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A B S T R A C T   

Critical for brain development, neurodevelopmental and network disorders, the GABRA1 gene 
encodes for the α1 subunit, an abundantly and developmentally expressed subunit of hetero
pentameric gamma-aminobutyric acid A receptors (GABAARs) mediating primary inhibition in 
the brain. Mutations of the GABAAR subunit genes including GABRA1 gene are associated with 
epilepsy, a group of syndromes, characterized by unprovoked seizures and diagnosed by inte
grative approach, that involves genetic testing. Despite the diagnostic use of genetic testing, a 
large fraction of the GABAAR subunit gene variants including the variants of GABRA1 gene is not 
known in terms of their molecular consequence, a challenge for precision and personalized 
medicine. Addressing this, one hundred thirty-seven GABRA1 gene variants of unknown clinical 
significance have been extracted from the ClinVar database and computationally analyzed for 
pathogenicity. Eight variants (L49H, P59L, W97R, D99G, G152S, V270G, T294R, P305L) are 
predicted as pathogenic and mapped to the α1 subunit’s extracellular domain (ECD), trans
membrane domains (TMDs) and extracellular linker. This is followed by the integration with 
relevant data for cellular pathology and severity of the epilepsy syndromes retrieved from the 
literature. Our results suggest that the pathogenic variants in the ECD of GABRA1 (L49H, P59L, 
W97R, D99G, G152S) will probably manifest decreased surface expression and reduced current 
with mild epilepsy phenotypes while V270G, T294R in the TMDs and P305L in the linker between 
the second and the third TMDs will likely cause reduced cell current with severe epilepsy phe
notypes. The results presented in this study provides insights for clinical genetics and wet lab 
experimentation.   

1. Introduction 

The Homo sapiens gamma-aminobutyric acid A receptor alpha 1(GABRA1) gene encodes for the human alpha1 (α1) subunit of 
gamma-aminobutyric acid A receptors (GABAARs), the ligand gated ion channels acting as primary sites for inhibition in the 
mammalian central nervous system [1–4]. Upon GABA binding, this heteropentameric channel opens temporarily leading to the 
chloride influx in adult neurons. Assembled from a large subunit pool (α1-α6, β1-β3, γ1-γ3, δ, ∈, θ, π and ρ1-ρ3) the GABAARs show 
enormous cellular, subcellular and molecular diversity depending on the subunit composition [3]. The α1 subunit and its isoforms 
(α1-α6) are differentially expressed in the brain. In the hippocampus α1βδ receptors are expressed mostly in hippocampal interneurons, 
whereas α4βδ receptors are expressed mostly in the dentate gyrus in granule cells (DGGCs) with presumably distinct physiological roles 
associated with distinct neural ensembles [5]. For example, receptors containing α1βδ subunits were shown to have a critical role in the 
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maintenance of the in vitro γ oscillations in the CA3 region of the Hippocampus [6]. Hippocampus is also the region where subtle 
alterations related to GABAARs may predispose various pathophysiology such as status epilepticus [5,7,8] that α1 subunit’s devel
opmental changes have also been implicated [9]. 

In addition to its divergent role in the hippocampus, in the rest of the brain the α1 subunit co-assembles to multiple GABAAR 
subtypes expressed and regulated differentially in the molecular, cellular and sub cellular levels with distinct physiological functions, 
including α1βγ2 receptors that mediate phasic inhibition and α1β, α1βδ or α1α6βδ receptors, that mediate tonic inhibition [5,10,11]. 
These differential inhibitory actions of α1 containing GABAARs are further diversified by differential ligand binding affinities critical 
for clinical pharmacology [12–16], as well as regulation by posttranslational modifications such as phosphorylation [17]. Moreover, 
the α1 subunit knock out mice had increased seizure susceptibility and exhibited the loss of more than half of GABAARs underlying the 
importance of this subunit in the excitability of the brain [18]. Thus, even a minor alteration in GABRA1 gene that encodes α1 subunit 
may have profound effects on the multiple systems. This in turn, via specific mechanisms, such as distortion of excitation and inhibition 
balance and beyond, contribute to CNS diseases including epilepsy, a chronic neurological disorder characterized by recurrent 
unprovoked epileptic seizures, ranging from mild generalized forms to epileptic encephalopathies [19–39]. 

For GABRA1 gene alone more than hundreds of genetic variations, including nonsynonymous single nucleotide polymorphisms 
(nsSNPs), have been identified underlying the importance of relevant genetic variations in brain development, neurodevelopmental 
and network disorders [40]. Indeed, genetic testing has already become an integral part of the diagnosis for epilepsy, especially for 
unexplained epilepsy and pediatric epilepsy [41,42] and the phenotypic spectrum of GABRA1 gene such as infantile febrile seizures, 
bilateral-tonic-clonic seizures and atonic seizures has already been identified [32]. Moreover, in the short run, it appears that precision 
medicine will be widely used for diagnosis, personalized treatment, prognosis of epilepsy syndromes and comorbid states [43]. 

On the other hand, the number of variants with unknown clinical significance continuously increases with the availability of next- 
generation sequencing (NGS), a trend that is also critical for personalized medicine and pharmacogenomics [44–48]. This challenge 
caused the necessity for variant interpretation that demands the integration of molecular biology, bioinformatic and clinical expertise 
combining basic and clinical data to address the significance of a variant and its potential to contribute the management of a given 
clinical condition. The American College of Medical Genetics and Genomics (ACMG) and Association for Molecular Pathology (AMP) 
provide a framework for interpreting the clinical significance of genetic variants [49]. This framework involves categorizing the 
variants as either Pathogenic or Likely Pathogenic, or as Benign or Likely Benign. Pathogenic variants are further classified based on 
their level of evidence, such as very strong (PVS1), strong (PS1-4), moderate (PM1-6), or supporting (PP1-5). Among these, the use of 
in silico methods to predict the consequence of the variants is considered as supporting evidence for pathogenicity which corresponds 
to criterion PP3 [49]. This criterion along with some other criteria can lead to the interpretation of a variant’s pathogenicity, which has 
implications in precision and personalized treatments for epilepsy [41,50,51]. For instance, in cohort of 91 patients aged 19 years or 
less undertaking genetic testing with the NGS epilepsy gene panel, 16 patients had variants "pathogenic" or "likely pathogenic" ac
cording to ACMG-AMP criteria [52]. 63% of these patients had diagnosis benefited from the NGS epilepsy panel impacting on the 
clinical management such as avoiding unnecessary diagnostic procedures and potentially detrimental treatments [52]. As a result, 
predicting the pathogenicity of variants have become important to contribute to ACMG-AMP criteria for variant interpretation that 
could potentially guide the clinical management of epilepsy. Consequently, the accurate prediction of variant pathogenicity has 
emerged as a crucial factor contributing to the ACMG-AMP criteria for variant interpretation, potentially guiding the clinical man
agement of epilepsy. In light of the paramount importance of GABAAR α1 subunit and its variants described so far, the present study 
focused on one hundred thirty-seven non-synonymous single-nucleotide polymorphisms (nsSNPs) within the coding region of the α1 
subunit, which were categorized as variants of uncertain significance (VUS) in the ClinVar database [53,54]. These VUS were subjected 
to comprehensive in silico analysis, employing a range of well validated algorithms [55] (REVEL, ClinPred and FATHMM-XF) that 
encompassed diverse features such as sequence homology, evolutionary conservation, and folding stability to computationally assess 
the pathogenicity of the GABRA1 gene VUS. Subsequently, computational protein modeling was used for validation, followed by 
mapping the identified VUS to specific α1 subunit domains associated with molecular consequences, cellular pathology, and disease 
severity. 

