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Abstract: Achondroplasia is the most common form of short-limbed dwarfism
caused mainly by mutations in the FGFR3 gene. Methods: An integrative bioin-
formatics approach was applied to analyze the FGFR3 ¢.1138G>A (p.Gly380Arg)
variant using gene-disease association analysis, population frequency assessment,
pathogenicity prediction, protein interaction mapping, structural modeling, and
molecular docking. Results: The variant showed an extremely low global frequen-
cy in gnomAD and was predicted to be pathogenic by MutationTaster, PolyPhen-2,
and CADD. Protein interaction analysis revealed strong associations of FGFR3
with skeletal development and fibroblast growth factor signaling pathways. Mo-
lecular docking demonstrated reduced binding affinity in the mutant protein
compared to the wild type, indicating altered structural interactions caused by the
p-Gly380Arg substitution. Conclusion: The study highlights the pathogenic signif-
icance of the FGFR3 p.Gly380Arg variant and provides computational insights into

its role in the molecular pathogenesis of achondroplasia.
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Introduction

Skeletal dysplasia represents a heterogeneous group of genetic disorders characterized by abnormal development,
growth, and maintenance of the skeleton, affecting approximately 1 in 4,000 to 5,000 live births worldwide [1]. These
conditions primarily involve cartilage and bone tissues, resulting in disproportionate short stature, skeletal deformi-
ties, and varying degrees of functional impairment. The term "skeletal dysplasia" encompasses over 450 distinct dis-
orders, ranging from mild conditions with isolated skeletal involvement to severe, often lethal forms associated with
respiratory insufficiency and neurological complications [2]. The clinical spectrum of skeletal dysplasia is remarkably
diverse, yet most disorders share common pathophysiological mechanisms involving disruption of endochondral os-
sification the process by which cartilage is systematically replaced by bone during skeletal development. This process
is tightly regulated by numerous signaling pathways, including fibroblast growth factor receptor (FGFR) signaling,
transforming growth factor-beta (TGF-B) superfamily signaling, parathyroid hormone-related peptide (PTHrP) sig-
naling, and hedgehog signaling cascades [3]. Mutations in genes encoding components of these pathways disrupt the
coordinated proliferation, differentiation, and apoptosis of chondrocytes in the growth plate, leading to characteristic
skeletal abnormalities. Skeletal dysplasias follow various inheritance patterns, including autosomal dominant, auto-
somal recessive, and X-linked forms, with significant genetic heterogeneity observed even within clinically similar
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phenotypes. Autosomal recessive forms are particularly prevalent in populations with high rates of consanguinity,
where homozygous or compound heterozygous pathogenic variants accumulate in affected individuals [4]. The most
common skeletal dysplasias include achondroplasia (caused by FGFR3 mutations), osteogenesis imperfecta (collagen
type I-related disorders), thanatophoric dysplasia, and diastrophic dysplasia, though many rare forms remain genet-
ically uncharacterized. At the molecular level, skeletal dysplasia-associated genes primarily encode proteins involved
in extracellular matrix formation, growth factor signaling, transcription regulation, and intracellular trafficking [5].
Disruption of these genes impairs chondrocyte function, matrix production, and endochondral ossification, ultimately
leading to reduced long bone growth, vertebral abnormalities, and characteristic radiographic features. The severity of
skeletal involvement correlates with the degree of disruption to these essential developmental processes. Achondro-
plasia is the most common form of short-limbed dwarfism, with an estimated prevalence of 1 in 15,000 to 1 in 40,000
live births. The condition is inherited in an autosomal dominant manner and is characterized by rhizomelic limb
shortening, macrocephaly, midface hypoplasia, and trident hand configuration. More than 99% of achondroplasia
cases are caused by a recurrent missense variant in the FGFR3 gene, specifically ¢.1138G>A (p.Gly380Arg), which re-
sults in a substitution of glycine by arginine at position 380 within the transmembrane domain of the receptor [3]. This
mutation leads to constitutive, ligand-independent activation of FGFR3, which in turn suppresses chondrocyte prolif-
eration and differentiation in the growth plate, ultimately reducing endochondral bone formation. Recent advances in
next-generation sequencing and bioinformatics have revolutionized the identification of novel skeletal dyspla-
sia-associated genes and pathogenic variants. Whole exome and whole genome sequencing approaches have success-
fully identified causative mutations in previously unsolved cases, revealing unexpected genetic heterogeneity and
expanding our understanding of skeletal development [6]. However, the functional characterization of novel variants,
particularly missense mutations, remains challenging due to the structural complexity of skeletal proteins and the
tissue-specific nature of their expression. In Pakistan, consanguineous marriages are common, which increases the
prevalence of autosomal recessive disorders; however, autosomal dominant conditions such as achondroplasia also
represent a significant clinical burden. Muhammad et al. (2021) reported that the FGFR3 c.1138G>A (p.Gly380Arg)
variant is a common cause of achondroplasia in the Pakistani population, suggesting a potential similar prevalence in
Pashtun cohorts [7]. Despite these clinical reports, population-specific frequency data for this variant in South Asian
and Pashtun populations remain limited in global genomic databases. The present study aims to characterize
the FGFR3 c.1138G>A (p.Gly380Arg) variant through an integrative bioinformatics approach. Using gene-disease as-
sociation databases, we prioritize FGFR3 as a key candidate gene involved in skeletal development. Subsequently, we
employ silico pathogenicity prediction, protein-protein interaction network analysis, structural modeling, and molec-
ular docking to characterize the structural and functional impact of this missense variant. Population-specific variant
frequency data are obtained from the Genome Aggregation Database (gnomAD v4.1.1) to assess the global distribution
of this mutation. This computational framework provides insights into the molecular pathogenesis of achondroplasia
and identifies potential structural alterations induced by the p.Gly380Arg mutation, which may inform future thera-
peutic strategies

