenic variants reported
so far occur in exons shared across all major isoforms, some variants
may localize to exons that are skipped in minor isoforms. This raises
the possibility that the functional and clinical impact of a variant
could vary depending on isoform expression patterns, particularly in
brain regions or developmental stages where certain isoforms
predominate [38]. In the present study, the GRIN2B brain transcript
is a full-length isoform without any exon reshuffling, indicating that
any deleterious variant disrupts the protein function.

4.2. Effect of variations on protein structure and
function

The ligand-binding domain is the clamshell-shaped extracellular
domain where glutamate binds. The variations in this domain can

affect agonist affinity, gating efficiency, and kinetics, changing how
well ligand binding translates into channel opening [39] have reported
disease-associated GRIN2B variants in the N-terminal domain,
membrane-proximal ligand-binding domain, and transmembrane
domain that forms the ion pore containing three TSDs followed by an
intracellular C-terminal PDZ-binding domain (CTD) of variable
length. Shah et al. (2022) reported four variants, such as 1s869312669
(p.T685P), 1s387906636 (p.R682C), rs672601377 (p.N615I), and
rs1131691702 (p.S526P), which are identified as phylogenetically
conserved PTM drivers and are related to structural and functional
impact. Hammond (2024) reported that ionotropic glutamate receptors
(iGluRs), including NMDA and AMPA receptors, have four
transmembrane domains (M1-M4) per subunit. M2 forms a re-entrant
loop that shapes the ion selectivity filter and contributes to Ca’
permeability and Mg? block (for NMDARSs), and M4 interacts with
adjacent subunits and stabilizes the open/closed states of the channel.
This suggests that disruptions in these domains can alter ion
selectivity, permeability, destabilize gating transitions, and affect
desensitization kinetics. Our study revealed the most pathogenic
variants in ATD, S1, and TSD and none in the PDZ domain. The
variant p.G96W is found in the GRIN2B ATD domain, revealing that
it is involved in receptor assembly. We found 15 variants in the S1
region, 8 in the S2 domain, and 26 in the TSD. The most pathogenic
variants, p.G459E and p.G459R, are located in the S1 domain, which
is involved in the ligand-binding process. The two variants, p.E657G
and p.G820R, are found in the TSD, which is involved in the re-
entrant pore-forming and transmembrane spanning process. Our
analysis also revealed that the TSD harbors most variants and is the
second-largest domain. Therefore, variations in this region could be
deleterious, suggesting that all the multiple common variants of
GRIN2B and related haplotypes are associated with an increased risk
of autism.

The NMDAR intracellular CTD is variable in sequence and
contains phosphorylation sites, as well as short docking motifs that
bind proteins essential for receptor trafficking and function [41].
However, Sabo et al. [7] revealed that many variations found in
CTD regions are not associated with risk for ASD, as determined
by burden analysis, compared to controls. Similarly, we have not
seen any variants in this region, indicating that selective
evolutionary pressure across CTD domain variations is lower in the
CTD than for TSD and Acute Behavioural Distarbance. This lack
of variants in the CTD may suggest that variations in this region are
less likely to contribute to ASD, providing important insights for
future research.

Shah et al. [40] reported that GRIN2B hydrogen occupancy is
positively associated with protein stability, and solvent-accessible
surface area is positively related to globularity. The calculated
stability, compactness, and the total globularity score account for
the combined impact of the GRIN2B protein function. Multiple
GRIN2B genetic variations are linked to gene expression,
phylogenetic conservation, PTMs, and protein instability behavior
in neurodevelopmental diseases [40]. The secondary structure
prediction of GRIN2B and all 54 deleterious variants revealed a
higher number of alpha helices that can tolerate variations
compared to beta strands. Solvent accessibility of all 54
deleterious variants exhibited moderate surface exposure of a
protein that serves as an active site and interacts with other
molecules and ligands. Our conservation analysis revealed that all
these nonsynonymous variants are found in protected areas [42].
It was also reported that highly conserved amino acids are found
in physiologically active regions, and the biological activities
change when these residues are replaced. Within a sequence,
amino acids essential for folding, structural stability, or forming a
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binding site may be more highly conserved [40]. Among the 54
selected variants, most were found in the TSD, indicating that all
these variants are essential for protein folding, stability, and the
formation of binding sites.