2. Methods 

2.1. SNP data mining and data retrieval 

The ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) was used as a primary data source for the identification nsSNPs in the 
coding region of GABRA1, as it provides the information for the specific relationships among human gene variations and phenotypes, 
with supporting evidence. [53,54] In order to retrieve all kind of variant information, the gene name (GABRA1) was entered in the 
search bar of the ClinVar server, which results in classification of variations according to different categories such as variation type and 
clinical significance. In order to filter the nsSNPs with unknown clinical significance (VUS), ‘single nucleotide variations’ and 
‘missense’ and ‘uncertain significance’ were selected in the vertical menu bar. The retrieved data were downloaded as txt file and 
copied to an excel file by ‘use text import wizard’ that allows tab delimited excel file of variant data. 

2.2. Evaluation of pathogenicity risks of GABRA1 VUS (nsSNPs) 

The evaluation of the pathogenicity risks has been computed by two ensemble methods [55], namely ClinPred, [56] and REVEL 
[57], both of which are validated for ClinVar. In addition, another ClinVar validated, multiple feature predictor, FATHMM-XF [58], 
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which incorporates 31 feature groups is used. ClinPred incorporates Allele Frequencies and 13 individual prediction scores from SIFT, 
PolyPhen-2 HDIV, PolyPhen-2 HVAR, LRT, MutationAssessor, PROVEAN, CADD, GERP, DANN, PhastCons, fitCons, PhyloP, and SiPhy 
while REVEL incorporates 18 individual pathogenicity scores from 13 in silico tools, namely MutPred, FATHMM, VEST, PolyPhen, 
SIFT, PROVEAN, MutationAssessor, MutationTaster, LRT, GERP, SiPhy, phyloP, and phastCons. All scores were obtained from dbNSFP 
database [59,60] accessed by the following web site: http://database.liulab.science/dbNSFP#database. 

2.3. Conservation analysis by consurf 

The structural information (PDB ID 6HUJD)-chain D for alpha 1 subunit-) was entered into Consurf server [61,62] (https://consurf. 
tau.ac.il/consurf_index.php). By default, the server runs a search for homologues collected from UNIREF90 database, a clustered 
version of the UniProt database. 

2.4. Molecular modeling 

The modeling and superimposition of amino acid mutations are generated by the use of HOPE server [60], which can be accessed 
from the following web address: (https://www3.cmbi.umcn.nl/hope/about/). The UniProt ID (P14867) of the GABRA1 protein was 
entered in the query tab followed by the entry of original and alternative amino acid positions to retrieve the superimpositions. 

The 3D structures of GABAAR and α1 subunit was based on the electron microscopy. 
(Resolution: 3.04 Å) of 6HUJ data [63] from RCSB (RCSB.org) [64]. The chains of A and D of 6HUJ data reflect the human α1 

chimeric protein made up of residues of gene orthologue from Bos taurus (residues 2–27, UniProt ID P08219) in addition to the residues 
of Homo sapiens (28–456, UniProt ID P14867), the latter sequence being aligned with the mutational landscape identified in the present 
study. The 3D structures were reconstructed and visualized by UCSF Chimera 1.16 software [65]. By entering 6HUJ (PDB ID) [63], the 
structural data were imported by “Fetch by ID” command under the File Menu of the software. In order to visualize GABAARs subunits 
clearly, other structures such as picrotoxin, GABA and megabody 38 (Mb38), in complex with the receptor’s structural data, were 
removed by using Select Menu and Actions Menu. Images were saved as png file with a size of 1280x720 pixels. 

2.5. Determination of hot spots and functional domains 

Hot spots and functional domains were determined by the use of different sources such as literature review, National Center for 
Biotechnology Information (NCBI) Conserved Domain Database and by UniProt database (https://www.uniprot.org/uniprotkb/ 
P14867/entry) for the protein encoded by human GABRA1 (P14867). Also the ScanProsite motif search tool [66] hosted at the 
Expasy server (https://prosite.expasy.org/scanprosite/) was used to predict the functional motifs of the α1 subunit. 

3. Results 

3.1. Workflow 

The data mining process in the ClinVar have led to the extraction of GABRA1 variants which were subjected to the in silico analysis. 

Fig. 1. The workflow of identifying deleterious/pathogenic nsSNPs of the GABRA1 gene in ClinVar (GABRA1: GABA A Receptor alpha 1 gene; 
nsSNPs: nonsynonymous (missense) Single Nucleotide Polymorphisms; VUS: Variants of unknown significance). 
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The in silico analysis have been performed by two meta predictors, namely ClinPred and REVEL, and a multiple feature predictor, 
FATHAMM-XF, which incorporates 31 feature groups. In addition, evolutionary conservation scores obtained by ConSurf to assess 
residue importance. This was followed by molecular modelling by HOPE server, and the motif scan by Expasy server. Also, the cellular 
pathology and disease phenotype prediction by using the information of patient mutations and experimental data mapped to the hot- 
spots and functional domains was performed in the final step. The overall workflow is shown in the Fig. 1. 

3.2. Data mining in ClinVar 

Located in the chromosome 5, the human GABRA1 gene has 13 exons encoding the protein transcribed from variant templates 
(transcript variant 1–7) The NCBI gene records five of these variants (https://www.ncbi.nlm.nih.gov/gene/2554). For our analysis we 
take NCBI Reference Sequence: NP_001121116.1 (MANE Select) of the transcript variant 3 (NM_001127644.2) UniProt ID: P14867. 

(https://www.ncbi.nlm.nih.gov/protein/NP_001121116.1) since this is the standard transcript across all databases (MANE select). 
The data mining process for the transcript variant 3 (NM_001127644.2) in the ClinVar have led to the extraction of variants of 
GABRA1. As of February 18, 2023, there are 514 single nucleotide variations, corresponding to the majority of the variants while the 
other variants are 41 deletions, 25 duplications, 3 indels, and 14 insertions (Fig. 2 A). 

These variations show different molecular consequences as summarized in the Fig. 2 B. Among the different categories, the highest 
number is observed in the missense category, which corresponds to 221 variations. Among the missense variations there are 18 
“pathogenic variants”, 28 “likely pathogenic variants”, 137 variants with “uncertain clinical significance”, 9 variants as “likely 
benign”, 10 variants as “benign” and 22 variants as “conflicting interpretations” (Fig. 2C). In order to determine the missense (non
synonymous) variations (nsSNPs) with uncertain clinical significance (VUS), we selected “Single nucleotide” for Variation Type, 
“Missense” for Molecular Consequence and “Uncertain Significance” for Clinical Significance in the vertical menu of the ClinVar 
server. As of February 18, 2023, this identified 137 nsSNPs as VUS (Fig. 2C) (Supplementary File S1) which were subjected to in silico 
analytical instruments to predict their risk of pathogenicity. 

3.3. Evaluation of pathogenicity risks of 137 GABRA1 nsSNPs of unknown significance 

The evaluation of the pathogenicity risks has been computed by FATHMM-XF and two ensemble methods [55–57] [55–57] [55–57] 
namely ClinPred and REVEL both of which are validated for ClinVar. ClinPred incorporates Allele Frequencies and 13 individual 
prediction scores from SIFT, PolyPhen-2 HDIV, PolyPhen-2 HVAR, LRT, MutationAssessor, PROVEAN, CADD, GERP, DANN, Phast
Cons, fitCons, PhyloP, and SiPhy while REVEL incorporates 18 individual pathogenicity scores from 13 in silico tools, namely MutPred, 
FATHMM, VEST, PolyPhen, SIFT, PROVEAN, MutationTaster, MutationAssessor, LRT, GERP, SiPhy, phyloP, and phastCons. 62% of 
the VUS was predicted as pathogenic according to REVEL while this ratio was 82% and 83% for ClinPred and Fathmm-XF [58] 
respectively (Fig. 3). The full data are given in the S2 Supplementary File 2 and S3 Supplementary File 3. Among the consensus, 
variants (nsSNPs) with REVEL score >0.95 were selected as the variants that have the highest pathogenicity risks. These nsSNPs are 
listed in the Table 1. 

