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Breast cancer (BC) is the main cancer in women having multiple receptor based tumour subtypes. Large

scale genome sequencing studies of BC have identified several genes among which GATA3 is reported

as a highly mutated gene followed by TP53 and PIK3CA. GATA3 is a crucial transcription factor, and was

initially identified as a DNA-binding protein involved in the regulation of immune cell functions. Different

missense mutations in the region of the DNA-binding domain of GATA3 are associated with BC and

other neoplastic disorders. In this study, computational based approaches have been exploited to reveal

associations of various mutations on structure, stability, conformation and function of GATA3. Our

findings have suggested that, all analysed missense mutations were deleterious and highly pathogenic in

nature. A molecular dynamics simulation study showed that all mutations led to structural destabilisation

by reducing protein globularity and flexibility, by altering secondary structural configuration and

decreasing protein ligand stability. Essential dynamics analysis indicated that mutations in GATA3

decreased protein mobility and increased its conformational instability. Furthermore, residue network

analysis showed that the mutations affected the signal transduction of important residues that potentially

influenced GATA3-DNA binding. The present study highlights the importance of different variants of

GATA3 which have potential impact on neoplastic progression in breast cancer and may facilitate

development of precise and personalized therapeutics.

1. Introduction

Breast cancer (BC) is the main leading cancer, diagnosed more

commonly among women worldwide. It arises from a terminal

ductal lobular unit within the breast.1 Over the past decade,

there has been increasing trends in the incidence of breast

cancer. The recent GLOBOCAN, 2018 published by IACR

(International Association of Cancer Registries) estimates inci-

dence of 11.6% with mortality of 6.6% of total cancer cases

worldwide irrespective of gender and age.2 Various factors such

as increasing age, hormonal factors such as hyperestrogenic

exposure of the body in the form of a long menstrual life due to

early menarche and late menopause, nulliparity, limited/no

breastfeeding, more use of contraceptive pills, etc. have been

associated with increased risk of breast cancer.3 It may also

develop due to accumulation of somatic mutations which

affects �85% of women having no family history of the disease

(https://www.breastcancer.org/). Thousands of mutations that

contain small insertions/deletions or indels in various studies

have novel genes involved in the breast cancer development.4

Whole exome sequencing studies suggested that �10% of

mutations were found in p53 (TP53), GATA3 and

phosphoinositide-3-kinase (PIK3CA) genes that acts as muta-

tion driver genes in BC.5 Among them, GATA3 is an important

gene as it plays dual roles in both development and

oncogenesis.6

GATA gene encode proteins having less conserved trans-

activation domain and two highly conserved zinc nger DNA

binding domains, which recognise consensus sequence 50 [A/T]

GATA [A/G] 30 in the DNA.7 GATA family binding proteins are 6

members (from GATA1 to GATA6), identied as a regulator of

immune cell lineage and each member have an organ specic

function which regulate the fate of cell speciation.8 GATA3

involves in development of kidney, breast, T-lymphocytes,

central nervous system and erythrocytes. Overexpression of

GATA3 is associated with pancreatic carcinoma, Hodgkin's

lymphoma and esophageal carcinoma and its under-expression

may be associated with clear renal cell carcinoma and cervical
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cancer.9–11 However, both over and underexpression of GATA3

has been observed in BC.12 GATA3 is mutated in �5% of

sporadic and �13% of familial breast tumors. It regulates

different pathways involved in breast cancer via recruitment

and interaction with other co factors such as FOXA1 and ERa.13

GATA3 targets mammary gland and facilitates differentiation of

luminal epithelial cells. The expression of GATA3 is linked with

subtypes of BC with higher expression observed in the luminal A

and luminal B subtypes.14 In breast carcinoma, patient diag-

nosed with the higher expression of GATA3 shows good prog-

nosis in comparison to lower GATA3 expression.

Mutations at both N and C ngers also known as zinc nger

domains were reported in HDR (hypoparathyroidism, deafness

and renal dysplasia) patients where protein fail to bind with

DNA and other cofactor such as FOG2.15,16 Interestingly, in BC

cases, most of the mutations were centred at C nger domain of

GATA3.17,18 Experimental studies have suggested that frameshi

mutation in this domain lead to loss of DNA binding that result

in reprogramming of transcription network.19 Moreover, non-

synonymous missense mutations occurred at both N and C

nger domains may be have been more deleterious and leads to

worst prognosis. Molecular consequences of these non-

synonymous missense mutations of GATA3 have never been

investigated in details. In the present study, we have adopted

computational methods to explore structural and functional

effect of human GATA3 reported missense mutations in BC and

other associated disorders. Pathogenicity of different variants

were predicted through multiple tools and structural and

conformational studies were elucidated through molecular

dynamics (MD) simulation, followed by residues network

analysis. We found that all reported missense mutations were

highly pathogenic, caused structure destabilisation, altered

protein secondary properties and conformation and also

affected residues network topology.