PTM is one mechanism that enables a significant functional
expansion from the genome to the proteome, allowing each
translated protein to act in diverse ways, at specific times, and in
specific cells and tissues [43]. Our predictions revealed three
variants with phosphorylation sites, including one frameshift
(p.S31fs) in exon 3, located in the N-terminal ATD domain,
causing premature termination of translation. The variations
p-T685P located on the S1 domain and p.S882A located on the C-
terminal PDZ domain indicate that these variations affect the
protein’s functionality. The p.S526P variant is located in the Sl
domain, p.N6151 is in the pore, and p.R682C and p.T685P are in
the S2 domain, according to some studies. S1 and S2 form the
ligand-binding domain, pore, re-entrant pore-forming, and
transmembrane spanning domains, which may therefore explain the
change in spatial conformation in the instability of the GRIN2B,
which could be a risk factor for neurodevelopmental disorders.

Lemke et al. [44] conducted studies on two people with West
syndrome and significant developmental delay, as well as one person
with ID and focal epilepsy. The ID patient had a missense mutation
in the extracellular glutamate-binding domain (p.Arg540His). In
contrast, both West syndrome patients had missense mutations in the
NR2B ion channel-forming re-entrant loop (p.Asn6151le, p.Val618Gly).

Homology modeling is the most powerful method used to predict
the tertiary structure of a protein in cases where a query protein has
sequence similarity to a protein with a known atomic structure [44].
The homology modeling built for four variants, p.G459E, p.G459R,
p-E657G, and p.G820R, with a pathogenicity score of >80%,
indicates that these variants can affect the protein’s shape. This leads
to the disruption of the GRIN2B protein. An organism’s PPI
network serves as a framework for its signaling circuitry, which
mediates the cellular response to environmental and genetic cues.
Understanding this circuitry could enhance the prediction of gene
function and cellular behavior in response to diverse signals [45].
The biological events controlled by PPI are crucial for predicting the
function of target proteins and the drug-like properties of molecules.
Studies have shown that many disordered proteins have more
connections, which helps select therapeutic targets [46]. The loss or
gain of hydrogen bonds, hydrophobic interactions, and salt bridges
can alter the protein’s structure and function [47]. Proteins bind
through hydrophobic bonding, van der Waals forces, and salt bridges
at specific binding domains on each protein. These domains can be
small binding clefts or large surfaces, and can range from just a few
peptides long to spanning hundreds of amino acids [48]. In our
enrichment analysis, the GRIN2B protein interacts directly with high
confidence with the neighboring functioning partners. High-
confidence genes have proteins with known functions defined for them.

In the present study, four variants, p.G459R, p.G459E, p.E657G,
and p.G820R, lie within domains ligand-binding S1/S2 and
transmembrane M1-M4 domains that are present in the brain
transcript, which is a full-length isoform. Hence, clinical consequences
like intellectual disability, epilepsy, and ASD arise from broad
disruption of NMDAR signaling. These pathogenic variants are
located on universal domains that affect all functional isoforms of
GRIN2B. This gives confidence that their clinical impact is dictated by
broad NMDA receptor dysfunction, not limited to a subset of isoforms.

GRIN2B variants can produce distinct functional effects as
gain-of-function (GoF) and loss-of-function (LoF) changes in
NMDA receptor activity. This functional stratification has direct
therapeutic consequences. For example, patients with GoF variants
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may benefit from NMDA receptor antagonists. In contrast, LoF
variants might be more responsive to receptor agonists, co-agonists,
or modulators that enhance receptor function. These approaches
have the therapeutic potential of individualized, variant-informed
interventions. The identification of GRIN2B variants has profound
implications for both clinical diagnosis and the development of
targeted therapies. GRIN2B, which encodes the GluN2B subunit of
the NMDA receptor, plays a central role in synaptic transmission,
plasticity, and neurodevelopment. The ability to detect and interpret
these variants has advanced precision diagnostics, enabling earlier
recognition of GRIN-related disorders and more accurate genetic
counseling for families.

Beyond treatment, the study of GRIN2B variants contributes to
the development of biomarkers for disease progression and treatment
response. Electrophysiological assays and patient-derived neuronal
models provide functional validation of variant effects, which can be
translated into clinical decision-making frameworks. Moreover, such
research supports the design of precision medicine trials, where
therapies are tailored not only to the genetic variant but also to its
biophysical effect on receptor kinetics and signaling. Overall, the
growing body of GRIN2B research is bridging the gap between
genetic discovery and clinical practice.

5. Conclusion

Current in silico analysis identifies the most deleterious
variations, which reduce the loss of function of GRIN2B, leading
to altered Central Nervous System development that contributes to
ASD. The S1, S2, and TSD binding domains are less tolerant to
variation than the CTD of GRIN2B. These studies strongly
suggest that variations in this gene have deleterious effects on
ASD. Among all the variations, the 13 variations, including six
frameshifts from the N-terminal end, three split sites from the 5’
end, and four nonsynonymous variations with a pathogenicity
score >80% are more deleterious. These key variations are the
focus of further analysis. These succinct findings may serve as a
baseline for potential diagnostic and therapeutic approaches.
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