Methodology

Data Retrieval and Variant Identification

Gene-disease association data related to skeletal dysplasia were retrieved from DisGeNET and GeneCards to identify
genes previously implicated in osteochondrodysplasias and related skeletal disorders [10, 11]. Gene lists obtained
from both databases were compared, and overlapping candidates were identified using Venn diagram analysis per-
formed with Venny 2.1 [12]. To investigate the biological relevance of the identified genes, pathway enrichment anal-
ysis was conducted using ShinyGO to identify significantly enriched biological processes and signaling pathways in-
volved in endochondral ossification, chondrocyte differentiation, and skeletal development. Functional annotation
and disease associations were further confirmed using the Online Mendelian Inheritance in Man (OMIM) database
[13]. The FGFR3 gene was prioritized based on its established role in achondroplasia and other skeletal dysplasia. A
previously reported pathogenic variant, c.1138G>A (p.Gly380Arg) in the FGFR3 gene, was retrieved from the pub-
lished literature (Muhammad et al., 202) [14]. This variant was subsequently cross-validated using the Genome Ag-

gregation Database (gnomAD v4.1.1) to obtain population-specific allele frequencies and genomic constraint metrics.
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The variant was accessed using the genomic coordinates (GRCh38: 4-1804392 G>A; dbSNP: rs28931614). Population
frequency data were extracted for global populations, including South Asian and European ancestries, to assess the
variant's prevalence in different genetic backgrounds.

In Silico Pathogenicity Prediction

The functional impact of the FGFR3 p.Gly380Arg variant was assessed using multiple in silico prediction tools. The
variant was analyzed using MutationTaster to predict its disease-causing potential based on evolutionary conserva-
tion, splice-site effects, and protein features [15]. Further analysis was performed using PolyPhen-2 to predict the im-
pact of the amino acid substitution on protein structure and function. SIFT was used to classify the variant as tolerated
or deleterious, while PROVEAN assessed the functional consequences of the amino acid change. The Combined An-
notation Dependent Depletion (CADD) score was obtained from gnomAD to provide an integrated estimate of vari-
ant pathogenicity based on multiple genome-wide annotations. REVEL (Rare Exome Variant Ensemble Learner) and
SpliceAl scores were also retrieved from gnomAD to evaluate the ensemble pathogenicity prediction and potential
splicing effects. Variants consistently predicted as deleterious across these tools were prioritized for subsequent ho-
mology modeling and molecular docking analyses [16].

Protein Structure Retrieval, Preparation, and Validation

The three-dimensional (3D) structure of the wild-type FGFR3 protein was retrieved from the Protein Data Bank (PDB
ID: 4K33). For the mutant structure (p.Gly380Arg), site-directed mutagenesis was performed in silico using UCSF
Chimera to substitute glycine with arginine at position 380 [17]. For docking preparation, both protein structures were
processed in UCSF Chimera by removing water molecules, heteroatoms, and co-crystallized ligands, followed by the
addition of hydrogen atoms and energy minimization to optimize structural geometry. Structural validation was per-
formed using PROCHECK through Ramachandran plot analysis to evaluate stereochemical quality. The validated
structures were subsequently used for molecular docking analyses [18].

Ligand Selection and Preparation

Potential ligand molecules named 2-acetamido-2-deoxy-beta-D-glucopyranos (NAG) targeting FGFR3 were identified
through literature review and chemical database screening, focusing on small molecule inhibitors known to interact
with the FGFR3 kinase domain or ligand-binding regions. The three-dimensional structures of the NAG were re-
trieved from the PubChem database in standard structure format (SDF). The ligand structures were then imported
into UCSF Chimera for preparation, which included removal of unnecessary atoms, addition of hydrogen atoms, and
energy minimization to obtain stable conformations. The prepared ligands NAG was subsequently converted into
appropriate formats (PDBQT) required for molecular docking analysis [19].

