<
O
=
S
<
<
=
>
‘=
@)

This is an open access article distributed under
the terms and conditions of the CC BY-NC 4.0.

Copyright: © 2024 by the authors.

narra |

Original Article

Comprehensive in silico analysis of single
nucleotide polymorphism and molecular
dynamics simulation of human GATA6
protein in ventricular septal defect

Taufiq Hidayat:2:3, Irwanto Irwanto4s5", Ali Rohman®, Afrizal AA. Muhyiddin4s5,
Safira NA. Putri’, Dedy B. Kurniawan’, Mokhamad FR. Syaban’, Theakirana
Firdaus’, Mahrus A. Rahman23 and I KA. Utamayasa2:3

‘Doctoral Program in Medical Science, Faculty of Medicine, Universitas Airlangga, Surabaya, Indonesia; 2Division of
Pediatric Cardiology, Department of Pediatric, Faculty of Medicine, Universitas Airlangga, Surabaya, Indonesia; 3Division
of Pediatric Cardiology, Department of Pediatric, Dr. Soetomo General Academic Hospital, Surabaya, Indonesia;
4Department of Pediatric, Faculty of Medicine, Universitas Airlangga, Surabaya, Indonesia; sDepartment of Pediatric, Dr.
Soetomo General Academic Hospital, Surabaya, Indonesia; ¢Department of Chemistry, Faculty of Science and
Technology, Universitas Airlangga, Surabaya, Indonesia; 7Faculty of Medicine, Universitas Brawijaya, Malang, Indonesia

*Corresponding author: irwanto@fk.unair.ac.id

Abstract

Congenital heart disease (CHD) represents nearly one-third of congenital birth defects
annually, with ventricular septal defect (VSD) being the most common type. The aim of
this study was to explore the role of specific GATA binding protein 6 gene (GATA6)
mutations as a potential etiological factor in the development of VSD through an in silico
approach. Data were collected from the human gene databases: DisGeNET and
GeneCards, with protein-protein interaction networks constructed via STRING and
Cytoscape. Gene ontology and pathway enrichment analyses were conducted using
DAVID, with data analysis in R with significance set at FDR p<0.05. Target single
nucleotide polymorphisms (SNPs) of GATA6 were obtained from NCBI dbSNP, and non-
synonymous single nucleotide polymorphism (nsSNP) effects were predicted using SIFT,
PolyPhen-2, I-Mutant 2.0, Fathmm, MutPred 2.0, SNP&GO, and PON-P2. Conserved
regions of GATA6 were analyzed using ConSurf, with functional classification, variant
conservation, and stability changes evaluated in Google Colab. Multiple sequence
alignment was performed using ClustalW. Mutation modeling and molecular dynamics
analysis, using GROMACS, revealed that among 87 intersecting genes, 16 proteins were
interconnected with GATA6, showing a centrality value of 0.4378. Gene ontology analysis
highlighted atrioventricular canal development, protein-DNA complexes, and
transcription factor regulation as key processes for cardiac development, especially in the
ventricular septum. NsSNP and molecular dynamics analyses identified rs387906818 and
rs387906820 as having the highest pathogenic potential for VSD due to amino acid
structural changes.
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Introduction

Congenital heart disease (CHD) represents a significant global health challenge, accounting for

nearly one-third of all congenital birth defects annually [1]. In 2017, the global prevalence of CHD
in newborns was estimated at approximately 1.8 cases per 100 live births, with ventricular septal
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defect (VSD) being the most common congenital cardiac anomaly [2,3]. In Indonesia, data from
Sardjito Hospital, a tertiary referral center in Yogyakarta and Central Java, indicated a 30%
prevalence of VSD among 650 new CHD patients [4,5]. Large VSD defects can lead to severe
complications, and children with CHD are at increased risk for developmental problems,
underscoring VSD as a high-burden health issue in the country [6,7].

Advances in the study of normal cardiac development have facilitated the identification of
key structural genes, transcriptional regulators, and signaling molecules involved in heart
formation [8]. One such gene, the GATA binding protein 6 gene (GATAG6), belongs to the GATA
family of transcription factors and is expressed in various mesoderm and endoderm-derived
tissues [9]. GATAG6 plays a critical role in heart development, including cellular differentiation
and organogenesis during vertebrate development, particularly in the embryonic heart [10].
Interactions between GATA6 and cardiac transcription factors, conserved in the atrial and
ventricular myocardium, have been associated with cardiac septal defects [11]. Mutations in the
GATAG6 can include missense mutations, deletions, and copy number variants [12]. These
mutations have been found in both familial and isolated cases of VSD, suggesting a potential role
for GATAG6 in the pathogenesis of this congenital heart defect [13].

Moreover, GATA6 mutations have been associated with other congenital heart defects, such
as atrial septal defects, atrioventricular septal defects, persistent truncus arteriosus, and tetralogy
of Fallot [14]. A previous study reported two novel DNA sequence variants (DSVs),
£.22169190A>T and g.22169311C>G, in VSD patients, which were absent in control subjects. The
study hypothesized that GATA6 functions in a dose-dependent manner, where alterations in
GATAG6 protein expression—potentially caused by changes in DNA sequence in regulatory
regions—may contribute to the development of CHD [13]. In another study, nine variations of
missense and nonsense mutations in the GATA6 were tested, which led to mild congenital heart
diseases such as bicuspid aortic valve, septal defects, and unspecified heart surgery [15]. These
clinical tests were followed by in silico and in vivo analyses to determine which mutation
variations had the highest pathogenicity. The results showed that two mutation variations in
GATA6 played an important role in the occurrence of CHDs: ¢.466A>G (Glni20Ter) and
¢.1271G>T (Ser424Ile) [15]. Despite in silico, in vivo, and clinical testing in the previous studies
have explained the types of mutation variations in the GATA6 and their impact on CHDs, there is
still limited understanding of the molecular mechanisms, non-synonymous single nucleotide
polymorphism (nsSNP), molecular dynamics simulation modeling, and the role of the GATA6
gene and protein in the molecular mechanism of VSD as the most common type of congenital
heart defect [12,13].