Fig. 2. Summary of the data retrieved from ClinVar. (A) Variation types of GABRA1 gene (B) Molecular consequence of GABRA1 variations. (C) 
Classification of missense variations of GABRA1 gene according to clinical significance. 
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3.3.1. Conservation profile of variants in the GABRA1 protein 
Comparison of amino acid sequences of homolog proteins might signal particularly crucial residues, as they would have survived 

the purifying natural selection, if the functional consequence also to be conserved. In order to calculate and rank the conservation 
profile of the GABRA1 subunit, the Consurf server was used. Consurf, by default runs a search for homologues collected from UNI
REF90 database, a clustered version of the UniProt database. The process ends up with homologues for multiple sequence comparison 
by which the conservation of each amino acid of the GABRA1 protein is calculated in a range of 1–9, 9 being the most conserved. 
Table 2 shows the conservation scores of identified amino acids as deleterious in the previous section. While V270 and T 294 are less 
conserved, the remaining of all amino acids predicted as deleterious/pathogenic in the previous section have the highest conservation 
degree. The summary of Consurf data is given in the (S4 Supplementary File 4). 

3.4. Comparative modeling of native GABRA1 protein and its mutants 

The predicted effect of the identified nsSNPs should be considered in the context of their corresponding amino acid positions in the 
secondary and tertiary structure. Thus in the 3D structure of the human alpha 1 subunit (UniProt ID: P14867, PDB ID: 6HUJ, chain: A) 
[63] (Fig. 4), where the native amino acid residues are shown as green, the amino acid variants (mutations) are observed as enlarged 
superimpositions The mutation of Leucine into Histidine at position 49 is shown in the Fig. 4A. The wild type Leucine is smaller, a more 
hydrophobic residue buried in the core of the protein, at the alpha helix. This mutation will cause loss of hydrophobic interactions in 
the core of the protein. Thus, the bigger mutant Histidine residue will most likely not fit at this position in the alpha helix and will not 
favor it as a secondary structure. 

The mutation of Proline into Leucine at position of 59 is shown in the Fig. 4B. The mutant residue is bigger than the wild-type 
residue Proline buried in the core of the protein. Prolines are rigid residues and proline in this position may serve as a basis for a 
critical conformation thus might be essential in the position 59. This effect might be disrupted by a mutation to Leucine, since its bigger 
size will probably not compensate the conformational stability created by Proline residue. 

The mutation of Tryptophan into a smaller amino acid Arginine at position 97 is shown in the Fig. 4C. Tryptophan at this position is 
located in its favored secondary structure, a β-strand, as annotated in UniProt, while Arginine deviates from this secondary structure 
orientation as seen in the Figure. Also, the difference between the hydrophobicity of these two residues will cause the loss of hy
drophobic interactions in the core of the protein. The smaller size of the mutant Arginine residue will likely cause an empty space in the 
core of the protein. The mutant Arginine at position 97 will introduce a charge in a buried residue which can interfere with protein 
folding. 

The mutation of Aspartic acid into Arginine at position 99 is shown in the Fig. 4D. The wild-type Aspartic acid, the negatively 
charged residue forms a hydrogen bond with Tyrosine at position 53. It also makes salt bridges with Arginine residue at position 64 and 
with another Arginine residue at position 101. These interactions will likely be disrupted in the case of positively charged, bigger 
mutant Arginine residue. The size difference between the two residues makes that the new residue is not in the correct position to make 
the same hydrogen bond as the original wild-type residue did. The charge difference between the two residues makes that the new 
residue will not maintain the same non-covalent interactions in the salt bridges as the wild-type residue did. Besides, in the 
Figure showing the 3D-structure, it can be seen that the wild-type Aspartic acid is located in its preferred secondary structure favoring a 
turn, which is unlikely supported by the mutant arginine residue favoring a different orientation in the secondary structure. Thus, the 
original conformation will not be favored fully in the case of mutant Arginine residue. 

The mutation of the small buried Glycine at the core of the protein into Serine residue at position of 152 is shown in the Fig. 4E. The 
wild-type Glycine residue, being the most flexible of all amino acids, might be essential for the protein function, which can be disrupted 
by mutations. The torsion angles at this specific position are unusual, a feature that can only be maintained by a flexible Glycine. A 
mutation at this point will force the local backbone into an unfavorable conformation and thus will alter the local structure. The V270 
is annotated as transmembrane domain (TMD) (the first transmembrane domain, TM1) in the UniProt database (with the inclusion of 
signal peptide sequence). 

The mutation of Valine into a smaller, less hydrophobic and flexible residue, Glycine at position 270 is shown in the Fig. 4F. Being 

Fig. 3. Percentage of the pathogenicity risks predicted by FATHAMM-XF and two Ensemble + predictors, REVEL & ClinPred.  
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the most flexible of all amino acids, Glycine’s flexibility can alter the essential firmness of the protein at this position. Since the wild- 
type residue is in TMD (TM1), the differences in size and hydrophobicity between the two wild type and mutant residues will make that 
the mutant residue can not interact with the membrane lipids as the wild-type residue did. The T294R is located at the end of the 
second transmembrane domain (TM2) as annotated in the UniProt database. 

The mutation of Threonine into bigger, positively charged Arginine residue at position of 294 is shown in the Fig. 4G. The mutant 
amino acid is bigger than the wild-type. This size difference can alter the contacts with the lipid-membrane. The wild-type amino acid 
is more hydrophobic than the mutant amino acid. This differences in hydrophobicity can change the hydrophobic interactions with the 
membrane lipids. The wild-type Threonine residue forms a hydrogen bond with Valine at position 290. The size difference between 
wild-type and mutant residue makes that the new residue is not in the correct position to make the same hydrogen bond as the original 
wild-type residue did. The wild-type Threonine residue is more hydrophobic than the mutant Arginine residue. The difference in 
hydrophobicity will affect hydrogen bond formation. 

The mutation of Proline into Leucine at position 305 is shown in the Fig. 4H. The mutation P305L corresponds to the region be
tween the second and the third transmembrane domain (TM2-TM3 region), the region between the amino acids 301–312 (with the 
inclusion of signal peptide sequence). The wild-type proline is smaller and buried in the center of the protein. Being bigger in size, the 
mutant Leucine at position 305 probably will not fit at this core. Due to their cyclic side chains Prolines are very rigid and thus they 
introduce a special conformational backbone which might be required at this position. A mutation might disrupt this conformational 
state. 

3.5. Mapping the variants to the α1 subunit domains and hot spots 

Typically, all GABAAR subunits have a large N terminus extracellular domain (ECD), four transmembrane spanning domains (TMD: 
TM1, TM2, TM3, TM4), a large intracellular domain/loop between TM3 and TM4 (TM3-TM4 loop or ICD) and a short extracellular C 
terminus (Fig. 5A and D). In addition, there are relatively short linkers between the TM1 and TM2 as well as TM2 and TM3. Besides, 
TM1, TM3 and TM4 separate the channel lining TM2 from the lipid membrane [3]. Many of the GABAAR subunits have the amino acid 
sequence (TTVLTMTT) in the TM2 domain appears to be critical for the ion channel [3]. In the UniProt database, the ECD of the alpha1 
subunit is located in the region between the amino acids 56 and 249 (with the inclusion of signal peptide sequence), thus L49H, P59L, 
W97R, D99G, G152S mutations fall into the region of large extracellular N terminus of the α1 subunit, while V270G is located in the 
TM1, T294R is located in the TM2 and P305L is located in between the TM2-TM3 loop (Fig. 5A). N-terminal sequences of GABAAR 
subunits (Fig. 5B and C) are important for expression, assembly and intracellular trafficking ](Luscher et al., 2011). This can happen via 
different mechanisms. For example, mutations at this region may prevent the subunits trafficked to the plasma membrane and cause 
them degraded intracellularly, or that the mutation inhibited proper folding and assembly to form functional pentameric GABAARs. On 
the other hand, studies of functional analysis show that mutations in the N terminal extracellular sequence distort other features of the 
receptor function as well. This is usually characterized by altered channel gating properties due to the reduction of the receptor’s 
activation, deactivation and desensitization causing a decreased channel opening probability [3,67]. 