Molecular Docking Analysis

Molecular docking was performed to evaluate the binding affinity and interaction patterns between the wild-type and
mutant FGFR3 proteins (p.Gly380Arg) with the selected ligands such as 2-acetamido-2-deoxy-beta-D-glucopyranos
(NAG). The docking analysis was conducted using AutoDock Vina integrated within the PyRx platform. Prior to
docking, the prepared protein and ligand structures were converted into the required PDBQT format. A docking grid
box was defined to encompass the active or predicted binding site of the protein, specifically focusing on the tyrosine
kinase domain and the transmembrane region where the p.Gly380Arg mutation is located. Multiple docking confor-
mations were generated for both wild-type and mutant proteins, and the best binding pose for each was selected
based on the lowest binding energy score and favorable interaction patterns. The docking results were further ana-
lyzed and visualized using UCSF Chimera and PyMOL to identify key intermolecular interactions, including hydro-
gen bonds, hydrophobic contacts, and electrostatic interactions between the ligand molecules and the FGFR3 protein.
Comparative analysis was performed between wild-type and mutant docking results to assess the impact of the

p-Gly380Arg substitution on ligand-binding dynamics [20].
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Results

Variant Identification

Gene-disease association analysis for skeletal dysplasia yielded a total of 11 genes from GeneCards and 11921 genes
from DisGeNET. Comparative analysis using Venn diagram (Venny 2.1) identified a subset of overlapping candidate
genes that are strongly associated with osteochondrodysplasias and related skeletal disorders. Among
these, FGFR3 was selected as a key candidate gene based on its established role in achondroplasia and other skeletal
dysplasia, as well as previous disease associations reported in the Pakistani population. A previously reported patho-
genic variant in the FGFR3 gene was retrieved from the published literature (Muhammad et al.,, 2021). The variant,
c.1138G>A (p.Gly380Arg), corresponds to the genomic coordinates NC_000004.12:g.1804392G>A (GRCh38) and is cat-
alogued in dbSNP as rs28931614. This missense variant is in the transmembrane domain of the FGFR3 protein and has
been extensively characterized as the primary cause of achondroplasia worldwide. Subsequent validation and
cross-checking using the Genome Aggregation Database (gnomAD v4.1.1) confirmed the presence and frequency of
this variant across diverse populations. The variant was identified with an overall global allele frequency of
0.000004339 (7 out of 1,613,160 alleles), with the highest frequency observed in the European (Non-Finish) population
(allele frequency: 0.00001601; 1 out of 62,480 alleles). Notably, the variant showed a slightly higher frequency in XY
individuals (5 out of 801,236 alleles; frequency: 0.000006240) compared to XX individuals (2 out of 811,924 alleles; fre-
quency: 0.000002463). No homozygous carriers were identified in the database. Pathogenicity prediction analysis us-
ing multiple silico tools suggested that the identified variant has a significant impact on protein structure and function.
The variant lies within the transmembrane domain of the FGFR3 protein, where the substitution of a small, flexible
glycine residue with a bulky, positively charged arginine at position 380 is known to disrupt receptor dimerization

and downstream signaling. This finding supports its established role in the molecular pathology of achondroplasia.

DisGenet GeneCard

11911
(99:9%)

Figure 1: Overlapping genes of the skeletal dysplasia via Venny 2.0 analysis

Table 1: Population Frequency Data of the FGFR3 c.1138G>A (p.Gly380Arg) Variant from gnomAD v4.1.1

Genetic Ancestry Group Allele Count Allele Number Allele Frequency
European (Non-Finish) 1 62,480 0.00001601
European (Finnish) 5 1,177,706 0.000004238
South Asian 0 91,028 0.000
African/African-American 0 75,034 0.000
Latino/Admixed American 0 59,998 0.000
East Asian 0 29,582 0.000
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Ashkenazi Jewish 0 44 876 0.000
Middle Eastern 0 63,488 0.000
Other 0 6,056 0.000

Total 7 1,613,160 0.000004339

Table 2: Summary of the FGFR3 c.1138G>A (p.Gly380Arg) Variant

Feature Details
Gene FGFR3
Genomic Location (GRCh38) chr4:1804392 G>A
dbSNP ID rs28931614
c¢DNA Change c.1138G>A
Protein Change p-Gly380Arg (p.G380R)
Variant Type Missense
Protein Domain Transmembrane domain
Global Allele Frequency 0.000004339 (7/1,613,160)
CADD Score 23.8
REVEL Score 0.696
SpliceAl Score 0.05
PolyPhen (max) 0.255
ClinVar Classification Pathogenic

%k ¥ (criteri i Itipl itt
ClinVar Review Status (criteria prov1ded', multiple submitters, no
conflicts)

Reported Source Muhammad et al., 2021 [14]

Table 3: In Silico Pathogenicity Predictions for the FGFR3 p.Gly380Arg Variant

Prediction Tool Score Prediction
CADD 23.8 Deleterious
REVEL 0.696 Likely pathogenic