The aim of this study was to explore the role of specific GATA6 mutations as a potential
etiological factor in the development of VSD through an in silico approach. By employing
bioinformatics and nsSNP analysis, further insights into the molecular mechanisms underlying
VSD and the potential pathogenic contributions of GATA6 mutations were explored. The findings
may enhance understanding of the genetic basis of VSD and offer potential implications for
diagnosis, prognosis, and therapeutic approaches.

Methods

Study design and study flow overview

This study used an in silico approach. Initially, data collection and screening were conducted
based on two gene databases related to VSD using GeneCards and DisGeNET. A protein-protein
interaction network analysis was then carried out based on the screening results from both
databases, following inclusion criteria (highest closeness centrality, p<0.05 in Gene Ontology,
and Gene Disease association score >0.05). The results of this process were followed by the
collection and screening of nsSNP in the NCBI (dbSNP) and UniProt databases. Screening was
conducted based on pathogenicity and disease criteria, deleterious effects on protein function,
molecular mechanisms and protein stability. These results were followed by protein modeling
and molecular dynamics simulations on selected nsSNPs, with analysis based on conserved
protein domains, polarity and functional changes, mutation stability, and functional class. The
detailed study flow diagram is presented in Figure 1.
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Figure 1. Flow diagram and research design.

Target data collection and selection

Data collection and gene selection related to VSD were conducted using the DisGeNET
(https://disgenet.com/) and GeneCards (https://www.genecards.org/) databases [16,17]. A
Venn diagram tool (https://bioinformatics.psb.ugent.be/webtools/Venn/) was utilized to
identify intersecting genes from these sources.
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Construction of protein-protein interaction network

Genes associated with VSD were analyzed for protein-protein interactions using the STRING web
server (https://string-db.org) [18]. A total of 87 interacting proteins were identified and
subsequently analyzed using Cytoscape v3.10.0 (Cytoscape Team, San Fransisco, USA) to explore
the protein-protein interaction network. Cluster analysis was performed using the Cytocluster
application (Cytoscape Team, San Fransisco, CA, USA) evaluating parameters including density,
quality, and p-value [19].

Gene ontology analysis

Gene ontology analysis was conducted to identify the biological processes, molecular functions,
and cellular components associated with the protein-protein interactions. The protein-protein
interaction network generated from Cytoscape was further analyzed using the DAVID web server
(https://david.ncifcrf.gov/home.jsp) [20]. The gene ontology results demonstrated statistical
significance, with a false discovery rate (FDR) p-value of less than 0.05.

GATAG6 protein 3D structure and domain modelling

GATA6 protein modeling was performed using the AlphaFold 3 web server
(https://alphafoldserver.com/) [21]. The GATA6 protein sequence, obtained from the UniProt
database (https://www.uniprot.org/) under protein code Q92908, was entered into the
AlphaFold 3 web server, and the resulting model was downloaded in .pdb format [22]. The
GATAG6 protein domain was identified from relevant literature and case studies that examine the
impact of mutations and missense SNPs on the occurrence of CHDs, particularly VSD.

Single nucleotide polymorphism (SNP) data collection and selection

Following the protein-protein interaction network analysis, an SNP analysis was conducted to
evaluate gene-level changes in amino acid structure and their association with the incidence of
VSD. The NCBI dbSNP database (https://www.ncbi.nlm.nih.gov/snp/) was used to retrieve
13,808 reference sequences of GATA6, including 680 missense variants at the coding level. SNPs
were selected based on their established clinical significance [23].

Identification and assessment of protein consequences in missense mutation
The selected SNP data were further evaluated through a functional analysis of the GATA6 protein
structure using several bioinformatic tools, including SIFT (The Institute of Genomic Research,
San Diego, USA), Polyphen-2 (Harvard University, Massachusetts, USA), I-Mutant v2.0
(BioFoID-University of Bologna, Bologna, Italy), MutPred2 (Northeastern University-Boston,
University of Washington-Seattle, Indiana University-Bloomington, UC San Diego-San Diego,
USA), SNP&GO (BioFoID-University of Bologna, Bologna, Italy), Fathmm (MRC Integrative
Epidemiology Unit, University of Bristol, Bristol, UK), and PON-P2 (Lund University, Lund,
Sweden). SIFT (https://sift.bii.a-star.edu.sg/) and Polyphen-2
(http://genetics.bwh.harvard.edu/pph2/) were used to assess missense mutations and predict
their impact on GATA6 protein function and structure, employing a sequence homology and
alignment-based approach to natural nsSNPs [24,25]. A SIFT score below 0.05 indicates a
deleterious effect on protein function. Polyphen-2 provides three outcome categories: probably
damaging (score >0.85), possibly damaging (score >0.15), and benign (score <0.15) [26].

I-Mutant 2.0 (https://folding.biofold.org/) and MutPred2 (http://mutpred.mutdb.org/)
algorithms were employed to predict the stability and pathogenicity of the protein structure
following mutations [27,28]. I-Mutant 2.0 predictions were performed under conditions of pH 7
and a temperature of 25°C. A AAG (DDG) score less than o indicates a decrease in protein
stability, while a score greater than o suggests increased stability. MutPred2, using a machine
learning-based approach, integrates genetic and molecular data to generate statistical predictions
for mutations, where a score above 0.5 indicates pathogenicity and a score below 0.5 indicates a
benign mutation. A p<o0.05 in Mendelian disease-related predictions suggests significant
pathogenicity [29].

SNP&GO, Fathmm, and PON-P2 algorithms were used to predict the impact of amino acid
mutations on disease occurrence, pathogenicity, and protein function, based on structural
homology and gene ontology assessment. In SNP&GO (https://snps.biofold.org/snps-and-
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go/snps-and-go.html), a prediction score greater than 0.5 indicates disease association, while a
score below 0.5 indicates neutrality. The reliability index (RI) score ranges from o to 10, with the
lowest scores (0—2) suggesting that the prediction requires scrutiny and further validation, while
scores of 9—10 mean the most confident and likely to be biologically meaningful. Fathmm
evaluates mutations based on their predicted effect on protein function, with a focus on the
likelihood of significant damage [30]. PON-P2 categorizes mutations as pathogenic, benign, or
unknown [31].