Inherited or de novo mutations of GABAARs in GABRA1-6, GABRB1-3, GABRG1-3, and GABRD subunit genes have been identified 

Table 1 
The list of variants of GABRA1 nsSNPs classified as “Uncertain (Clinical) Significance” in ClinVar and selected as having the highest probability of 
pathogenicity. The list shows the consensus evaluation by three methods (REVEL, ClinPred and Fathmm-XF) and variants with REVEL score >0.95. 
(nsSNP: nonsynonymous Single Nucleotide Polymorphism, T: Tolerated, D: Deleterious, N: Neutral).  

Accession Aminoacid 
change 

Condition (ClinVar) REVEL 
score 

ClinPred 
Prediction 

FATHAMM- 
XF 
Prediction 

VCV002293869 L49H Inborn genetic diseases 0.961 D D 
VCV000423472 P 59 L Idiopathic generalized epilepsy|Epilepsy, idiopathic generalized, 

susceptibility to, 13|Epilepsy, childhood absence 4|not provided 
0.951 D D 

VCV001810645 W 97 R Not provided 0.958 D D 
VCV000938214 D 99 G Idiopathic generalized epilepsy|Epilepsy, idiopathic generalized, 

susceptibility to, 13|Epilepsy, childhood absence 4 
0.958 D D 

VCV001338962 G 152 S Not provided 0.962 D D 
VCV001514122 V 270 G Idiopathic generalized epilepsy|Epilepsy, idiopathic generalized, 

susceptibility to, 13|Epilepsy, childhood absence 4 
0.954 D D 

VCV001026791 T 294 R Epilepsy, idiopathic generalized, susceptibility to, 13|Epilepsy, childhood 
absence 4|Idiopathic generalized epilepsy 

0.964 D D 

VCV000938690 P 305 L Idiopathic generalized epilepsy|Epilepsy, idiopathic generalized, 
susceptibility to, 13|Epilepsy, childhood absence 4 

0.984 D D  

Table 2 
Conservation scores of GABRA1 amino acid residues predicted as deleterious.  

Amino acid residue L49 P 59 W 97 D 99 G 152 V 270 T 294 P 305 

Conservation Score 9 9 9 9 9 7 7 9  
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as one of the primary genetic causes of epilepsy [38,68]. However, the association between epilepsy syndromes (specific epilepsy types 
characterized by different conditions) and GABAA receptor variants is not understood fully, a challenge for the development of 
effective treatment. For example, specific genotype phenotype relation has not been reported in between the GABRA1 gene variants 
and epilepsy phenotypes and the genetic mutants of GABAARs are widespread among different subunits [32,37,38,69]. Nevertheless, 
the mutations located in the GABAAR subunit domains, characterized by structural and functional significance, are critical and often 
associated with the severity of the epileptic phenotypes [29,37,38]. Moreover, among the epilepsy associated variants, typically 
clustered at the ECD, TM2, and TM3 regions of GABAAR subunits, the inherited variants in the GABRG2 and GABRA1 subunit genes are 
associated with relatively mild forms of monogenic epilepsies while de novo variants in several GABAAR subunit genes cause severe 
developmental and epileptic encephalopathies [29,37,38]. 

Fig. 4. Comparative modeling of native GABRA1 protein and its variants, which shows the position of native amino acids (in the center) and 
enlarged view of their superimpositions with the variants. The superimpositions are shown as green for the wild type and red for the mutant 
residues: leu and histidine at the position 49 (A), proline and leucine at the position 59 (B), tryptophan and arginine at the position (97) (C), aspartic 
acid and arginine at the position 99 (D), glycine and serine at the position 152 E, valine and glycine at the position 270 (F), threonine and arginine at 
the position 294 (G), proline and leucine at the position 305 (H). 
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Consequently, we wanted to examine our results in the light of the current evidence for the genetic variants to predict the possible 
impact on cellular pathology and disease phenotype. Selected examples for the domain specific locations of GABRA1 mutations show 
that they are associated with the cellular pathology and disease phenotype (Supplementary File 5) and thus the mutations identified 
in this study, which are mapped to the ECD, TM1, TM2 and TM2-TM3 (Fig. 5A and C), can be matched with the variants in the same 
regions for further reflections. For example, in vitro studies have shown that R214C, a de novo mutation in a child with epileptic 
encephalopathy (EE), which is located in the ECD of the GABRA1, have reduced surface and total GABAA receptor expression and 
reduced whole-cell GABA-evoked currents (Supplementary File 5). Thus, for the mutations L49H, P59L, W97R, D99G, G152S in the 
N-terminal ECD of the α1 subunit, the molecular consequence of pathogenicity in the cell may be reflected at least one of the fol
lowings: reduced trafficking, ER retention, reduced cell surface expression, reduced GABAergic currents, reduced GABA sensitivity. 
Formed by ten beta strands and two alpha helices, the ECD, which is about 200 amino acids long and shaped by a cysteine disulfide 
bridge (the “Cys-loop”), is important for receptor assembly and trafficking [3]. Thus, one mechanism of reduced current appears to be 
the consequence of decreased cell surface expression due to the mutations in the ECD. Moreover, two GABA binding sites are located in 
between β− α interfaces and one Benzodiazepine binding site located at the α-γ interface both located in the ECD [63,70–74]. [[,70] 
[63,70–74] [63,70–74] Based on homology to other members of type-A gamma-aminobutyric acid receptors and mutational analysis, 
the residues R64 and F92 is critical for GABA binding at the extracellular interface of the α and β subunits [3,70,73,75]. 

Also, residues Asp 57 and Asp 149 in the ECD region couple the ligand binding with channel gating [76]. Thus, ECD mutations P59L 
and G152S in the proximity of these residues may also alter the ligand binding leading to the altered channel conductance and kinetics 
since it is proposed that the receptor operates through a complex “lock and pull” mechanism [63] that GABA binding locks the β and α1 
subunits, which pull on the ECDs, rotating them counterclockwise. This bends the TMDs, spreading the ion channel [63]. As a result, 
reduced GABAergic currents may not only derive from the reduced surface expression but also altered receptor kinetics caused by the 
mutations in the ECD. Another structural hot spot of the ECD is the group of residues that are found in the pentamer interface. These 
residues are retrieved from the NCBI Conserved Domain Database and made up of a combination of highly conserved residues. Among 

Fig. 5. Structural features of GABAAR showing the assembly with α1 subunit and its domains. (A) The protein diagram of α1 subunit showing the 
domain specific location of 8 VUS identified as having the highest risk of pathogenicity. The amino acid positions of each domain are shown in 
parentheses in the diagram. (B) 3D reconstruction of GABA (A) receptor colored by subunit (top view) showing the position of α1 subunit in the 
receptor co-assembly. (C) 3D reconstruction of GABA (A) receptor, showing the position of α1 subunit in the receptor co-assembly (side view). (D) 
3D reconstruction of α1 subunit of GABA (A) receptor (side view, extended version) showing the positions of the wild type residues (green), where 
the pathogenic variants are detected (ECD: Extracellular domain; ICD: Intracellular domain; TMD: Transmembrane domain; TM1: Transmembrane 
domain 1; TM2: Transmembrane domain 2; TM3: Transmembrane domain 3; TM4: Transmembrane domain 4). Image not to scale. 
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Table 3 
Summary of GABRA1 variants identified as pathogenic and characterized according to its molecular domain in the three dimensional structure of the 
α1 subunit, and according to predicted molecular consequence, cellular pathology and Epilepsy phenotype severity. Molecular Consequence is 
deduced from the data from modeling (HOPEserver) and other in silico tools (Prosite, Expasy). Cellular pathology and epilepsy phenotype severity are 
identified according to literature results for the phenotypic spectrum of GABRA1 gene for epilepsy (See also S5 Supplementary File 5). (ECD: 
Extracellular domain (N terminus), TM1: First transmembrane domain, TM2: Second transmembrane domain, TM2-TM3 Loop: segment between the 
first and the second transmembrane domains).  