2. Materials and methods
2.1 Dataset collection

Protein sequence of human GATA3 was obtained from UniProt

(Id: P23771).20 The nonsynonymous missense mutations such

as W275R (tryptophan275 to arginine), C318R (cysteine318 to

arginine), N320K (asparagine320 to lysine) and L344F

(leucine344 to phenylalanine) were obtained from previous

experimental studies15–17 and these mutations were further

conrmed by dbSNP database (https://www.ncbi.nlm.nih.gov/

snp/) of NCBI (National centre for biotechnology information).

2.2 Nonsynonymous SNPs annotations

Pathogenicity of various missense mutations were predicted by

Predict SNP server, which host about 7 SNP prediction tools

(Predict SNP, SNP&GO, MAPP, PhD-SNP, Polyphen2, SIFT and

SNAP) in a common web interface.21 Each tool caters results as

their expected condence in the range between 0–100%. Predict

SNP rely on the condence score of an individual tool and the

maximum tally of transformed condence score is used to

develop a common consensus classier. All tools have been

individually described in our previous study.22 Pathogenicity of

above mutations were also predicted from PANTHER, PROVEN,

FATHMM and Mutation Assessor servers. PANTHER is Protein

analysis through evolutionary relationships, predict functional

impact of missense variants on the basis of position-specic

evolutionary preservation (PSEP). It estimates length (millions

of years) of a variant that has been preserved in the protein and

provides output as a probably damaging with threshold of 450

my (million year). The longer a variant has been conserved, the

more expected that variant has damaging effect.23 PROVEAN is

protein variation effect analyser that measures the impact of

substitution of residue on the biological function of protein as

either neutral or deleterious. The prediction is based on the

changes, caused by given variations, in the similarity of query

sequence to a set of its related protein sequences. It computes

score with a threshold value �2.5.24 FATHMM is Functional

analysis through hidden markov models, based on the muta-

tion dataset reported in various database such as CanProVar,

UniProt and used for both coding as well as non-coding variants

to predict functional consequences, gives score with prediction

threshold of �0.75.25 And, Mutation Assessor, attributes classes

of SNPs on the footing of functional impact of amino acid

substitution as neutral, low, medium or high. Its impact

calculated on the basis of evolutionary conservation of poly-

morphic variants in protein homologs.26 Furthermore, stability

and functional impact of different mutants were assessed

through MutPred and I-Mutant2 tools as described previously.22

2.3 Protein 3D structures preparation and validation

3D structure of GATA3 in complex with DNA is available at PDB

(Id: HC7).27,28 Non-protein molecules were removed by PyMOL

and structure was represented as wildtype (WT) GATA3.

Mutants (MTs) of GATA3 were prepared by replacing the target

amino acid residues (W275R, C318R, N320K and L344F) in

protein sequences and 3D structures were modelled through T-

TASSER server.29 Briey, aer the submission of amino acid

sequence, I-TASSER retrieves template from the PDB library by

using LOMETS (locally installed meta-threading) approach.30

The aligned region reassembled into full lengthmodels through

replica-exchange Monte Carlo simulations while the unaligned

regions built by an ab initio modelling. It generated series of

models (5 in most of cases) where the quality of predicted

models is based on the account of C- and TM-scores. C-score lies

in the range of �5 to 2, higher score signies more condence

and TM score which shows the closest structural similarity and

higher the TM score ($0.5) higher the structural similarity

between template and model. Protonation of residues is not

deal by homology modelling. Therefore, we have used H++

server for missing hydrogen and maintain protonated states of

delta and epsilon nitrogen of histidine residues.31

Further, structural similarity between templates and gener-

ated models were examined by calculating the RMSDs (root

mean square deviation) between them. All structures (WT and

MTs) were validated by estimating their geometry and stereo-

chemical properties through SAVES server.32 Qualities of all the

structures were also validated through ProSA (Protein Structure

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 39640–39653 | 39641
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Analysis) and Q-MEAN (Qualitative Model Energy Analysis) web

servers.33,34

2.4 Molecular dynamics simulation

All structures (WT, W275R, C318R, N320K and L344F) were

subjected to atomistic molecular dynamics simulation by

GROMACS 5.0. in conjunction with AMBER03 force eld.35,36 At

rst, topology les were prepared using pdb2gmx by placing the

structures in cubic box and maintained the periodic boundary

distance of 1.2 nm from the edge of protein to the wall of box.