Multiple sequence alignment and GATAG6 protein functional prediction analysis
Sequential alignment and protein functional prediction analysis were conducted to investigate
the role of GATA6 mutations in the pathogenesis of VSD. Consurf
(https://consurf.tau.ac.il/consurf_index.php) analysis was utilized to identify conserved regions
of the GATAG6 protein across multiple species, revealing highly conserved areas that underscore
their functional significance. Additionally, protein functional prediction analysis was performed
to evaluate the potential impact of missense mutations within the GATA6 gene. Conservation
scores of amino acid residues were represented on an integer scale from 1 to 9, with a
corresponding color scheme: magenta indicates the most variable positions (grade 1), white
represents intermediately conserved positions (grade 5), and dark green denotes the most
conserved positions (grade 9) [32].

A multiple sequence alignment of the GATAG6 protein, in comparison with other GATA family
domains and species, was carried out using the CLUSTALW web server
(https://www.genome.jp/tools-bin/clustalw). The parameters for alignment included a
CLUSTAL output with pairwise alignment using FAST/APPROXIMATE. GATA family members
(GATA1-6) and GATAG protein sequences were compared across species, including rat, mouse,
pig, and chicken, to identify homologous regions relevant to the pathogenicity of VSD [33].

Effect on amino acid mutation in polarity and functional change

Changes in the DNA structure within the exon due to the presence of SNPs lead to mutations in
the expressed amino acids. These amino acid changes result in alterations in the polarity and
functionality of the protein structure. The evaluation of amino acid changes and functionality is
based on the polarity properties of specific amino acids, such as: (1) non-polar (glycine (Gly),
alanine (Ala), valine (Val), leucine (Leu), isoleucine (Ile), methionine (Met), phenylalanine (Phe),
tryptophan (Trp), and proline (Pro)); (2) polar (serine (Ser), threonine (Thr), cysteine (Cys),
tyrosine (Tyr), asparagine (Asn), and glutamine (Gln)); (3) basic polar (Lysine (Lys), arginine
(Arg), and histidine (His)); and (4) acidic polar (aspartic acid (Asp) and glutamic acid (Glu)). The
evaluation of functional changes is based on the properties of the side-chain structure, with seven
being hydrophobic (glycine (Gly), alanine (Ala), valine (Val), leucine (Leu), isoleucine (Ile),
phenylalanine (Phe), and proline (Pro)); nine being hydrophilic (serine (Ser), threonine (Thr),
cysteine (Cys), aspartic acid (Asp), asparagine (Asn), glutamine (Gln), arginine (Arg), histidine
(His), and glutamic acid (Glu)); and four being amphipathic (lysine (Lys), tryptophan (Trp),
tyrosine (Tyr), and methionine (Met)).

Modelling of GATAG6 protein and mutation in the conserved area

The structure of the GATAG6 protein was constructed based on conserved regions identified from
the protein sequence alignment results. The conserved region spanning amino acids 385-496
was modeled using AlphaFold 3. To create the GATA6 protein mutation model, Yasara Dynamics
software (Yasara Bioscience, WHAT IF Foundation, Nijmegen, Netherlands) was employed with
the Foldx menu program, allowing for the selection of specific amino acids for residue mutation.
After building the mutant GATAG protein, the resulting structure was downloaded in .pdb format
[34]. Validation of the model was performed using the Procheck web server
(https://saves.mbi.ucla.edu/) through Ramachandran plot analysis. A model is considered valid
if more than 80% of the residues fall within the most favored regions [35].

Evaluation of GATAG6 protein mutation solubility and functional class
Prediction of GATA6 protein mutation solubility was conducted to evaluate the impact of
mutations on protein solubility and the potential for aggregation associated with low solubility
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values. This analysis utilized the AggreScan 3D web server version 2.0
(https://biocomp.chem.uw.edu.pl/A3D2/). The parameters assessed included the average
protein solubility score, with more negative values indicating normal solubility, and the energy
difference between the wild type and mutated proteins, with more positive values suggesting a
destabilizing mutation and more negative values indicating a stabilizing effect [36,37].

Molecular dynamics and visualization of variant/residue effect predictions
Molecular dynamics is a simulation technique employed to predict the movement of individual
atoms in a protein or other molecular systems, grounded in fundamental physical principles of
interatomic interactions. This simulation is performed under conditions that replicate
biomolecular systems found in living organisms, such as proteins embedded in aqueous
environments and lipid bilayers. Molecular dynamics simulation in this study utilized the
WebGro web server (https://simlab.uams.edu/index.php) for a protein-in-water simulation. The
GATAG6 wild type protein served as the control, with comparisons made against GATA6 protein
mutants R456C, N466H, A467T, T452A, and N466D to assess changes in protein stability and
conformation under simulated biological conditions. The simulation employed the GROMOS96
43a1 force field, with a temperature of 310 K, the addition of 0.15 M NaCl, 5,000 steps of energy
minimization, and a simulation duration of 50 ns. Parameters measured during this simulation
included root mean square deviation (RMSD), root mean square fluctuation (RMSF), the number
of hydrogen bonds formed, and the radius of gyration [35,38]. Furthermore, visualization of
variant or residue effect prediction parameters—such as functional classification, variant
conservation score, and variant stability change score—was conducted using the Google Colab
web server (https://colab.research.google.com/github/KULL-Centre/_2024_cagiada-jonsson-
func/blob/main/Download_ predictions.ipynb).

Statistical analysis

Statistical test results were analyzed using the R programming environment (Frederick National
Laboratory, Maryland, USA) on the DAVID web server
(https://davidbioinformatics.nih.gov/tools.jsp). The gene ontology, including biological
processes, cellular components, and molecular functions, was performed using Fisher's exact test
between target genes and the total genome, with a false discovery rate (FDR) applied to the
DAVID database. A significance threshold was set at p<0.05.