Mutation Domain Molecular Consequence  Cellular 
pathology<listaend>

Disease 
severity 

L49H ECD  • The wild type Leucine is smaller and more hydrophobic residue buried in the core of 
the protein, at the alpha helix.  

• The mutation will cause loss of hydrophobic interactions in the core of the protein.  
• The bigger mutant Histidine residue will most likely not fit at this position in the 

alpha helix and will not favor it as a secondary structure.  

• Decreased surface 
expression  

• Reduced current 

Mild 

P59L ECD  • The mutant residue is bigger than the wild-type residue Proline buried in the core of 
the protein.  

• Prolines are rigid residues and proline in this position may serve as a basis for a 
critical conformation thus might be essential in the position 59.  

• This effect might be disrupted by a mutation to Leucine, since its bigger size will 
probably not compensate the conformational stability created by Proline residue.  

• Decreased surface 
expression  

• Reduced current 

Mild 

W97R ECD  • Tryptophan at this position is located in its favored secondary structure, a β-strand, as 
annotated in UniProt, while Arginine deviates from this secondary structure 
orientation  

• The difference between the hydrophobicity of these two residues will cause the loss of 
hydrophobic interactions in the core of the protein.  

• The smaller size of the mutant Arginine residue will likely cause an empty space in the 
core of the protein. The mutant Arginine at position 97 will introduce a charge in a 
buried residue which can interfere with protein folding.  

• Putative protein kinase C phosphorylation site in between residues 96–98 (PROSITE 
prediction)  

• Decreased surface 
expression  

• Reduced current 

Mild 

D99G ECD  • The size difference between the two residues makes that the new residue is not in the 
correct position to make the same hydrogen bond as the original wild-type residue 
did.  

• The charge difference between the two residues makes that the new residue will not 
maintain the same non-covalent interactions in the salt bridges as the wild-type 
residue did.  

• The wild-type Aspartic acid is located in its preferred secondary structure favoring a 
turn, which is unlikely supported by the mutant arginine residue favoring a different 
orientation in the secondary structure.  

• The original conformation will not be favored fully in the case of mutant Arginine 
residue.  

• Decreased surface 
expression  

• Reduced current 

Mild 

G152S ECD  • The wild-type Glycine residue, being the most flexible of all amino acids, might be 
essential for the protein function, which can be disrupted by mutations.  

• The torsion angles at this specific position are unusual, a feature that can only be 
maintained by a flexible Glycine.  

• A mutation at this point will force the local backbone into an unfavorable 
conformation and thus will alter the local structure  

• Decreased surface 
expression  

• Reduced current 

Mild 

V270G TM1  • Being the most flexible of all aminoacids, Glycine’s flexibility can alter the essential 
firmness of the protein at this position.  

• The differences in size and hydrophobicity between the two wild type and mutant 
residues will make that the mutant residue cannot interact with the membrane lipids 
as the wild-type residue did wild-type residue is in the transmembrane domain  

• Reduced current Severe 

T294R TM2  • The mutant residue is bigger than the wild-type residue. This size difference can affect 
the contacts with the lipid-membrane.  

• The wild-type residue is more hydrophobic than the mutant residue. This differences 
in hydrophobicity can affect the hydrophobic interactions with the membrane lipids.  

• The wild-type Threonine residue forms a hydrogen bond with Valine at position 290. 
The size difference between wild-type and mutant residue makes that the new residue 
is not in the correct position to make the same hydrogen bond as the original wild- 
type residue did.  

• The wild-type Threonine residue is more hydrophobic than the mutant Arginine 
residue. The difference in hydrophobicity will affect hydrogen bond formation.  

• Reduced current Severe 

P305L TM2-TM3 
Loop  

• The wild-type proline is smaller and buried in the core of the protein.  
• The mutant Leucine at position 305 probably will not fit at this core. Prolines are 

known to be very rigid and thus they introduce a special conformational backbone 
which might be required at this position. A mutation might disrupt this 
conformational state.  

• It is adjacent to patient mutation K306T (S5 Supplementary file)  

• Reduced current  
• Decreased GABA 

sensitivity 

Severe  
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these, residues F92, R94, and Q95 are in close proximity to the variants W97R and D99G. Also, the variant G152S are in the close 
proximity of residues R147 and T157 of the subunit interface. These altogether can thus interfere with the receptor oligomerization as 
well as cell current transmitted by the mutant receptors. 

As GABAAR subunit gene variants located in the transmembrane regions are likely to be associated with a more severe phenotype, 
compared to those located in the ECD [37], we expect that L49H, P59L, W97R, D99G, G152S in the ECD will likely cause milder 
symptoms of the epilepsy syndromes compared to V270G, T294R which are located in the TMDs namely TM1 and TM2 respectively 
(Fig. 5). Typically, the four TMDs, each formed by four alpha helices, control the opening and closing of the channel aperture through 
the movement of the helical structure of the TM2 that aligns with the central pore to form the selective ion channel with a partial 
contribution from the TM1. In addition, the TM1 domain harbors a neurosteroid binding site [77] in that mutations in this domain of 
GABRA1 could alter interaction with neurosteroids and reduce activity of GABAARs. Patient (patient with infantile epileptic spasms 
and West syndrome) mutations in the TM1 are characterized by reduced GABA-evoked current without decreasing GABA potency (S5 
Supplementary File 5). Thus, the variant V270G, which is found in this region will probably impact on the GABAergic currents. In the 
cases for early onset epileptic encephalopathies, Childhood absence epilepsy and Dravet syndrome, patient mutations in the TM2 is 
characterized by reduced current & desensitization with normal total and surface subunit expression level (S5 Supplementary File 5). 
Thus, the variant T294R, which is found in this region will probably have similar cellular pathology. The TM2-TM3 extracellular linker 
may be important in pore opening. [78] In a case of Myoclonic astatic epilepsy, patient mutation K306T in the TM2-TM3 loop is 
characterized by reduced current and decreased GABA sensitivity (S5 Supplementary File 5), which may be seen in the cellular 
pathology for the variant P305L since it is adjacent to K306T residue. 

In order to further identify if any mutation is possibly located in the functionally critical protein regions or hot spots the GABRA1 
sequence was scanned against the ScanProsite collection of motifs provided by Expasy server (see Methods section). This collection of 
motifs includes profiles and patterns to identify protein domains, families and functional sites. N-myristoylation sites, protein kinase C 
phos [75]phorylation sites, Casein kinase II phosphorylation site, N-glycosylation site, Amidation site, ATP/GTP-binding site motif A 
(P-loop), Cell attachment sequence, Leucine zipper pattern were predicted in the specific positions (S5 Supplementary File 6). Among 
the six predicted protein kinase C phosphorylation sites, four of them were in the N terminus ECD (positions 22–24, 96–98, 157–159, 
161–163), one near or in the TM1 (299–301) and one in the intracellular domain between the TM3 and TM4 (338–340). Among these, 
the motif 96–98 in the ECD corresponds to the mutation W97R and D99G. None of the remaining predicted sites overlap with the 
identified mutations. The overall summary of the profile of pathogenic variants identified in this study is given in the Table 3. 

4. Discussion 

In the present study, eight variants of unknown clinical significance (L49H, P59L, W97R, D99G, G152S, V270G, T294R, P305L) 
were predicted as pathogenic based on the integrative and computational analysis. Our data show that the identified variants are 
mapped to the distinct molecular domains of the epilepsy associated GABRA1 protein, potentially linked with specific cellular 
pathophysiology and epilepsy symptom severity. 