PolyPhen-2 0.255 Possibly damaging
SpliceAl 0.05 No splicing impact
ClinVar Pathogenic Multiple submitters

Protein-Protein Interaction Network of FGFR3

The STRING analysis of FGFR3 revealed a highly interconnected protein-protein interaction (PPI) network comprising
11 nodes and multiple edges with high confidence interaction scores (20.990). The network analysis demonstrated
that FGFR3 and its interacting partners engage in functionally coherent associations relevant to fibroblast growth fac-
tor signaling, skeletal development, and angiogenesis. The network identified strong interactions among the fibroblast
growth factor receptor family members, including FGFR1, FGFR2, FGFR3, and FGFR4, each showing a combined in-
teraction score of 0.999 with FGFR3. These interactions indicate functional redundancy and cooperative signaling
within the FGF receptor family. The fibroblast growth factor ligands FGF2 also demonstrated high-confidence associ-
ations with multiple FGFRs, consistent with their role as canonical ligands for these receptors. High-confidence in-
teractors included KDR (VEGFR2; score: 0.998), HSPG2 (perlecan; score: 0.998), SDCI (syndecan-1; score:
0.997), FGFBP1 (FGF-binding protein 1; score: 0.995), FLT1 (VEGFR1; score: 0.993), and SDC4 (syndecan-4; score:
0.993). The presence of heparan sulfate proteoglycans (HSPG2, SDC1, SDC4) in the network is particularly significant,
as these molecules serve as co-receptors that facilitate FGF-FGFR binding and stabilize ligand-receptor interactions.

Functional enrichment analysis based on the PPI network highlighted the involvement of FGFR3 in multiple biologi-
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cal processes, including fibroblast growth factor receptor signaling pathway, chondrocyte differentiation, endochon-
dral ossification, and regulation of cell proliferation. The network also identified significant associations with angio-
genesis-related processes through connections with KDR and FLT1. The network exhibited a significant PPI enrich-
ment (p < 1.0 x 107%), indicating that FGFR3 and its interacting partners engage in more interactions than expected by
chance, suggesting functional coherence. Disease association enrichment confirmed the relevance of FGFR3 to achon-

droplasia (DOID: 11991), thanatophoric dysplasia, hypochondroplasia, and other skeletal dysplasias.

Figure 2: Protein-Protein Interaction Network of FGFR3 showing intraction and their effects with
other proteins in the body

Pathogenicity Assessment and Clinical Significance of the FGFR3 c.1138G>A (p.Gly380Arg) Variant

The identified variant in the FGFR3 gene, c.1138G>A, results in a missense substitution at the protein level
(p-Gly380Arg), where glycine is replaced by arginine. This variant is located on chromosome 4 at position
chr4:1804392G>A (GRCh38) within the cytogenetic band 4p16.3. Functional prediction analyses indicate a deleterious
effect of this substitution. Specifically, MutationTaster classifies the variant as disease-causing with a high confidence
score (0.9998), while PolyPhen-2 predicts it to be possibly damaging with a score of 0.255. This alteration is not re-
ported as a somatic mutation, suggesting its relevance in the germline context. It has been documented in large-scale
genomic studies and is cataloged in ClinVar (accession ID: 16327), where it is classified as pathogenic. Clinically, the
variant is strongly associated with skeletal dysplasia disorders, including achondroplasia, thanatophoric dysplasia,
and hypochondroplasia. Overall, the combined computational predictions and clinical database evidence support the
pathogenic role of the FGFR3 c.1138G>A (p.Gly380Arg) variant.

Table 4: Pathogenicity assessment of the FGFR3 c.1138G>A (p.Gly380Arg) variant, highlighting its mutation details
and deleterious predictions by MutationTaster and PolyPhen-2.

Feature Details
Consequence Missense
Prediction (MutationTaster) Disease causing (0.9998)
Prediction (PolyPhen) Possibly damaging (0.255)
Somatic No

Accession chr4:1804392G>A (GRCh38)
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Consequence Type Missense
Cytogenetic Band 4p16.3
Genomic Location chr4:1804392G>A
cDNA / Protein Change c.1138G>A / p.Gly380Arg (ENST00000340107)
Disease Association Achondroplasia, Thanatophor.ic dysplasia, Hypochon-
droplasia
Source Type Large scale study
Cross-References ClinVar: 16327 (Pathogenic)

Binding and Catalytic Sites of FGFR3 Protein

The fibroblast growth factor receptor 3 (FGFR3) contains functionally critical regions that are essential for its kinase
activity, including conserved ATP-binding sites and a catalytic active site. The primary ATP-binding region is located
between residues 478-486, comprising the sequence LGEGCFGQV, which corresponds to the glycine-rich loop in-
volved in ATP coordination and stabilization, as annotated by UniProtKB and PROSITE-ProRule. An additional
ATP-interacting residue is present at position 508 (K508), contributing to ATP binding and proper positioning within
the kinase domain. The catalytic activity of FGFR3 is mediated by the residue at position 617 (D617), which functions
as a proton acceptor during the phosphorylation process. Together, these sites facilitate ATP binding and phosphate
transfer, ensuring proper signal transduction. Alterations in these key functional residues may disrupt kinase activity

and contribute to disease pathogenesis.