Results

Identification of potential genes and proteins in VSD

The results of the selection test for potential genes associated with VSD from two databases are
presented in Figure 2. The results showed that from a total of 313 genes associated with VSD in
the DisGeNET database and 282 genes associated with VSD in the GeneCards database, 87
potential genes were identified that may be linked to VSD. These 87 genes were then analyzed
comprehensively further using in silico testing.

DisGeNET GeneCards

195

Figure 2. A total of 87 intersecting genes associated with ventricular septal defects (VSD) from
two databases: DisGeNET and GeneCards.
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Protein-protein interaction network of VSD

The 87 intersecting genes were analyzed using the STRING web server, which identified 87
interacting proteins (Figure 3). However, not all 87 proteins in this network interact directly or
show a protein-protein interaction network related to the molecular mechanisms of ventricular
septum formation. Therefore, further specific testing was required using Cytoscape software to
identify protein-protein interaction networks that play a specific role in the occurrence of VSD.
The results of analysis using Cytoscape identified 16 protein-protein interaction networks that
specifically contribute to the occurrence of VSD, as presented in Figure 4. These results showed
that GATASG is at the center of the 16 protein-protein interaction networks, based on closeness
centrality score analysis. Closeness centrality refers to how close a node is to all other nodes or
how central it is within a network. The GATAG6 protein has the highest closeness centrality score
(Table 1). These results indicate that the GATA6 protein plays a central role in the protein-
protein interaction network, and mutations in this protein may increase the risk or potential for
the occurrence of VSD.

Figure 3. Protein-protein interactions in ventricular septal defect (VSD) as analyzed using the
STRING web server.
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0.4378

0.3402

0.2425

Figure 4. Sixteen protein-protein interaction networks in ventricular septal defect (VSD) were
analyzed using Cytoscape software. The darker the color (black), the higher the closeness
centrality value (0.4378), light green indicates a medium closeness centrality score (0.3402),
while lighter colors (yellow) represent the lowest value (0.2425).

Table 1. Closeness centrality scores were obtained using Cytoscape software, indicating that the
GATAG protein exhibited the highest score

Abbreviation Protein name Closeness centrality
GATA6 GATA binding factor 6 0.4378
GATA4 GATA binding factor 4 0.4331
NKX2-5 NK2 homeobox 5 0.4218
NR2F2 Nuclear receptor subfamily 2 group F member 2 0.4196
TBX3 T-Bbx protein 3 0.3970
ZIC3 ZIC family member 3 0.3875
GJA1 Gap junction alpha-1 0.3715
TBX5 T-box protein 5 0.3552
FOXF1 Forkhead box F1 0.3506
NODAL Nodal growth differentiation factor 0.3461
ACVR2B Activin A receptor type 2B 0.3375
GDF1 Growth differentiation factor 1 0.3347
SALL4 Sal-like protein 4 0.3306
TBX1 T-box protein 1 0.3188
GATAs5 GATA binding factor 5 0.3164
HIRA Histone chaperone 0.2425

Gene ontology and fold enrichment

Gene ontology enrichment analysis revealed that the biological process (BP) parameters,
including atrioventricular canal development, the cellular component (CC) parameters,
specifically the protein-DNA complex, and the molecular function (MF) parameters related to
transcription regulatory regions, each demonstrated the highest FDR and enrichment pathways
(Figure 5).

GATAG protein 3D structure visualization and domain

The visualization results of the GATAG6 protein, generated using AlphaFold 3, are presented in 3D
animation and a structural image highlighting the specific functional domain (Figure 6A and
6B). The results show the location of 17 nsSNPs and mutant proteins in the GATA6 protein. Seven
structures (Gly15Arg, Ala21Gly, Leu118Phe, Ala178Val, Ser184Asp, and Leu198Val) are located in
the transcription activation domain 1 (TAD1) region, presented in purple in the 3D image (Figure
6A and 6B). Seven other structures (Arg456Cys, Asn466Asp, Alag67Thr, Asn466His, Alag59Thr,
Arga56His, and Thrg52Ala) are located in the zinc finger 2 (ZF2) domain, presented in dark
brown in the 3D image (Figure 6A and 6B). Finally, two structures (Pro555Ala and Ala575Pro)
are located in the nuclear localization signal (NLS) structure, presented in light brown in the 3D
image (Figure 6A and 6B).
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Figure 5. Gene ontology results for the 16 genes were obtained using the DAVID web server. The
categories assessed include biological process (BP), cellular component (CC), and molecular

function (MF).

Identification and assessment of protein consequences in missense mutation
Screening of 680 missense SNPs in the GATA6 gene, based on clinically significant criteria
(benign, likely benign, likely pathogenic, and pathogenic), identified 17 potential SNPs. A
predictive assessment of these SNPs was conducted using the SIFT, PolyPhen-2, MutPred2,
Fathmm, SNP&GO, I-Mutant v2.0, and PON-P2 algorithms to evaluate their impact on the
GATAG6 protein structure (Tables 2—4). The screening results indicate that there were four
reference sequences (rs) of nsSNP with the highest scores and strong potential to cause VSD:
rs387906813 (N466H and N466D), rs387906817 (T452A), rs387906818 (R456C), and
rs387906820 (A467T).

Effect on amino acid mutation in polarity and functional change

Each type of amino acid exhibits distinct properties, characteristics, molecular weights, and
functions. In the present study, mutation prediction tests were performed on protein amino acid
structures, focusing on parameters such as changes in the polarity effects of amino acids,
influenced by the specific amino acid being altered, and functional changes, including hydrophilic
and hydrophobic properties (Table 5). Alterations in polarity effects and functional properties
of amino acids could result in significant protein malfunctions and changes in solubility. Various
mutations, including E68V, N466H, N466D, and R456C, modify amino acid polarity (Table 5).
Among these predictions, four mutations—G15R, A459T, T452A, and A467T—indicate
substantial potential for dysfunction and alterations in solubility within the GATA6 protein

(Table 5).
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Arg456Cys
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Figure 6. (A) Three-dimensional (3D) visualization of the GATA6 protein generated using
AlphaFold 3. (B) Functional domains of the GATAG6 protein identified in this study. NLS: nuclear
localization signal; TAD: transcription activation domain; ZF: zinc finger.