The genetic spectrum of epilepsies is complex [79]. The complexity is reflected by multiple genes causing specific epilepsy syn
dromes that are clinically indistinguishable as well as genetic variants which may impact on the severity of the disease phenotypes 
[45]. Mutations of GABAARs have been identified as one of the primary genetic causes of epilepsy [20,22,25,25,28,32–35,38,42,45,48, 
80,80,81], but this phenomenon is not well understood, which is a challenge for the development of effective personalized treatment 
and management of epilepsy conditions. The advancements in neuroimaging and genetics have revealed that, while essential, the 
electro-clinical characterization of epilepsy syndromes alone is insufficient for personalized treatment strategies and a deeper 
comprehension of the fundamental mechanisms causing seizures [82]. Thus, according to International League Against Epilepsy 
(ILAE), classification of the Epilepsies is a multi-level system including seizure types (focal onset, generalized onset and unknown 
onset), epilepsy types (Generalized, Focal, Combined Generalized and Focal, Unknown) and in the third level the epilepsy syndromes 
that are integrated with comorbidity and etiology which also includes genetic etiology [83]. An epilepsy syndrome, such as Dravet 
syndrome or West syndrome, is a cluster of characteristics that comprise specific seizure types, electroencephalogram (EEG) patterns, 
and imaging features, which tend to co-occur. It frequently exhibits age-related aspects, such as the age at which it begins and ends (if 
applicable), seizure triggers, variations throughout the day, and occasionally, the expected course or outcome, in addition to 
distinctive co-morbidities such as intellectual and psychiatric dysfunction. Thus, an epilepsy syndrome may have associated etio
logical, prognostic and treatment implications. Additionally, it might present unique co-existing conditions such as cognitive and 
mental impairments, alongside specific observations on EEG and imaging examinations. It could also have implications for identifying 
the underlying cause, predicting the prognosis, and determining appropriate treatments. Importantly, an epilepsy syndrome does not 
necessarily align directly with a specific etiological diagnosis and serves a distinct purpose, such as guiding the management of a 
specific condition [83]. The effective utilization of genetic data has the potential to significantly enhance patient outcomes by 
providing valuable guidance for managing the condition. For instance, a case of five-year-old boy who had a history of unprovoked 
hemiclonic seizure with a progression to bilateral tonic-clonic activity with normal EEG and MRI results represents such a condition 
[50]. The first line treatment, levetiracetam, and other treatment options, topiramate, clobazam, valproic acid, as well as lifestyle 
adjustment (the ketogenic diet) did not help the patient. When an epilepsy gene panel was performed, it identified a new heterozygous 
“likely pathogenic variant” in the SCN1A gene, one of the most common epilepsy genes. This has aided the diagnosis and successful 
treatment decision (fenfluramine) that the diagnosis of Dravet Syndrome was confirmed by combining patient data with the variant 
interpretation (“likely pathogenic”) for SCN1A gene, encoding the sodium voltage-gated channel alpha subunit one [50]. This and 
other examples [84] show the significance of variant interpretation aiding the precision medicine for diagnosis and treatment of 
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epilepsy syndromes. Consequently, variant interpretation for GABAAR will potentially generate such opportunities for personalized 
treatment and management of epilepsy conditions. Phenobarbital, benzodiazepines, clobazam are antiepileptic drugs enhancing the 
GABA A receptor activity [85]. Interpretation of genetic variants in GABAAR may indicate a potential responsiveness to these drugs 
guiding the treatment decision as a part of comprehensive assessment of the individual’s clinical presentation, seizure types, and 
response to previous treatments, in addition to genetic testing results. Thus, our data have important implications since predicting 
pathogenicity of specific genetic variants associated with epilepsy syndromes will contribute to variant interpretation for clinically 
unknown genetic variants, which provides important insights into the underlying causes of the condition and guiding treatment de
cisions, such as selecting targeted therapies. 

In this context, it is essential to reflect our results in terms of ACMG-AMP guidelines for variant interpretation which is a framework 
for established criteria for interpreting sequence variants (Richards et al., 2015). This framework involves categorizing the variants as 
either Pathogenic or Likely Pathogenic, or as Benign or Likely Benign. Pathogenic variants are further classified based on their level of 
evidence, such as very strong (PVS1), strong (PS1-4), moderate (PM1-6), or supporting (PP1-5). Similarly, each benign criterion is 
assigned a weight, either stand-alone (BA1), strong (BS1-4), or supporting (BP1-6). The numerical labels within each category do not 
indicate varying degrees of importance but are provided for easier reference to the different criteria. When assessing a specific variant, 
the user selects the relevant criteria based on the observed evidence for that variant. In silico analyses are considered as “Supporting 
evidence of pathogenicity”, the PP3 criterion, which refers to multiple lines of computational evidence supporting a deleterious effect 
on the gene or gene product [49]. According to this scheme of ACMG-AMP, our results computationally identifying the pathogenicity 
of GABRA1 VUS can be interpreted as “Supporting evidence of pathogenicity” (PP3). The pathogenicity assertion for each genetic 
variant further requires the combining rules for these criteria (Richards et al., 2015). Thus, our computational results meet the PP3 
criterion, which helps interpretation of relevant GABRA1 variants as “pathogenic” or “likely pathogenic” depending on the availability 
of other criteria. For instance, Moderate pathogenicity requires at least four supporting criteria such as PP3 criterion in addition to one 
of the “Moderate evidence of pathogenicity criteria” (PM1–PM6) (Richards et al., 2015). Among the (PM1–PM6), the PM1 represents a 
variant located in “mutational hot spot and/or critical and well-established functional domain (e.g. active site of an enzyme) without 
benign variation”. Since in our integrative approach, findings from mutagenesis studies, mutational landscape of epilepsy patients and 
domain specific data were incorporated into the results of computational analysis, our data could meet PM1 criterion in addition to 
PP3 criterion. Especially, the functional significance of N terminus extracellular domain of GABAAR subunits is well established since 
this domain is critical for ligand binding, receptor assembly, interaction with other proteins and modulation of receptor activity. For 
instance, the N-terminal extracellular domain of the GABRA1 protein binds to GABA, primary inhibitory neurotransmitter, initiating 
receptor activation and downstream signaling in addition to interaction with various allosteric modulators, such as benzodiazepines 
and barbiturates modulating the GABAergic signaling [3] 5 out of 8 VUS of GABRA1 gene, which are predicted as pathogenic are 
located in the ECD: L49H, P59L, W97R, D99G, G152S. Among the remaining variants, V270G is located in the first transmembrane 
domain (TM1) and the T294R in the second transmembrane domain (TM2). The latter domain plays a crucial role in the formation and 
gating of the ion channel pore, determining ion selectivity and permeation, and influencing receptor pharmacology. These functions 
are essential for the proper functioning of the receptor in mediating inhibitory neurotransmission in the central nervous system. While 
the primary role of ion channel gating resides in the second transmembrane domain, the TM1 can also influence the gating process in 
directly. It contributes to the overall structural stability of the receptor complex and helps maintain the appropriate conformation 
required for efficient channel opening and closing. Especially, the TM1 domain is responsible for anchoring the α1 subunit within the 
cell membrane. It spans the lipid bilayer, providing stability and proper positioning of the receptor in the neuronal membrane. Besides, 
this domain also participates in the assembly of the GABAAR complex. It interacts with corresponding transmembrane domains of other 
subunits, such as beta and gamma subunits, enabling the formation of a functional receptor unit. Thus, our predicted pathogenic 
variants derived from multi-level computational and integrative analysis contribute variant classification criteria based on the 
ACMG-AMP guidelines. 