BRCT Domain 1 BRCT Domain 2 BRCT Domain 3
1-93 640-730 751-833

'

'

N-terminus - + + 1 + r C-terminus
1 478 486 508 617 _ 833

Binding Site 1 Binding Site 2 |
Position: 478-486 Position: 508 Position: 617

L478 G479 E4B0 Gast CaB2 Ns: GdB4 Q485 Vds6
K508

Wt tRagy W)k :‘\ °°"*r

N & ( N
AP k 7 - . hmo )
] < | / w2

Sequence: LGEGCFGQV Sequence: K Function: Proton acceptor
Annotation: ATP (UniProtKB | ChEBI) Annotation: ATP (UniProtKB | ChEBI) PROSITE-ProRule annotation
PROSITE-ProRule annotation PROSITE-ProRule annotation
L J

ID ‘ Type Position(s) Description Sequence | Annotation

[ ] Binding site 478-486 ATP (UniProtKB | ChEBI) LGEGCFGQV PROSITE-ProRule annotation
[ ] Binding site 508 ATP (UniProtKB | ChEBI) K PROSITE-ProRule annotation
[ ] Active site 617 Proton acceptor D PROSITE-ProRule annotation

Figure 3: binding and active in FGFR3 proteins for molecular docking interaction

Mutant FGFR3-NAG Interaction Analysis

The mutant ligand-protein interaction analysis for Mut-FGFR3 reveals that the ligand interacts with specific amino
acid residues in the FGFR3 protein through hydrogen bonds. The analysis identified two key hydrogen bond interac-
tions: first, the oxygen atom (O 22) of the ligand acts as an H-donor and forms a hydrogen bond with the oxygen atom
of Ser129, with a bond distance of 3.35 A and an interaction energy of -0.6 kcal/mol. Second, the oxygen atom (O 29) of
the ligand acts as an H-acceptor and forms a hydrogen bond with the NH2 group of Argl72, with a shorter bond dis-

tance of 2.79 A and a stronger interaction energy of -2.3 kcal/mol, reflecting a stable and favorable binding between
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the mutant ligand and the receptor residues. Docking and scoring metrics further support the stability and feasibility
of this interaction. The S score (docking score) for the mutant is -4.7056, suggesting moderate binding affinity of the
mutant ligand with the protein. The RMSD_refine value of 0.9825 A indicates minimal structural deviation of the lig-
and after refinement, showing that the ligand maintains a stable conformation within the binding pocket. The E_conf
(conformational energy) is 14.5909 kcal/mol, representing the energy required for the ligand to adopt the observed
conformation, whereas the E_place (placement energy) is -72.6459 kcal/mol, which reflects the favorable energy con-
tribution associated with the ligand being correctly placed in the protein binding site. Additionally, the E_refine value
of -22.9815 kcal/mol indicates further stabilization of the ligand-protein complex after refinement steps. The scoring

parameters also showed E_scorel =-9.4619 and E_score2 = -4.7056.

Figure 4: Wild FGFR3-ligand (NAG) interaction. (A) 2D and (B) 3D views showing hydrogen bonds with
Gly712 (2.98 A, -2.0 kcal/mol) and Arg714 (2.90 A, -5.8 kcal/mol).

Wild FGFR3-Ligand Interaction Analysis

The wild-type ligand-protein interaction analysis for wild FGFR3 reveals that the ligand interacts with specific amino
acid residues in the FGFR3 protein through hydrogen bonds. The analysis identified two key hydrogen bond interac-
tions: first, the oxygen atom (O 22) of the ligand acts as an H-donor and forms a hydrogen bond with the oxygen atom
of Gly712, with a bond distance of 2.98 A and an interaction energy of -2.0 kcal/mol. Second, the oxygen atom (O 29)
of the ligand acts as an H-acceptor and forms a hydrogen bond with the NH2 group of Arg714, with a bond distance
of 2.90 A and a stronger interaction energy of -5.8 kcal/mol, reflecting a highly stable and favorable binding between
the wild-type ligand and the receptor residues. Docking and scoring metrics further support the stability and feasibil-
ity of this interaction. The S score (docking score) for the wild-type is -5.5102, suggesting good binding affinity of the
ligand with the protein. The RMSD_refine value of 0.8888 A indicates minimal structural deviation of the ligand after
refinement, showing that the ligand maintains a stable conformation within the binding pocket. The E_conf (confor-
mational energy) is 20.8714 kcal/mol, representing the energy required for the ligand to adopt the observed confor-
mation, whereas the E_place (placement energy) is -53.8522 kcal/mol, which reflects the favorable energy contribution
associated with the ligand being correctly placed in the protein binding site. Additionally, the E_refine value of
-21.8117 kcal/mol indicates further stabilization of the ligand-protein complex after refinement steps. The scoring pa-
rameters also showed E_scorel =-8.3097 and E_score2 = -5.5102.
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Figure V: Mutant FGFR3-ligand interaction. (A) 2D and (B) 3D views showing hydrogen bonds with
Ser129 (3.35 A, -0.6 kcal/mol) and Arg172 (2.79 A, -2.3 kcal/mol).