All protein systems were solvated with TIP3P water model and

neutralized by sodium and chloride ions. Aer that, systems

were energy minimised by steepest-descent method. NVT and

NPT equilibration simulations were performed for 100 and 500

ps, respectively using positional restrains. All bonds were

restrained by LINCS algorithm and long range electrostatic were

maintained by PME (Particle Mesh Ewald) method. Tempera-

ture and pressure of 300 K and 1 bar were maintained using v-

scale (modied Berendsen thermostat) and Parrinello-Rahman

barostat, respectively. Finally, production simulations of 100 ns

were performed for all the systems.

2.5 Principle component and free energy landscape analyses

Principle components analysis (PCA) also known as essential

dynamics was conducted to obtained the major motions during

MD simulation that are signicant to the biological function of

a given protein.37 Aer removing the translational and rota-

tional motions, the covariance matrix was constructed and

diagonalized which generated a set of eigenvectors with corre-

sponding eigenvalues.38 PCA were restricted to backbone atoms

and utilised the stabilised MD simulation trajectories with PCs

having low cosine values (#0.2).39 Free energy landscape (FEL)

analyses were performed by taking the reaction coordinates of

PC1 and PC2 from the respective systems.

2.6 Residues network and interaction analyses

Residue interaction network (RIN) was used to understand the

impact of missense mutations on structure and function of

proteins. RIN was constructed from represented structures of all

proteins. Initially, MD optimized protein structures for each

system were used to predict the interaction network by RING

server 2.0 (residues interaction network generator) and ob-

tained networks were visualized in Cytoscape3.4 plugin with

RINalyzer.40,41 Network centrality in residue–residue interaction

network were constructed through weighted graph theory where

residues represented the nodes and weights denoted the

number of hydrogen bonds between the residues. Furthermore,

betweenness centrality was calculated to identify the central

node using Brandes algorithm.42 Additionally, different types of

physico-chemical interactions or bonding such as hydrogen

bonds, van der Waals and ionic interactions involved inWT and

MT proteins were also studied in which residues were repre-

sented as node and interactions between the residues were

denoted as edges in RIN.43

2.7 Analysis

Most of the analyses were performed in GROMACS suite.

Secondary structures were obtained through DSSP (dictionary of

secondary structure of protein) method using do_dssp

module.44 PCA and FEL were analysed by gmx analyze, gmx

anaeig and gmx sham modules of GROMACS package. All 3D

structures of protein for visualizations were rendered in PyMOL

(The PyMOL Molecular Graphics System, Version 1.3 Schro-

dinger, LLC) and UCSF chimera (Computer Graphics Labora-

tory, University of California, San Francisco).

3. Results
3.1 Pathogenicity prediction of various mutants

Protein sequence of WT GATA3 was taken from Uniprot data-

base (P23771) and sequence of different mutants (W275R,

C318R, N320K and L344F) were created by replacing trypto-

phan273 with arginine (W275R), cysteine316 with arginine

(C318R), aspargine318 with lysine (N320K) and leucine342 with

phenylalanine (L344F) in the WT protein sequence. Sequence

based pathogenic prediction of different MTs were monitored

through Predict SNP server and found that all MTs were dele-

terious and diseased with high prediction rate (ESI Table S1†).

Predict SNP predicted that all MTs were deleterious with

prediction rate ranged from 76% (minimum) for C318R and

N320K MTs to 87% (maximum) for W275R and L344F MTs.

Similar results were also observed when using other tools such

as MAPP, PhD-SNP, Polyphen, SIFT, SNAP and SNPs&GO, which

predicted all variants as deleterious and had deceased pheno-

type with prediction rate ranging from 59% to 89% (ESI Table

S1†). Further, impact and pathogenicity of all variants were also

monitored through PROVEN, Mutation Assessor, FATHMM and

PANTHER-PSEP tools, which showed all MTs were deleterious,

high impact, cancer causing and probably have damaging effect

(ESI Table S2†).

3.2 Functional impact of variants and 3D structure

modelling

Structural and functional impacts of various MTs were exam-

ined through I-mutant and MUpro servers and found that all

MTs have decreased structural stabilities. DDG < 0 or > 0 deno-

ted decreased and increased stabilities. W275R, C318R and

N320K MTs exhibited �1.78, �0.62 and �0.19 of DDG which

Table 1 Stability analysis of different GATA3 variants

I-Mutant MUpro

Variant DDGa Stability DDGa Stability

W275R �1.78 Decrease �1.1046698 Decrease

C318R �0.62 Decrease �0.56893866 Decrease

N320K �0.19 Decrease �1.1932192 Decrease

L344F 0.11 Decrease �0.66260087 Decrease

a
DDG ¼ Free energy change.
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were <0, indicated decreased stabilities (Table 1). Similar results

were also observed in MUpro tools where all MTs were having

low stabilities (Table 2). Different structural deformations were

found due to different variants where loss of stabilities and

alterations in the protein structures were existed with high

probabilities (Table 1).