The integration of in silico results with the data from patient mutations and experimental studies is crucial for identification of 
variants in molecular hotspots. Additionally, search for hot spots was also performed computationally, that the GABRA1 sequence was 
scanned against the ScanProsite collection of motifs provided by Expasy server: Six-protein kinase C phosphorylation sites were 
predicted. Four of them were in the N terminus ECD (positions 22–24, 96–98, 157–159, 161–163), one near or in the TM1 (299–301) 
and one in the intracellular domain between the TM3 and TM4 (338–340). Among these, the motif 96–98 in the N-terminus ECD 
corresponds to the pathogenic variants W97R and D99G. Among the GABAARs subunits, mostly β and γ2 subunits are phosphorylated 
in the intracellular domain between TM3 and TM4 (ICD) which contains consensus sites for serine/threonine and tyrosine protein 
kinases and α1 subunit may be phosphorylated by Calcium/calmodulin-dependent kinase II [86,87]. On the other hand, the existence 
of consensus sequences for a specific kinase does not necessarily refer that the protein will undergo phosphorylation in vivo [87] and 
bona fide phosphorylation sites may not match with the consensus sites [88]. Nevertheless, GABAARs subunits, especially β and γ2 
subunits are phosphorylated in the intracellular domain between TM3 and TM4 (ICD) that phosphorylation and dephosphorylation are 
mechanisms for receptor surface expression and endocytic internalization, respectively [87]. However, in our study we have not 
predicted any pathogenic variant in this domain. In addition, none of the remaining ScanProsite predicted sites overlap with the 
identified mutations. Nevertheless, the integration of our multi-level analysis confirms that the identified variants have high risk of 
pathogenicity presumably by cellular mechanisms that cause distortion of the interactions required for the structural and functional 
efficacy in the respective protein domains of the α1 subunit that is supported by the variant mapping to the specific protein domains 
and hot spots based on the data from the epilepsy patient mutations and experimental studies describing cellular pathology. 

The nature of the cellular pathology caused by the variations found in the α1 subunit, that is manifested as distorted cell surface 
expression and GABA evoked currents, may involve various mechanisms due to reduced mRNA transcription or stability, improper 
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protein folding, altered subunit co-assembly, distorted receptor trafficking by different mechanisms such as dephosphorylation and/or 
by direct molecular alteration of GABA efficacy, sensitivity and desensitization characteristics of the receptors [19,33,89]. These in 
turn may converge on various epilepsy syndromes ranging from mild forms of monogenic epilepsies to severe developmental and 
epileptic encephalopathies in a way that may be associated with the symptom severity depending on the location of the genetic variant 
[37]. In the present study 8 VUS of GABRA1 gene are predicted as pathogenic variants that may be critical for epilepsy syndromes and 
disease severity, which have phenotypes and symptoms ranging from mild to severe, depending on various factors such as the un
derlying cause, type of seizure, and individual differences. For instance, Juvenile Myoclonic Epilepsy (JME) is a type of epilepsy that 
typically begins in adolescence and is characterized by mild indications such as myoclonic jerks, which are brief, involuntary muscle 
twitches. Febrile seizures are generally considered as relatively benign and self-limiting condition, making them classified as a rela
tively mild form of seizures. The phenotypic profile of these mild or more severe cases are determined by electroclinical and neuro
imaging data classifying patients as having these and other mild syndromes such as photosensitive idiopathic generalized epilepsy, 
generalized epilepsy with febrile seizures plus, moderately severe phenotypes such as myoclonic-astatic epilepsy, Dravet syndrome 
and severe epileptic encephalopathies [29,30]. A comparison of scientific literature and various patient data, including clinical, 
electrophysiological, therapeutic, and molecular information, pertaining to GABAAR subunit variants (specifically GABRA1, GABRB2, 
GABRB3, and GABRG2), has revealed that these variants are linked to diverse and highly variable phenotypes, despite their close 
molecular and physiological proximity [37]. Remarkably, none of the mentioned genes were found to be specifically associated with a 
particular phenotype. However, it has been observed that the specific location of the variant on the protein [37] may serve as an 
indicator of the severity of the condition reflected by its symptom(s), specific manifestation or indication of the underlying condition 
experienced by the individual and epilepsy phenotype. A phenotype definition involves employing epidemiological, biological, mo
lecular, or computational techniques to systematically identify characteristics of a disorder that could arise from different genetic 
influences [90]. However, this phenomenon is complex in epilepsy. In numerous genetic epilepsies, the range of observable charac
teristics can be wide, even among individuals with the same genetic mutations. Additionally, patients with distinct genetic causes may 
exhibit seemingly similar clinical features. For instance, while the majority of patients with Dravet syndrome have mutations in 
SCN1A, similar phenotypes may also be observed in patients with mutations in PCDH19, CHD2, SCN8A, or, in rare instances, GABRA1 
and STXBP1 [91]. Nevertheless, it is possible to describe the severity of the condition which represents the burden of the symptom or 
phenotype such as seizure burden, and the epileptiform activity, the distinctive EEG waves found in patients with epilepsy [91]. 
Regarding this, Human Phenotype Ontology (HPO) [92] (https://hpo.jax.org/app/) provides a uniform set of terms and descriptions 
for abnormal physical and clinical characteristics observed in human diseases. According to HPO, EEG with generalized epileptiform 
discharges (UMLS:C4023476) is described as spikes, which are brief waveforms lasting less than 70 ms, and sharp waves, which 
typically last between 70 and 200 ms. Naturally, the duration of waveforms and sharp waves would be a factor determining severity of 
this condition, for example. Thus in our study, depending on the specific location of the variant on the GABRA1 protein [37], a 
manifestation of either mild or severe phenotypes that would be associated with the specific conditions such as febrile seizures [27,32, 
38], JME [32], or epileptic encephalopathies [37] could be predicted. However, what exactly does this mean? Let’s clarify with an 
example: In the platform of HPO [92], epileptic encephalopathy (HP:0200134) is defined as a condition in which epileptiform ab
normalities are thought to contribute to the gradual disruption of brain function. It is characterized by several key features: (1) the 
presence of intense and often aggressive electrographic EEG paroxysmal activity, (2) seizures that are typically diverse and resistant to 
treatment, (3) persistent cognitive, behavioral, and neurological impairments that may worsen over time, and (4) in some cases, early 
mortality. Therefore, our results suggest that the position of the identified GABRA1 variants may potentially predict the intensity of 
one or more of these clinical features, reflecting the severity of the condition. In this case, GABRA1 variants in the extracellular domain 
(L49H, P59L, W97R, D99G, G152S) will likely manifest with less severity, while variants in the transmembrane domain 1 (V270G), 
transmembrane domain 2 (T294R), and the linker between transmembrane domain 2 and 3 (P305L) may predict a more severe disease 
condition. 

The associated cellular pathology is expected as decreased cell surface expression and reduced current based on the patient mu
tations and experimental studies in the literature (Supplementary file 5). As described in the above paragraph, we have also predicted 
that variants could be associated with severe epilepsy phenotypes of any type ranging from benign to severe forms characterized by 
several conditions such as Generalized Tonic-Clonic Seizures (formerly known as Grand Mal Seizures) [93]. These seizures involve the 
entire brain and are characterized by loss of consciousness, convulsions, muscle rigidity, and often followed by a period of confusion or 
fatigue. Other conditions that implicate disease severity include Status Epilepticus [94], characterized by continuous or recurrent 
seizures lasting for an extended period or seizures occurring in rapid succession without the person regaining consciousness in be
tween. Status epilepticus requires immediate medical attention as it can lead to significant complications and neurological damage. 
Epileptic Encephalopathy [95] refers to another group of severe epilepsy disorders that are associated with cognitive and develop
mental impairments. These conditions often manifest early in life and are characterized by frequent seizures, developmental deteri
oration, intellectual disability, and other neurological abnormalities. Consequently, our comparative analysis integrating patient 
mutations show that V270G in the TM1, T294R in the TM2 and P305L in the linker between the TM2 and TM3 is presumably associated 
cellular pathology characterized as reduced current and likely connected with the severity of the epilepsy syndromes -although not 
necessarily associated with specific syndrome- [37]. 