Prediction of amino acid conservation status and multiple sequence alignment
of GATA6 amino acid

Sequence alignment results obtained using the Genome JP web server indicated that amino acid
residues 385—496 in the GATAG protein reside within a conserved region when compared to other
GATA family members and mammalian species, excluding humans (Figure 7A). These results
indicate that amino acid residues 452, 456, 466, and 467, selected based on the screening results
and the highest probabilities from the identification of missense mutations, are located in a
crucial region, particularly as structural and functional units of the GATA6 protein. Mutations in
these four amino acids are predicted to have a strong potential, both molecularly and clinically,
for the occurrence of VSD. ConSurf analysis further demonstrated that specific areas of the
GATAG6 protein are highly conserved across different species, highlighting their functional
significance (Figure 7B). These results explain that the positions of amino acid residues 452,
456, 466, and 467 are part of a crucial domain responsible for the binding between GATAG6 protein
and its target DNA. If mutations occur in these residues, it could disrupt the transcriptional
process of the target DNA for the GATA6 protein, thereby increasing the likelihood of VSD.
Additionally, protein function prediction analysis identified several missense mutations in the
GATAG6 gene that are predicted to have a deleterious impact on protein function. These results
provide evidence that mutations in the GATA6 gene may disrupt its normal function, potentially
leading to the pathogenesis of VSD and other cardiac abnormalities.
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Figure 7. (A) Sequence alignment of the GATA6 protein with other GATA family members in
humans and with the GATAG®6 protein in other species. Red highlights: amino acids 452, 456, 466,
and 467. (B) Results of the functional analysis using the ConSurf web server. The results indicated
that amino acid residues 452, 456, 466, and 467 are conserved.
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< Table 2. Prediction results of non-synonymous single nucleotide polymorphisms (nsSNP) using SIFT, Polyphen-2, and Fathmm web servers

‘_CU No rs number Amino acid change SIFT Polyphen-2 Fathmm

=) Prediction Score Sensitivity Specificity Prediction Prediction Score

5 1 rs116262672 Gi5R Deleterious 1.000 0.00 1.00 Probably damaging | Damaging -5.37
2 rs139666654 A21G Tolerated 0.930 0.81 0.94 Possibly damaging Damaging -4.84
3 rs146243018 P555A Tolerated 0.826 0.84 0.93 Possibly damaging Damaging -4.66
4 rs149569288 A575P Tolerated 0.800 0.84 0.93 Possibly damaging Damaging -4.59
5 15151176879 A459T Tolerated 0.789 0.85 0.93 Possibly damaging Damaging -5.99
6 15185325359 A284G Tolerated 0.733 0.85 0.92 Possibly damaging Damaging -4.74
7 rs200483324 E68V Tolerated 0.736 0.85 0.92 Possibly damaging Damaging -4.82
8 rs368297251 L118F Tolerated 0.998 0.21 0.99 Probably damaging | Damaging -5.44
9 rs387906813 N466H Deleterious 1.000 0.00 1.00 Probably damaging | Damaging -7.29
10 rs387906813 N466D Deleterious 1.000 0.00 1.00 Probably damaging | Damaging -7.13
11 rs387906814 L198V Tolerated 0.877 0.83 0.94 Possibly damaging Damaging -4.85
12 rs387906815 A178V Deleterious 0.991 0.71 0.97 Probably damaging | Damaging -4.72
13 rs387906816 S184N Tolerated 0.001 0.99 0.15 Benign Damaging -5.07
14 rs387906817 T452A Deleterious 1.000 0.00 1.00 Probably damaging | Damaging -7.32
15 rs387906818 R456C Deleterious 1.000 0.00 1.00 Probably damaging | Damaging -7.6
16 rs387906819 R456H Deleterious 1.000 0.00 1.00 Probably damaging | Damaging -7.54
17 rs387906820 A467T Deleterious 1.000 0.00 1.00 Probably damaging | Damaging -6.74

Table 3. Prediction results of non-synonymous single nucleotide polymorphisms (nsSNP) using MutPred2 and I-Mutant v2.0

No MutPred2 I-mutant v 2.0
Score Molecular mechanism Probability p-value pH Temperature | DDG score Interpretation
(Celsius) (kecal/mol)

1 0.640 Altered disordered interface 0.40 0.0043 7 25 -1.45 Decrease stability
2 0.279 - - - 7 25 -1.59 Decrease stability
3 0.136 - - - 7 25 -1.22 Decrease stability
4 0.514 - - - 7 25 0.10 Increase stability
5 0.411 - - - 7 25 -0.90 Decrease stability
6 0.900 - - - 7 25 -0.75 Decrease stability
7 0.199 - - - 7 25 0.49 Increase stability
8 0.688 Loss of helix 0.27 0.05 7 25 -0.68 Decrease stability
9 0.901 Altered metal binding 0.51 0.0047 7 25 -2.25 Decrease stability
10 0.898 Altered metal binding 0.40 0.0084 7 25 -2.07 Decrease stability
11 0.071 - - - 7 25 -0.68 Decrease stability
12 0.245 - - - 7 25 1.18 Increase stability
13 0.146 - - - 7 25 1.26 Increase stability
14 0.859 Altered metal binding 0.24 0.03 7 25 -1.16 Decrease stability
15 0.791 Loss of loop 0.27 0.05 7 25 -0.19 Decrease stability
16 0.733 Altered transmembrane protein 0.19 0.0073 7 25 0.05 Increase stability
17 0.811 Loss of disulfide linkage at C456 0.11 0.04 7 25 -0.87 Decrease stability
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=