Effects of various mutations on the structure and confor-

mation of GATA3 were elucidated at 3D structural level by

structural modelling and MD simulation. 3D structure of

GATA3 was taken from PDB as described in method and 3D MT

models were generated through I-TASSER server. PDB structure

of GATA3 consists of N-nger domain on the N-terminal side, C-

nger domain on C-terminal and a linker which connected

both N and C nger domains (also known as Zn nger

domains). N-nger domain consists of single a-helix, 2 b-sheets

and short N-terminal anking region.27 While C nger domain

consists of single a-helix, 2 b-sheets and long C-terminal

anking region known as C-tail (Fig. 1A). W275R mutation

was found in the boundary of rst b-sheet of N nger domain

while all other mutations (C318R, N320K and L344F) were lied

at or near to b-sheets and a-helix of C nger domain (Fig. 1A).

All MT models along with WT were validated through different

structure validation tools. Initially, validations of all MT models

were performed by superimposing the generated models with

reference templates and measured the RMSDs between them.

We have obtained 1.2, 1.1, 1.5 and 1.6 Å values of RMSD of

W275R, C318R, N320K and L344F MTs models, respectively

when aligned with their reference templates which demon-

strated that structural qualities of MT models were almost

overlapped with template structures (ESI Fig. S1 and Table S3†).

Further, stereochemical properties of WT and MTs were exam-

ined through inspection of dihedral angles in Ramachandran

plot and found that all WT and MTs exhibited high percentage

of residues to be placed in favoured and allowed regions (ESI

Table S3†). ERRAT, ProSA and QMEAN results suggested that

WT and MTs have better 3D structure qualities. WT and MTs

were further proceeded for all atomic MD simulation.

Fig. 1 Structure and MD simulation. (A) Tertiary structure of GATA3, (B) root mean square deviation of backbone atoms of GATA3 protein and (C)

root mean square fluctuation of backbone atoms of GATA3 protein. Tertiary structure of GATA3 was shown in cartoon mode and mutant

residues were displayed in stick mode. Different domains of GATA3 were also shown in figure. WT, W275R, C318R, N320K and L344F MTs were

labelled in black, red, green, blue and magenta lines in 2D graphs, respectively.

Table 2 Functional annotation of different GATA3 variants

Variant

MutPred2

MutPred2 score Molecular consequences Probability P-value

W275R 0.874 Gain of intrinsic disorder 0.42 6.0 � 10�3

Altered transmembrane protein 0.11 0.03
Altered stability 0.10 0.04

C318R 0.938 Gain of intrinsic disorder 0.38 0.01

Altered disordered interface 0.32 7.0 � 10�3

Altered transmembrane protein 0.16 0.01

N320K 0.869 Altered disordered interface 0.21 0.03

Altered transmembrane protein 0.16 0.01

L344F 0.841 Altered ordered interface 0.24 0.04
Altered transmembrane protein 0.10 0.05

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 39640–39653 | 39643
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3.3 Destabilisation of GATA3 mutants (MTs)

Prior to investigate the stabilisation effects of different MTs

(W275R, C318R, N320K and L344F) along with WT, minimum

energies of all the respective WT and MT systems were moni-

tored through gmx energy module of Gromacs. WT, W275R,

C318R, N320K and L344F MTs exhibited �798 138, �798 688,

�798 571, �798 557 and �797 937 kJ mol�1, respectively of

potential energies (ESI Fig. S2A†). Minimum energy values for

all the systems were obtained suggesting that all systems were

stabled and can be proceeded for further analysis. The overall

structural stabilities of WT and all MTs have been assessed

through measuring the RMSD (root mean square deviation) of

protein backbone. RMSD of WT and all MTs were stabilised

aer 70 ns of simulation period (Fig. 1B). The RMSD of WT,

W275R, C318R, N320K and L344F MTs exhibited average values

�1.63, �1.95, �1.53, �1.79, and �1.64 nm, respectively. High

RMSD values of W275R, N320K and L344F MTs as compared to

WT and C318R MT indicating the destabilisation of GATA3

proteins upon these mutations. Further, we examined the

protein exibility at residues levels of WT and all MTs by

calculating RMSF (root mean square uctuation). The varia-

tions in the RMSF pattern and values suggested that WT and

MTs displayed similar exibilities except b-bridges of N and C

nger domains, linker region, and C-tail of GATA3 (Fig. 1C).