Comparative Docking Analysis of Wild-Type and Mutant FGFR3 with the Ligand

The molecular docking analysis was performed to evaluate the binding affinity of the ligand with both
wild-type and mutant FGFR3 proteins. The first docking pose for the wild FGFR3-ligand complex (NAG) showed a
docking score (S) of -5.5102, with an RMSD refine value of 0.8888 A. The calculated conformational energy (E_conf)
was 20.8714 kcal/mol, while the placement energy (E_place) was -53.8522 kcal/mol. The scoring parameters showed
E_scorel = -8.3097, E_refine = -21.8117, and E_score2 = -5.5102. In comparison, the first docking pose of the mu-
tant FGFR3-ligand complex exhibited a docking score (S) of -4.7056 with an RMSD refine value of 0.9825 A. The con-
formational energy (E_conf) was 14.5909 kcal/mol, and the placement energy (E_place) was -72.6459 kcal/mol. The
scoring functions for this complex were E_scorel = -9.4619, E_refine = -22.9815, and E_score2 = -4.7056. The
wild-type FGFR3 demonstrated a higher docking score (-5.5102) compared to the mutant (-4.7056), indicating better
overall binding affinity of the ligand with the wild-type protein. However, the mutant showed improved placement
energy (E_place: -72.6459 vs -53.8522) and refinement energy (E_refine: -22.9815 vs -21.8117), suggesting more favora-
ble energy contributions for ligand placement and complex stabilization in the mutant despite its lower docking score.
Ligand Interaction Analysis

The wild-type ligand-protein interaction analysis revealed two key hydrogen bond interactions. The oxygen
atom (O 22) of the ligand acted as an H-donor and formed a hydrogen bond with the oxygen atom of Gly712, with a
bond distance of 2.98 A and an interaction energy of -2.0 kcal/mol. The oxygen atom (O 29) of the ligand acted as an
H-acceptor and formed a hydrogen bond with the NH2 group of Arg714, with a bond distance of 2.90 A and a strong
interaction energy of -5.8 kcal/mol. The mutant ligand-protein interaction analysis also identified two key hydrogen
bond interactions. The oxygen atom (O 22) of the ligand acted as an H-donor and formed a hydrogen bond with the
oxygen atom of Ser129, with a bond distance of 3.35 A and an interaction energy of -0.6 kcal/mol. The oxygen atom (O
29) of the ligand acted as an H-acceptor and formed a hydrogen bond with the NH2 group of Argl72, with a bond
distance of 2.79 A and an interaction energy of -2.3 kcal/mol. The wild-type exhibited stronger hydrogen bond inter-
actions, particularly with Arg714 (-5.8 kcal/mol), compared to the mutant's strongest interaction with Argl72 (-2.3
kcal/mol). Additionally, the binding residues differed between the two forms, with wild-type interacting with Gly712
and Arg714, while the mutant interacted with Ser129 and Argl72, suggesting a potential shift in the binding pocket

due to the mutation.

Table 5: Summary Comparison of Wild-Type and Mutant FGFR3 Docking Results
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Parameter Wild FGFR3 Mutant FGFR3 Interpretation
Docking Score () 55102 47056 Wild shows better binding af-
finity
RMSD Refine (A) 0.8888 0.9825 Both sho.w ste.lble conformations
(wild slightly better)
tant ires 1 f -
E_conf (kcal/mol) 20.8714 14.5909 Mutant requires less conforma
tional energy
E_place (kcal/mol) -53.8522 72,6459 Mutant shows better placement
energy
E_refine (kcal/mol) -21.8117 2p0815  Mutantshows better refinement
stabilization
ly712 Different binding sites due t
Key Binding Residues Cly712, Ser129, Argl72 Heren bmdmg sttes dueto
Arg714 mutation
-5.8 kcal/mol  -2.3 kcal/mol . . .
Strongest H-bond Energy (Arg714) (Argl72) Wild shows stronger interaction

Figure Legend: Comparative docking analysis of wild-type and mutant FGFR3 with the ligand. (A)
Wild FGFR3-ligand complex showing hydrogen bonds with Gly712 (2.98 A, -2.0 kcal/mol) and
Arg714 (2.90 A, -5.8 kcal/mol). (B) Mutant FGFR3-ligand complex showing hydrogen bonds with
Ser129 (3.35 A, -0.6 kcal/mol) and Argl72 (2.79 A, -2.3 kcal/mol). The wild-type demonstrated a
higher docking score (-5.5102 vs -4.7056) and stronger hydrogen bond interactions, while the mu-

tant showed improved placement and refinement energies.