< Table 4. Prediction results of non-synonymous single nucleotide polymorphisms (nsSNP) using the SNP&GO and PON-P2 web servers

= No SNP&GO PON-P2

=) Amino acid change Prediction Reliable index score Probability Probability for pathogenicity Prediction

S 1 G15R Disease 2 0.62 0.63 Unknown
2 A21G Neutral 1 0.46 0.31 Unknown
3 P555A Neutral 6 0.22 0.42 Unknown
4 A575P Disease 2 0.61 0.72 Unknown
5 A459T Neutral 5 0.23 0.80 Pathogenic
6 A284G Neutral 9 0.07 0.37 Unknown
7 E68V Neutral 3 0.32 0.31 Unknown
8 L118F Neutral 1 0.44 0.21 Neutral
9 N466H Disease 8 0.91 0.90 Pathogenic
10 N466D Disease 9 0.94 0.78 Unknown
11 L198V Disease 0 0.51 0.24 Neutral
12 A178V Disease 3 0.62 0.55 Unknown
13 S184N Neutral 5 0.25 0.44 Unknown
14 T452A Disease 8 0.88 0.89 Pathogenic
15 R456C Disease 8 0.90 0.98 Pathogenic
16 R456H Disease 7 0.84 0.85 Unknown
17 A467T Disease 8 0.91 0.89 Pathogenic

Reliable index score indicates how strong association of SNP with a phenotype or function. Score 0—2: very low reliability and confidence; score 3—4: low reliability and confidence;
score 5—6: moderate reliability and confidence; score 7—8: high reliability and confidence; and score 9—10: very high reliability and confidence.

Table 5. GATA6 amino acid mutations and their effects on polarity and functional changes

No Mutation Effect in polarity Change in polarity Functional change

1 Gi15R Non-polar to basic polar Yes Hydrophobic to hydrophilic
2 A21G Non-polar to non-polar No Hydrophobic to hydrophobic
3 P555A Non-polar to non-polar No Hydrophobic to hydrophobic
4 As575P Non-polar to non-polar No Hydrophobic to hydrophobic
5 A459T Non-polar to polar Yes Hydrophobic to hydrophilic
6 A284G Non-polar to non-polar No Hydrophobic to hydrophobic
7 E68V Acidic polar to non-polar Yes Hydrophilic to hydrophilic

8 L118F Non-polar to non-polar No Hydrophobic to hydrophobic
9 N466H Polar to basic polar Yes Hydrophilic to hydrophilic
10 N466D Polar to acidic polar Yes Hydrophilic to hydrophilic
11 L198V Non-polar to non-polar No Hydrophobic to hydrophobic
12 A178V Non-polar to non-polar No Hydrophobic to hydrophobic
13 S184N Polar to polar No Hydrophilic to hydrophilic
14 T452A Polar to non-polar Yes Hydrophilic to hydrophobic
15 R456C Basic polar to polar Yes Hydrophilic to hydrophilic
16 R456H Basic polar to basic polar No Hydrophilic to hydrophilic
17 A467T Non-polar to polar Yes Hydrophobic to hydrophilic
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Functional classification, variant conservation, and variant stability change
score of GATAG6 protein

The results of the functional classification test on the GATA6 protein indicate that the T452A,
R456C, N466D, N466H, and A467T mutations are structurally critical (Figure 8A). The results
from the variant conservation score parameters indicate that the mutations in the amino acids
T452A and R456C have a score of -14, N466D has a score of -8, and A467T has a score of -12.
These scores suggest that these mutations are detrimental to the structure and function of the
GATAG6 protein because they are located in a conserved domain (Figure 8B). The variant
stability change score results indicate that the mutation in amino acid residue T452A has a score
of -14, R456C has a score of -12, N466D has a score of -4, N466H has a score of -6, and A467T
has a score of -8. Therefore, the T452A mutation has a strong potential to cause changes in the
stability of the GATAG6 protein (Figure 8C).
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Figure 8. Functional classification, variant conservation and stability change scores between wild
type (WT) vs mutation of GATA6. (A) Functional classification of GATA6 protein wild type (WT)
vs mutation. Green: tolerant (variant) or wild type-like (residue); blue: stable-but-inactive
(variant) or functionally relevant (residue); red: structurally critical (variant) or total loss
(residue). (B) Variant conservation score of GATA6 protein WT vs mutation. Green: tolerant
(variant) or wild type-like (residue); blue: stable-but-inactive (variant) or functionally relevant
(residue); grey: class not assigned (residue); yellow: wild type amino acid; light-shaded variants:
non-detrimental; dark-shaded variants: detrimental. (C) Variant stability change score of GATA6
protein WT vs mutation. Grey: class not assigned (residue); yellow: wild type amino acid; light-
shaded variants: non-detrimental; dark-shaded variants: detrimental.

Protein modeling of GATAG in the conserved area

Protein modeling of GATA6 focuses on the functional domain region (amino acids 385—496)
because this domain is conserved and plays a crucial role as the zinc finger 2 domain, which
facilitates the binding between the transcription factor GATA6 and its target DNA (Figure 9).
Validation testing of the GATA6 protein domain is necessary to assess whether the modeled
protein in its tertiary folding closely approximates its natural structure. This test is considered
valid if the Ramachandran plot score for residues in the most favored region is greater than 90%.
Validation of this model demonstrated a score of 94.6% for residues in the most favored region,
confirming its validity (Figure 9).
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Figure 9. Ramachandran plot results and GATA6 protein modeling. Ramachandran plot results
assessing the quality of GATAG6 protein modeling, with a score of 94.6%. Insert showed the results
of GATAG protein modeling in the conserved and functional domain (amino acids 385-496) using
AlphaFold 3 protein modeling.

Molecular dynamics simulation

The results of the molecular dynamics simulation over 50 ns between the GATA6 wild type
protein and its mutants indicate changes in conformation and flexibility (Figure 10). These
results suggest that mutations at amino acid residues 452, 456, 466, and 467 affect the
conformation and flexibility of the GATA6 protein. Measurements of the aggregation score
between the GATA6 wild-type protein and its mutants showed that mutations at amino acid
residues 452, 456, 466, and 467 have higher aggregation scores compared to the wild type,
indicating that these mutations increase the GATA6 protein susceptibility to aggregation.