RMSFs of WT and L344F were higher at both b-bridges and

linker regions with average values $1.5 nm as compared to the

rest of MTs. Deeper inspection at these regions suggested that

residues 26–29 (N nger domain), Ser303, Arg306 and Arg312

(linker), Ala332 and Asn333 (C nger domain) remained to be

highly exible in WT and L344F (Fig. 1C). However, as expected

�15 residues spanned at C-tail region remained uctuated in

WT and all MT proteins with RMSF values $1.6 nm. C-tail of

GATA3 is an extreme C-terminal anking region which tend to

be more exposed on surface with high mobility. Flexibilities of

b-bridges and linker of GATA3 is necessary as these regions were

assisted in binding with double standard DNA or ligand.27

RMSF results of WT and MTs were articulated, MTs (W275R,

C318R, N320K) became rigid and less exible, resulted unstable

3D structure conguration of GATA3 as compared to WT and

L344F MT.

Size and structural compactness of protein upon different

mutations were measured through Rg (radius of gyration) at

function of time. Rg of WT and C318R were stabilised aer �78

and �65 ns time, while Rg of W275R, N320K and L344F MTs

showed equilibration aer �50 ns (ESI Fig. S2B†). Rg values of

WT, W275R, C318R, N320K and L344F MTs were �2.10, �1.65,

�1.94, �1.98, and �1.87 nm, respectively. All MTs displayed

less Rg than WT, indicating that all MTs decreased the

compactness of GATA3 protein. To further explore the structure

compactness, we measured the distance between N- and C-

terminals of WT and MTs. In GATA3 protein, two residues

at N and C-terminal positions were serine, therefore we have

measured the carbon a distance of these two serine residues by

gmx distance script of Gromacs. N- and C-terminal distance

were maintained aer �75 ns in WT and �90 ns in all MTs (ESI

Fig. S3A†). Moreover, the average distance between N- and C-

terminals were �4.16, �2.77, �3.77, �3.78 and �3.37 nm in

WT, W275R, C318R, N320K and L344F, respectively. Distance

between N- and C-terminals were reduced in all MTs as

compared to WT, resulted decrease in the compactness of

protein. Rg analyses demonstrated that structural compactness

and globularity of GATA3 were reduced upon different muta-

tions. RMSD, RMSF and Rg analyses cumulatively suggested,

mutations in the zinc or N and C nger domains of GATA3 led to

3D structures destabilisation that may inuence the GATA3–

DNA interaction.

3.4 Structural properties analyses

Structural properties of various MTs and WT were elucidated by

measuring the SASA (solvent accessible surface area), by

monitoring the pattern of secondary structures formation, and

by calculating the intra and inter H-bonding (hydrogen

bonding) during MD simulation. SASA is a crucial parameter for

determining the protein conformation in water and provide the

areas exposed to solvent molecules by mediating the interac-

tions through hydrophobic and hydrophilic residues.22 Total

SASA of WT and MTs showed uctuations at the starting of MD

simulation, as simulation proceed it came down and stabilised

till the end of simulation period (ESI Fig. S3B†). Similar results

were also observed in hydrophobic SASA (ESI Fig. S3C†), but

hydrophilic SASA showed variations W275R, N320K and L344F

Fig. 2 Secondary structural properties analyses of GATA3. (A) Total, hydrophobic and hydrophilic SASA of WT and MTs and (B) secondary

structures formation during MD simulation. Refer Fig. 1 for different colour codes for WT and MTs.
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MTs as compared to WT (ESI Fig. S3D†). The average values of

total SASA were 97.13, 91.17, 94.30, 99.57 and 92.71 nm2 in WT

and W275R, C318R, N320K and L344F MTs, respectively

(Fig. 2A). Lower values of total SASA in W275R, C318R and

L344F MTs as compared to WT accompanied by the reduction

of hydrophilic SASA. W275R, C318R and L344F MTs exhibited

56.96, 58.45, 57.06 nm2 of average values of hydrophilic SASA

which is lower than WT (97.13 nm2) and N320K (62.24 nm2) MT

(Fig. 2A). Variations and low values of SASA in case of MTs

indicated that mutations induced the conformational changes

of GATA3 protein, which in turn affects the protein ligand

interactions.