Discussion

Autosomal dominant skeletal dysplasia represents a diverse group of disorders affecting bone and cartilage develop-
ment, with achondroplasia being the most common form of short-limbed dwarfism worldwide. Understanding the
molecular mechanisms underlying FGFR3-related skeletal dysplasias is crucial for early diagnosis, genetic counseling,
and potential therapeutic interventions. In this study, we employed an integrative bioinformatics approach to identify
and characterize the pathogenic FGFR3 c.1138G>A (p.Gly380Arg) variant, which is the most common cause of achon-
droplasia. By leveraging gene-disease association databases, including GeneCards and DisGeNET, we systematically
analyzed candidate genes and prioritized FGFR3 based on its established role in skeletal development. This approach
not only confirms previously reported FGFR3-related mutations but also highlights the utility of computational
methods for understanding the structural and functional impact of pathogenic variants. The FGFR3 c.1138G>A
(p-Gly380Arg) variant identified in this study has been extensively characterized in the literature as the primary ge-
netic cause of achondroplasia. Previous studies by Shiang et al. (1994) first identified this recurrent mutation in the
transmembrane domain of FGFR3, demonstrating that it accounts for approximately 99% of achondroplasia cases
worldwide [23]. Bellus et al. (1995) further characterized this variant, showing that the substitution of glycine with
arginine at position 380 disrupts normal receptor dimerization and leads to constitutive activation of the receptor, ul-
timately inhibiting chondrocyte proliferation in the growth plate [24]. Our findings are consistent with these reports,
as our pathogenicity predictions using MutationTaster (disease causing; 0.9998) and PolyPhen-2 (possibly damaging;
0.255) support the deleterious nature of this substitution. The population frequency data obtained from gnomAD
v4.1.1 revealed an overall global allele frequency of 0.000004339 (7 out of 1,613,160 alleles), with the highest frequency
observed in the European (Non-Finish) population (0.00001601; 1 out of 62,480 alleles). These findings are consistent
with large-scale genomic studies reported by Willet et al. (2023), who documented similar population-specific fre-
quencies for the FGFR3 p.Gly380Arg variant, highlighting its prevalence in European populations compared to other
genetic ancestry groups [25]. Notably, our analysis detected no homozygous carriers in the database, which aligns