The energy difference score measurements between the GATA6 wild type and mutants reveal
that the N466D mutation has a negative effect, reducing protein stability, while the T452A,
R456C, N466H, and A467T mutations have a positive effect, increasing the stability of the GATA6
protein (Table 6). The results of root mean square deviation (RMSD) from the molecular
dynamics simulation indicate that the average RMSD value for the GATA6 mutant protein is
lower than that of the wild type, with the R456C mutation having the lowest value (Figure 11A-
E). The root mean square fluctuation (RMSF) parameter indicates fluctuations in amino acid
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residues between the GATA6 mutants and the wild-type. The results show that the A467T and
R456C mutations have higher fluctuations compared to the wild type (Figure 11F-J).

The calculation of the radius of gyration (Rg) shows that two mutations (R456C and N466D)
have a higher average Rg than the wild-type, while two mutations (T452A and N466H) have a
lower average value than the wild type, and one mutation (A467T) has an average value equal to
the wild type (Figure 12A-E). These results indicate changes in the compactness during the
molecular dynamics simulation of the GATA6 protein mutants. The calculation of the number of
hydrogen bonds shows no significant difference between the GATA6 mutants and the wild type
(Figure 12F-J). This indicates that mutations at amino acid residues 452, 456, 466, and 467 do
not alter the hydrogen bonds within the secondary structure of the GATAG6 protein.

Table 6. Average aggregation score and energy difference of GATA6 protein between wild type
versus five mutations

GATAG6 protein Average protein solubility Energy difference between wild type
score vs mutated protein

Wild type -0.8512 0 kcal/mol

T452A -0.8446 0.407 keal/mol

R456C -0.7852 1.11 keal/mol

N466D -0.8406 -0.66 kcal/mol

N466H -0.8504 0.197 kcal/mol

A467T -0.846 1.019 keal/mol

A /\
d\'f‘

Figure 10. Results of the molecular dynamics simulation of GATAG6 protein after 50 ns: (A) wild
type vs T452A, (B) wild type vs R456C, (C) wild type vs N466H, (D) wild type vs N466D, and (E)
wild type vs A467T.
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Figure 11. The results of root mean square deviation (RMSD) (A-E) and the root mean square
fluctuation (RMSF) (F-J) of GATAG6 protein after 50 ns simulation. RMSD of (A) wild type vs
T452A; (B) wild type vs R456C; (C) wild type vs N466H; (D) wild type vs N466D; (E) wild type
vs A467T. RMSF of (F) wild type vs T452A; (G) wild type vs R456C; (H) wild type vs N466H; (I)
wild type vs N466D; (J) wild type vs A467T.
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Figure 12. The results of GATA6 protein radius of gyration (Rg) (A-E) and GATA6 protein
hydrogen bonds (F-J) after 50 ns simulation: (A) wild type vs T452A; (B) wild type vs R456C; (C)
wild type vs N466H; (D) wild type vs N466D; (E) wild type vs A467T. Number of hydrogen bonds
(F) wild type vs T452A; (G) wild type vs R456C; (H) wild type vs N466H; (I) wild type vs N466D;
(J) wild type vs A467T.
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Discussion

The GATAG gene is a member of the GATA family of zinc finger transcription factors, located on
chromosome 18q11.1-q11.2 [39]. It plays a crucial role in regulating cell differentiation and
organogenesis across the three primary germ layers: endoderm, ectoderm, and mesoderm, with
a particular emphasis on cardiac development [40,41]. The presence of SNPs in this gene may
clinically increase the risk of genetic disorders, including congenital heart diseases such as atrial
septal defect (ASD), VSD, atrioventricular septal defect (AVSD), conotruncal heart
malformations, and tetralogy of Fallot, as well as syndromic pancreatic agenesis and heart rhythm
disturbances, such as atrial fibrillation [11].

Our study found 16 proteins linked through protein-protein interaction network analysis,
and this protein interaction network was involved in the formation of the atrioventricular septum,
the proliferation and differentiation of cardiac muscle cells, and the development of the
ventricular septum. GATA6 protein is the most important role within this 16 protein-protein
interaction network. The GATAG6 interactions demonstrate considerable strength and act as a
central hub within the network [42]. Gene ontology analysis revealed that these 16 proteins were
involved in the formation of the atrioventricular septum, the proliferation and differentiation of
cardiac muscle cells, and the development of the ventricular septum [43].

The essential roles of GATA4 and GATA6 in the precise regulation of heart formation
processes are supported by findings from the protein-protein interaction network analysis and
corroborated by in vivo studies conducted on rat fetuses [44]. Inactivation or mutations in these
two genes have been shown to lead to congenital heart disease and result in lethality in fetuses
[44,45]. Mutation testing of the GATA6 in rat embryos revealed a failure in the formation of
neural crest-derived smooth muscle cells within blood vessels [46]. Defects in the morphogenesis
of the ventricular septum were observed in heart progenitors, leading to congenital heart defects
such as truncus arteriosus and VSD [41].

The interaction between the T-box transcription factor 5 (TBX5) protein and GATA family
transcription factors constitutes a crucial biomolecular process for heart morphogenesis [47]. In
patients with CHD, mutations in the GATA and TBX5 are known to disrupt this interaction [48].
Haploinsufficiency of GATA4 and TBX5 results in two significant defects during the
morphogenesis process: the formation of the atrioventricular septum and myocardial
development [49]. In contrast, haploinsufficiency of GATA6 and TBX5 leads to mild defects in
myocardial development [50]. Additionally, genome-wide association study revealed interactions
among the GATA, Nkx2.5, and TBX5 genes in heart formation, indicating that mutations within
this complex interaction can result in congenital heart defects [15].