Secondary structures formation during simulations were

performed through DSSP method, where different structural

moieties such as a-helix, b-sheet, bridge, bend, turn and 3-helix

were analysed individually (Fig. 2B and ESI Fig. S4†). The

secondary structure evolutions with time of WT and all MTs

displayed an increased in coil and sheet contents in MTs with

concomitant decreased of bend and a-helix (Fig. 2B). In W275R

MT, coils remain unchanged while both a-helix, b-sheet were

increased throughout the simulation period (Fig. 2B and ESI

Fig. S4B†). WT exhibited 39, 8, 2, 25, 10 and 16% of coil, b-sheet,

b-bridge, bend, turn and a-helix, respectively while W275R MT

consists of 39, 9, 2, 21, 10 and 19% of coil, b-sheet, b-bridge,

bend, turn and a-helix, respectively. Secondary structural

components of C318R, N320KMTs exhibited 40, 11, 2, 19, 11, 15

and 43, 9, 2, 22, 10, 14% of coils, b-sheets, b-bridges, bends,

turns and a-helices, respectively. And L344F MT contains 42, 8,

2, 21, 10 and 14% of coil, b-sheet, b-bridge, bend, turn and a-

helix, respectively (Fig. 2B & Table S4†). DSSP results suggested

that exible moieties such as turns were reduced with increase

in the sheets and helices in case of MTs, implying that GATA3

protein acquired rigidity and less exibilities upon mutations,

thus led to destabilisation of secondary structures, which were

also corroborated with RMSF results.

Hydrogen bonds (H-bond) play a major role in formation of

protein secondary structures and aid in protein ligand binding.

Intra H-bonding or protein–protein H-bonds contribute to the

protein structure integrity while inter H-bonding or protein-

water H-bonds provide stability of protein ligand complex.22

Here, we calculated both intra and inter H-bonds and observed

that all MTs exhibited high number of intra H-bonds as

compared to WT and low number of inter H-bonds than WT

(ESI Fig. S5†). Average intra H-bonds of WT and W275R, C318R,

N320K and L344F MTs were 63.9, 72.95, 64.24, 61.43 and 65.77,

respectively, inter H-bonds of WT and W275R, C318R, N320K

and L344F MTs were 271.94, 253.16, 267.14, 279.97 and 266.17,

respectively. The increase in protein–protein H-bonds in

W272R, C318R and L344F MTs indicated MTs had acquired

highly stabled structural moieties, thud led to increase in the

overall structure rigidity (ESI Fig. S5A†). Conversely, decreased

in protein–water H-bonds in W275R, C318R and L344F MTs

indicatedMTs had less protein ligand binding capacities, which

in turn loss of overall protein ligand stability (ESI Fig. S5B†).

Structural properties analyses of WT and MTs GATA3 were

suggested that GATA3 protein had reduced surface area,

acquired high rigid structure conguration and reduced protein

interaction toward ligand upon mutations.

3.5 Collective motions of WT and MTs GATA3

To assess the dominant motions and conformational changes

that were induced due to mutations, we performed essential

dynamics or principle component analysis (PCA) on last 25 ns

(75–100 ns) stabled MDS trajectories of each system. Initially,

low values of cosine content (#0.2) were obtained to ensure the

motions were not due to random diffusion (ESI Table S5†). PCA

of WT and MTs indicated that the rst few principle compo-

nents (PCs) or eigenvectors (10–15) had >1 nm2 eigenvalues

(Fig. 3A and B). The diagonalized co-variancematrix trace values

of WT and W275R, C318R, N320K and L344F MTs were 386.56,

Fig. 3 Collective mode of motions and essential dynamics analyses. (A) and (B) first 15 eigenvectors with different eigenvalues with cumulative

percentage of WT and all MTs. (C) and (D) Projection of principle component 1 and 2 of WT and all MTs. Refer Fig. 1 for different colour codes for

WT and MTs.
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196.18, 178.54, 366.9 and 400.9 nm2, respectively (ESI Table

S6†). Low trace values of W275R, C318R, N320K MTs relative to

the WT indicated that these MTs have less mobile or more rigid

than WT. Cumulative percentage of mean square uctuations

for rst 10 eigenvectors (or PCs) were 93.26, 93.04, 92.02, 94.51

and 94.52% for WT, W275R, C318R, N320K and L344F MTs,

respectively (Fig. 3A and B; Table S6†). In addition, the rst

three eigenvectors account for larger motions and uctuations

such as 72.5, 78.9, 75.7, 81.9 and 75.32% for WT, W275R,

C318R, N320K and L344F MTs, respectively (ESI Fig. S6 and

Table S6†).