with the autosomal dominant inheritance pattern of achondroplasia, where homozygosity is typically lethal or associ-
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ated with severe thanatophoric dysplasia, as reported by Vajo et al. (2000) [26]. The absence of the variant in South
Asian, African, East Asian, and other populations in our gnomAD analysis contrasts with the clinical reports of
achondroplasia in Pakistan by Muhammad et al. (2021), suggesting that while the variant is present in affected indi-
viduals, it may be underrepresented in population databases due to small sample sizes or specific founder effects [14].
The protein-protein interaction network analysis revealed that FGFR3 is functionally enriched in fibroblast
growth factor receptor signaling, chondrocyte differentiation, and endochondral ossification pathways, showing sig-
nificant interaction with key skeletal development-associated proteins including FGFR1, FGFR2, FGFR4, KDR, HSPG2,
and SDC1. These findings are consistent with the study by Ornitz and Itoh (2015), who demonstrated that FGFR3 in-
teracts with heparan sulfate proteoglycans such as perlecan (HSPG2) and syndecans to facilitate ligand binding and
receptor activation [27]. The strong interaction scores with FGFR1, FGFR2, and FGFR4 (0.999 each) suggest functional
redundancy among FGFR family members, as previously documented by Eswarakumar et al. (2005) [28]. The network
also identified interactions with KDR and FLT1, indicating cross-talk between FGF and VEGF signaling pathways
during skeletal development, which has been described by Murakami et al. (2008) in the context of endochondral ossi-
fication and angiogenesis coupling [29]. Mutational analysis confirmed that the substitution of glycine with arginine
at position 380 occurs within the transmembrane domain (amino acids 376-396). This finding is consistent with the
structural studies by Webster and Donoghue (1996), who demonstrated that the p.Gly380Arg mutation disrupts the
normal packing of transmembrane helices, leading to ligand-independent dimerization and constitutive activation of
the receptor [30]. Our conservation analysis showed that the Gly380 residue is highly conserved across vertebrate
species, including Pan troglodytes, Macaca mulatta, Mus musculus, Gallus gallus, and Xenopus tropicalis, while not
conserved in more distant species such as Danio rerio and Drosophila melanogaster. This evolutionary conservation
pattern supports the functional importance of this residue in vertebrate skeletal development, as previously reported
by Tavormina et al. (1995) [31]. The structural and docking analyses further demonstrated that the mutation influ-
ences ligand-binding behavior. The wild-type FGFR3 protein exhibited a docking score of -5.5102 and formed stabi-
lizing hydrogen bond interactions with Gly712 (2.98 A, -2.0 kcal/mol) and Arg714 (2.90 A, -5.8 kcal/mol). In contrast,
the mutant form showed a docking score of -4.7056 and interacted with Ser129 (3.35 A, -0.6 kcal/mol) and Argl72 (2.79
A, -2.3 kcal/mol). The shift in binding residues from Gly712/Arg714 in the wild-type to Ser129/Argl72 in the mutant
suggests a potential alteration in the binding pocket conformation due to the p.Gly380Arg mutation. These findings
are supported by the molecular dynamics studies conducted by Tomi¢ et al. (2017), who reported that the
p-Gly380Arg mutation induces conformational changes in the FGFR3 transmembrane domain that affect downstream
signaling [32]. Additionally, the work of Krejci et al. (2012) demonstrated that FGFR3 mutations alter ligand-binding
affinities and receptor trafficking, which may contribute to the variable clinical phenotypes observed in skeletal dys-
plasias [33]. The comparative docking results indicated comparable binding affinities between wild-type and mutant
FGFR3, with the wild-type showing a slightly better docking score (-5.5102) compared to the mutant (-4.7056). How-
ever, the mutant demonstrated improved placement energy (E_place: -72.6459 vs -53.8522) and refinement energy
(E_refine: -22.9815 vs -21.8117), suggesting that while the overall binding affinity is reduced, the mutant may undergo
more favorable energetic stabilization during complex formation. These observations align with the computational
study by Dabir et al. (2020), who performed molecular docking of FGFR3 inhibitors and noted that pathogenic muta-
tions can paradoxically enhance certain energy parameters while reducing overall binding scores [29]. The stronger
hydrogen bond interaction observed in the wild-type (Arg714: -5.8 kcal/mol) compared to the mutant (Argl72: -2.3
kcal/mol) indicates that the wild-type protein maintains more robust specific interactions with the ligand, which may
be compromised in the mutant due to conformational rearrangements. The binding and catalytic sites identified in
our study, including the ATP-binding region (residues 478-486) and the catalytic residue D617, are consistent with the
functional annotation provided by UniProtKB and PROSITE-ProRule. These sites are critical for the kinase activity of

FGFR3, and their disruption has been implicated in the pathogenesis of skeletal dysplasias, as reviewed by Lievens et
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al.,, (2003) [30]. Chen et al. (2018) further emphasized that mutations affecting the kinase domain or its regulatory re-
gions can lead to gain-of-function or loss-of-function phenotypes depending on the specific residue altered and the
cellular context [31].

This study reinforces the critical role of FGFR3 in regulating endochondral ossification and skeletal develop-
ment. The identification and characterization of the c.1138G>A (p.Gly380Arg) variant in the Pakistani population, as
previously reported by Muhammad et al. (2021), highlights the importance of population-specific genetic screening
for achondroplasia and other skeletal dysplasias [14]. Integrating bioinformatics, in silico analyses, and structural
modeling provides a powerful approach to elucidate the molecular mechanisms underlying FGFR3-related disorders.
These findings not only expand the understanding of FGFR3 mutation effects but also offer valuable insights into ge-
netic counseling, early diagnosis, and future therapeutic strategies, including the development of FGFR3-specific in-
hibitors currently under investigation for the treatment of achondroplasia, as discussed by Hoover-Fong et al. (2020)
and Savarirayan et al. (2019) [32, 33].

Conclusion

This study successfully characterized the FGFR3 c.1138G>A (p.Gly380Arg) variant, confirming it as the primary ge-
netic cause of achondroplasia. Population frequency analysis using gnomAD v4.1.1 revealed a global allele frequency
of 0.000004339, with the highest prevalence in European populations. Pathogenicity predictions classified the variant
as deleterious, with the substitution of glycine by arginine at position 380 disrupting the transmembrane domain,
leading to constitutive receptor activation and impaired chondrocyte proliferation in the growth plate. Protein-protein
interaction network analysis confirmed that FGFR3 interacts with other FGFR family members and heparan sulfate
proteoglycans (HSPG2, SDC1, SDC4), which serve as essential co-receptors for FGF signaling. Molecular docking re-
vealed that the wild-type protein exhibited a higher docking score (-5.5102) and stronger hydrogen bond interactions
with Gly712 and Arg714 compared to the mutant (-4.7056), which interacted with Ser129 and Argl72. This shift in
binding residues suggests that the mutation alters the conformational landscape of the binding pocket. Clinically,
these findings support targeted genetic screening for achondroplasia in different populations and provide structural

insights that may inform future therapeutic strategies, including FGFR3-specific inhibitors.
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