Our in silico analysis of 680 missense SNPs identified four potential SNPs with the highest
likelihood of causing VSD: rs387906813, rs387906817, rs387906819, and rs387906820. These
SNPs were evaluated using the SIFT, PolyPhen-2, and Fathmm web servers, which predicted
them to be harmful and damaging to their respective amino acid products due to DNA base
alterations. The MutPred2 web server elucidated mechanisms underlying the predicted
detrimental properties of these SNPs, including disrupted metal binding, loss of loop structure in
amino acids, and loss of disulfide bonds in the GATAG6 protein [28]. The DNA base changes and
subsequent disruptions in amino acid production contribute to the decreased stability of the
GATAG protein, as assessed by I-Mutant v2.0 software in the present study. Screening with the
SNP&GO and PON-P2 web servers indicated that these SNPs are pathogenic and may lead to
disease [31,51].

The identified missense SNPs in the GATAG6 result in substitutions that alter the produced
amino acids: threonine is replaced by alanine at amino acid 452, arginine is replaced by cysteine
at amino acid 456, asparagine is substituted with aspartic acid and histidine at amino acid 466,
and alanine is replaced by threonine at amino acid 467 [52]. These substitutions could modify the
polarity of the amino acids, potentially impacting the functional structure of the GATA6 protein
and reducing its stability and effectiveness in interacting with target genes [24,53,54].

Functional prediction using the ConSurf web server evaluated the changes in these five non-
synonymous SNPs and their resulting amino acid residues, revealing that these reference
sequences reside in highly conserved and exposed regions [33,55,56]. Multiple sequence
alignment tests across the six GATA protein families and four mammalian species, in addition to

Page 19 of 24



D
(S
=
S
<
‘©
=
>
‘=
O

Hidayat et al. Narra ] 2024; 4 (3): e1344 - http://doi.org/10.52225/narra.v4i3.1344

humans, confirmed that these amino acid residue changes occur in conserved regions that are
integral to the functional residues of the GATAG6 protein [57]. Notably, amino acid residues 452,
456, 466, and 467 are part of the zinc finger domain of the GATA6 protein, which binds to the
DNA target gene at the enhancer region and serves as a crucial domain for protein-protein and
GATA®6 protein-DNA interactions [52,58]. These findings suggest that mutations within these
conserved regions and the zinc finger domain of the GATA6 gene may lead to functional
disruptions, potentially contributing to the development of ventricular septal defect [59].

Our molecular dynamics simulation on the zinc finger domain and functional residues of the
GATAG6 protein, with a focus on the RMSD parameter, indicated that the wild type protein
stabilized after 5 ns. In comparison, the mutations T452A, R456C, N466H, and A467T exhibited
lower RMSD values than the wild type, indicating structural instability [60]. The Rg values
revealed that the R456C and N466D mutations had higher Rg values than the wild type after 3
ns, suggesting a reduction in the compactness of the GATA6 protein [61]. Conversely, the T452A
and N466H mutations had lower Rg values than the wild type, indicating that these mutations
increased the compactness of the GATAG6 protein [62].

In the present study, the RMSF parameter demonstrated that the A467T mutation exhibited
the highest residue fluctuation compared to the wild type and other mutations, resulting in
significant flexibility. These findings suggest that mutations within this domain lead to overall
denaturation and reduced compactness of the GATA6 protein relative to the control, adversely
affecting its function and structure [63-65]. Solubility tests in the present study further supported
these results, revealing that all five mutations displayed lower solubility values than the control.
Notably, the R456C (rs387906818) and A467T (rs387906820) mutations showed a propensity
for instability and increased GATAG6 protein aggregation [37]. This aggregation is attributed to
alterations in amino acid types, as well as changes in polarity (from basic polar to polar and from
non-polar to polar) and functional properties (from hydrophilic to hydrophobic) [66,67]. These
alterations impact the secondary folding structure of the protein, initially exposing it to water—a
crucial characteristic for biological function—but subsequently rendering it permeable to water,
thereby disrupting the protein's secondary structure [68]. This disruption increases the solubility
value of the protein and promotes protein aggregation [69,70]. The discovery of structural
disruptions due to changes in polarity properties, structural instability, reduced compactness,
increased denaturation, and increased aggregation, along with the position in important protein
domains (zinc finger domain), in silico tests of mutant GATAG proteins, leads to a decrease in the
physiological performance or function of GATA6 protein [771]. This disruption primarily occurs in
the GATA6-GATA4 interaction pathway, which works synergistically to enhance signal
transduction, control the onset of cardiac myocyte differentiation through the Wnt/p-catenin-
independent pathway and atrial natriuretic factor protein that initiates the heart field marker,
resulting in the activation of the GATAj5 transcription factor and triggering the process of
cardiomyocyte cell differentiation and proliferation [46,72,73]. Ultimately, mutations at these
residues result in loss of function of the GATAG6 protein, influencing the transcription, translation,
and regulation of cardiogenesis factor proteins and affecting proliferation and differentiation in
cardiomyocyte cells [74].

In this study, comprehensive in silico testing showed that GATAG6 plays a central role in the
protein-protein interaction network, and mutations in this protein's functional domain are
significant in the process of VSD occurrence. However, this testing was conducted using
computational approaches, some conditions in the complex body systems were not considered,
such as the role of transport proteins, interactions with the target DNA of the GATAG6 protein, and
the role of cell membranes, among others. Therefore, further in vivo, in vitro, and clinical tests
should be conducted to provide a detailed explanation of the molecular mechanisms involved in
a more complex system.

Conclusion

GATAG6 protein plays a crucial and central role in cardiac organogenesis, particularly in the
formation of the atrioventricular canal of the heart. The screening for pathogenic nsSNPs,
coupled with assessments of GATA6 mutation characteristics, structural and polarity changes,
and the properties of amino acids in the GATA6 protein, identified four potential SNPs:
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rs387906813, rs387906817, rs387906818, and rs387906820. Further analyses, including
functional domain analysis, multiple sequence alignment, and molecular dynamics simulations,
identified two SNPs—rs387906818 and rs387906820—as having the potential to cause VSD.
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