The trajectories obtained from rst 3 PCs of WT and MTs

were projected on the phase space, indicated W275R, C318R,

N320K and L344F MTs occupied smaller subspace corre-

sponding to their lower trace values (Fig. 3C and D; ESI

Fig. S7†). Furthermore, dynamic nature of WT and MTs were

inspected by taking 30 frames from rst PC of respective

systems and sequentially superimposed to elucidate the

Fig. 4 Free energy landscapes analyses. (A & A0) 2D FEL plot and 3D structure extracted from minimum energy state of WT. (B, B0 & B00) 2D FEL

plot, 3D structure extracted from minimum energy state of W275R and its superimposition with WT structure. (C, C0 & C00) 2D FEL plot, 3D

structure extracted from minimum energy state of C318R and its superimposition with WT structure. (D, D0 & D00) 2D FEL plot, 3D structure

extracted from minimum energy state of N320K and its superimposition with WT structure and (E, E0 & E00) 2D FEL plot, 3D structure extracted

from minimum energy state of L344F and its superimposition with WT structure. DG were measured in kilocalorie per mol. Structure were

displayed in uniform cartoon mode.
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variations in collective motions (ESI Fig. S8†). From this, all

MTs showed negligible or no motions at N and C nger

domains and linker region (ESI Fig. S8B–E†). Unlike MTs, WT

displayed larger motions at N and C nger domains and the

linker region (ESI Fig. S8A†). Since, motions in the N and C

nger domains and linker region of GATA3 is crucial for its

function as these motifs assisted in DNA binding, therefore we

examined the nature of motions demonstrated by WT and MTs

through porcupine structures which were extracted from rst

PC of respective systems (ESI Fig. S9†). In porcupine structures,

length and direction of cone indicated magnitude and direction

of motions. WT exhibited larger motions at linker, N and C

nger domains. Linker displayed outward motion while both N

and C nger domains showed inward and downward motions

(ESI Fig. S9A†). On the other hand, no such motions at linker, N

and C nger domains were found in MTs indicating MTs

restricted the movement of functional motifs of GATA3 and

have huge impact on its structural conformation (ESI Fig. S9B–

E†). No motions were observed in case of all MTs suggested,

these MTs altered structure organisation of GATA3, which may

have an impression on the symmetry required for GATA3-DNA

complex formation.

The global minimum conformations of different MTs along

with WT were studied by assessing the low energy structures

through free energy landscape (FEL) analyses. 2D and 3D plots

of FEL for WT and MTs were obtained to displayed the different

energy barriers (Fig. 4 and ESI Fig. S10†). 2D FEL plots for WT

showed two minimal energy clusters and wide structural

distribution (Fig. 4A and A0). On the other hand, all MTs showed

only one cluster and restricted structural distribution (Fig. 4B–

C00). Moreover, all MTs displayed constraints conformation. FEL

analyses of WT, W275R, C318R, N320K and L344F MTs revealed

that they access to the lowest energy conformers at 89 290,

96 360, 89 210, 98 180 and 95 870 ps snapshots, respectively

that were isolated from the most populated minimum free

energy clusters (Fig. 4B–C00). Importantly, all MTs underwent

large conformational changes when aligned with WT. PCA

results suggested that all MTs had rigid structures with no

motions and displayed constraints conformations as compared

to WT, demonstrating that mutations in the nger domains of

GATA3 affect its structure and conformation, which led to

malfunctioning of GATA3 protein.

3.6 Network centrality and RINs analyses

Residues interaction network analysis was conducted to identify

the important residues involved in function of protein.45 To

understand the signalling in between the residues and varia-

tions existed in WT and all MTs (W275R, C318R, N320K and

L344F), betweenness centrality (CB), closeness (CC) and degree

(CD) were calculated. Out of this, CB (between centrality) is

a crucial parameter for identifying functionally important resi-

dues involved in signal transduction within the protein.46 We

considered the residues with CB value $0.05 in order to

understand the differences betweenWT and all MTs (Fig. 5). WT

Fig. 5 Network centrality analyses. (A) Betweenness (CB) centrality of WT, (B) betweenness (CB) centrality of W275R, (C) betweenness (CB)

centrality of C318R, (D) betweenness (CB) centrality of N320K and (E) betweenness (CB) centrality of L344F. Black solid line denoted the cut-off

($0.05) value used to select the functionally crucial residues.