Many in silico tools are used for the computational analysis of the pathogenicity of VUS but their criteria may differ and thus posing 
the problem of selecting the best approach for the prediction of variant effect. Among the available methods, the “ensemble” methods 
are meta predictors that combine the preexisting methods to evaluate pathogenic or benign effects of the variants [55]. The “ensemble 
methods” are among the top-ranked predictors with highest accuracy compared to popular widely used tools such as PolyPhen2 and 
SIFT [55]. Considering these, in the present study two ensemble methods namely ClinPred and REVEL, both of which are validated for 
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ClinVar was used. ClinPred incorporates Allele Frequencies and 13 individual prediction scores from SIFT, PolyPhen-2 HDIV, 
PolyPhen-2 HVAR, LRT, MutationAssessor, CADD, PROVEAN, GERP, DANN, PhastCons, fitCons, PhyloP, and SiPhy while REVEL 
incorporates 18 individual pathogenicity scores from 13 in silico tools, namely MutPred, FATHMM, VEST, PolyPhen, SIFT, PROVEAN, 
MutationTaster, MutationAssessor, LRT, GERP, SiPhy, phyloP, and phastCons. In addition, another ClinVar validated, multiple feature 
predictor, FATHAMM-XF, which incorporates 31 feature groups is used. These include 27 features from ENCODE (The ENCODE Project 
Consortium, 2012) and NIH Roadmap Epigenomics as well as additional feature groups from conservation scores, the Variant Effect 
Predictor, annotated gene models, and the DNA sequence [58]. Indeed, the ACMG-AMP guidelines recommend the use of multiple 
computational tools to predict variant pathogenicity [49]. Since our approach employs meta predictors made up of different algo
rithms and databases leading to the prediction based on a wide variety of features such as sequence conservation, structural features, 
genomic position, physicochemical properties, our study provides a comprehensive assessment of the variant’s impact. Furthermore, 
our data derived from the robust predictive tools are validated by molecular modeling. Moreover, we have integrated data from known 
patient mutations and associated experimental findings, which altogether help better evaluate the pathogenicity of a variant. In this 
context, consistent predictions from multiple databases, algorithms and sources reinforce the classification of a variant according to 
the ACMG-AMP guidelines. Consequently, our integrative approach and the use of ensemble predictors and meta predictors represent a 
methodological strength of the present study. 

There are several limitations of this study. First, although, we have adopted well validated and high accuracy methods as described 
above, in silico tools and the reference sequence impact on the prediction accuracy [96]. Thus, they must be used cautiously, and 
generalizations should be avoided based on single studies. Second, in ensemble predictors such as REVEL, setting appropriate cutoffs is 
important for balancing the trade-off between sensitivity and specificity and ensuring accurate classification of variants. In the present 
study a relatively higher 0.95 REVEL cutoff was chosen. One reason to choose this cutoff was to prioritize high-confidence predictions 
of pathogenic variants. This approach helps reduce the chances of false positives and minimizes the inclusion of variants that may not 
have a significant impact on disease development or progression. By setting a higher cutoff, such as 0.95, one can focus on a smaller 
number of variants with a higher probability of being pathogenic according to the REVEL algorithm. Thus, a higher cutoff may enhance 
specificity. However, this may cost some sensitivity that some truly pathogenic variants may not be captured. On the other hand, 
working with small but more confidently predicted number of variants better align with the objectives of the present study that higher 
cutoff was chosen. Since this raises the possibility that some pathogenic variants of GABRA1 were not captured by the analysis of this 
study, some true positive pathogenic variants with REVEL scores slightly below the cutoff may be missed or classified as 
non-pathogenic. Third, we have specifically focused on the nonsynonymous point mutations found in the coding region of the α1 
subunit. However, other variants such as variants in the splice sites, 5′ or 3’ UTRs (untranslated regions or noncoding regions) of 
GABRA1 might be critical for the pathogenesis of epilepsy syndromes or other channelopathies of GABAARs. For instance, according to 
computational studies, the 5′ UTR region of GABAAR subunit genes has some consensus sites for transcription factors [97], that 
variation in these elements may impact on subunit expression. It will be interesting to analyze the noncoding region rare variants of the 
GABRA1 gene by using new tools and frameworks, which allow gene-centric analysis of such variants [98,99]. Besides, GABRA1 gene 
variant analysis can be further elaborated by the use of new methodologies to facilitate the prioritization of causal variants influencing 
human phenotypes [100]. Moreover, other in silico studies identified three microRNAs, namely miR-181, miR-216, and miR-203 
targeting α1-subunit [101]. Experimental studies show that miR-181a downregulate α1 subunit expression [102]. In another study, 
a down-regulation of mRNA levels of GABAAR subunits in glioblastomas, a major type of the most common form of primary brain 
tumor (gliomas), have been detected [103]. miR-139-5p has been reported to impact on glioma malignant biological behavior via 
targeting α1 subunit [104]. Thus, variations other than those in the coding sequence of GABRA1 gene are also important. 

In conclusion, the findings of this study hold significant importance in the context of genetic testing and precision medicine for 
epilepsy syndromes [51,75,105–107]. As the field increasingly relies on next-generation sequencing [43,45,52,79,107], [43,45,52,79, 
107–109] [43,45,52,79,107–109] the number of variants with unknown molecular consequences continues to grow, posing a chal
lenge for precision medicine. Classifying these genetic variants as benign or pathogenic necessitates the estimation of their impact, 
which is a complex task considering the vast number of variants with low frequencies in human exomes [110]. Conducting clinical 
associations and experimental studies for all variants simultaneously is not feasible. Therefore, the utilization of in silico tools to 
predict variant consequences has become crucial and is recommended by the American College of Medical Genetics and Genomics 
(ACMG-AMP). In alignment with these challenges, the present study offers valuable insights into the pathogenicity of clinically un
known variants in the GABRA1 gene, which are associated with epilepsy. Inherited or de novo mutations in the α1-6, β1-3, γ1-3, and δ 
subunit isoforms of GABAARs have been identified as significant genetic causes of epilepsy. However, the comprehensive under
standing of the relationship between epilepsy syndromes and GABAAR variants remains limited, hindering the development of 
effective and personalized interventions. Addressing this gap, the present study computationally analyzed 137 variants of GABRA1 to 
assess their pathogenicity. This analysis led to the in silico identification of eight pathogenic variants (L49H, P59L, W97R, D99G, 
G152S, V270G, T294R, P305L), which are mapped to the extracellular domain (ECD) and transmembrane domains (TMDs) of the 
GABAARs. These variants have been linked to cellular pathology and disease severity, providing valuable insights for understanding 
the pathogenic mechanisms underlying epilepsy. By elucidating the pathogenicity of these GABRA1 variants through a combination of 
patient mutation data and experimental studies, this study contributes to the advancement of personalized interventions and improved 
treatment strategies for individuals with epilepsy. 

Furthermore, the results of this study have implications for guiding wet lab experimentation in the field of epilepsy and GABAARs 
research. The identification of eight pathogenic variants in the GABRA1 gene (L49H, P59L, W97R, D99G, G152S, V270G, T294R, 
P305L) and their association with cellular pathology and disease severity provide crucial insights into the underlying mechanisms of 
epilepsy besides to variant effects on the functionality of GABAARs. Our findings offer a starting point for designing targeted wet lab 
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experiments to further investigate the functional consequences of these specific variants with a focus on their efforts on studying the 
impact of these variants on GABAARs, elucidating their effects on receptor function, neuronal excitability, and synaptic transmission. 
Understanding the precise molecular mechanisms underlying these pathogenic variants could contribute to the development of novel 
therapeutic strategies aimed at modulating GABAAR activity and potentially mitigating the epileptic phenotype. Additionally, the 
computational analysis performed in this study demonstrates the utility of in silico tools in predicting variant pathogenicity. This 
highlights the potential of utilizing such tools in future wet lab experiments to streamline the screening and prioritization of variants 
for functional characterization. By leveraging computational predictions alongside wet lab investigations, researchers can optimize 
their resources and focus on variants with a higher likelihood of pathogenicity, accelerating the discovery of critical insights into 
variants of GABAAR subunits and epilepsy mechanisms. 
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