Table 3 Residues with high CB values in protein network analysis

WT W275R C318R N320K L344F

Residues W275, C285, C288, C318,

N332, V338, N340

C318, N332,

V338, N340

W275, C285, C288, R320, N332,

V338, N340, C342

W275, C285, C288, N332,

V338, N340

W275, C285, C288,

C318, N332, V338, N340
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exhibited 7 residues having CB values$0.05 (Fig. 5A and 6A and

Table 3), while W275R, C318R, N320K and L344F MTs exhibited

4, 8, 6 and 7 residues with CB values$0.05, respectively (Fig. 5B–

E, 6B–E and Table 3). Importantly, these residues spanned at

the sheet and helix moieties of both N and C nger domains.

Interestingly, tryptophan275 (W275) has large effect on the

signal transduction as substitution of this residue (W275R)

diminished the ow of information on both N and C nger

domains of protein (Fig. 6B and Table 3). Also, substitution of

asparagine residue (N320K) affected signal strength on C nger

domain while N nger domain remained unaffected (Fig. 6D

and Table 3). Rest of MTs such as C318R and L344F exhibited

similar residues as in WT. Different types of bonding such as

hydrogen bonds, van der Waals and ionic interactions involved

in WT and MT proteins were also studied by monitoring the

interaction of mutant residues to its surrounding residues

(Fig. 7 & ESI Table S7†). In this residue network, nodes and

edges were represented as residues and different types of

bonding, respectively. From the results, it was shown that

substitution of tryptophan to arginine (W275R) abolished

binding strength as the number of residues involved in inter-

actions were largely reduced (Fig. 7A & ESI Table S7†). Similarly,

substitution of cysteine to arginine (C318R) and leucine to

phenylalanine (L344F) have also shown in the reduction of

binding strength (Fig. 7B and D). In contrast, substitution of

asparagine to lysine (N320K) enhanced binding strength as

compared to WT as maximum number of interactions were

attained (Fig. 7C). Additionally, individual missense variants

also affected the overall stabilities of other variants as larger

deviations in the RMSDs of WT and all MTs were observed (ESI

Fig. S11†). Above results indicated that W275R and N320K

variants abolished the residues interaction network, reduced

residues signalling and affected overall topology of protein

which ultimately affected the structure and function of GATA3.

Furthermore, both N and C nger domains amenable for signal

Fig. 7 Residue interaction networks of (A) WT, (B) W275R, (C) C318R, (D) N320K and (E) L344F. In these networks, residues number were started

from 1 soW24R, C67R, N69K and L93F correspond toW275R, C318R, N320K and L344F, respectively. Mutant residues were highlighted in yellow

colour.

Fig. 6 Network centrality analyses contd. Residueswith highCB ($0.5) were shown as spheres on representative structures of (A) WT, (B) W275R,

(C) C318R, (D) N320K and (E) L344F. Structures were displayed in cartoon with uniform colour.
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transduction by assisting the conformational switching of

GATA3 during ligand binding.

4. Discussion

The global burden of breast cancer is arising with increasing

incidence in higher age group, aer attaining menopause etc.3

At molecular level, various genes such as TP53, PIK3CA, ERBB2,

MYC, and GATA3 are known to frequently mutated in breast

cancer and largely contributed its progression.5 GATA3 is

a transcription factor and its expression in breast suggest its

role in growth and differentiation of breast epithelial cells.

GATA3 shows clinical relevance in terms of prognosis.2

Expression of GATA3 is more in luminal type breast cancer and

it shows good prognosis in comparison to other non-luminal

types. Non synonymous substitution in GATA3 can affect not

only the structure and stability but also abolish its function.17

Thus, GATA3 acts as a prognostic marker for breast carcinoma

and other associated diseases.47 Domain architecture of GATA3

comprises two transcriptional activation (TA1 and TA2) and

two N and C nger (containing zinc ions) domains also known

as zinc nger domains, that are connected with linker.11 Among

these, N nger alone can bind with DNA independently but

participation of both N and C ngers in the binding of palin-

dromic GATA motif markedly increased the affinity.48,49 Muta-

tions in the C nger or second Zn nger domain of GATA3 result

in loss of DNA binding which contributed in breast cancer.19

Additionally, mutations in rst Zn nger or N nger domain

also affect the DNA binding affinity and led to development of

complex diseases like hypoparathyroidism, sensory neural

deafness and renal dysplasia.50 Previous computational study

has suggested that mutation in the zinc nger 1 domain of

GATA3 induced the conformational changes that led to closure

binding of zinc nger 2 domain in wrapping architecture. Study

has provided signicant insights into the GATA3-DNA binding

but due to short simulation time, the conformational study of

GATA3 remain limited.51

Experimental study suggested that most of the mutations

were clustered at C nger and few were located in N nger

domains as reported in breast cancer and other diseased

samples.17,18 Additionally, recent large-scale genomic proling

of breast cancer samples has identied various mutations

associated with GATA3 gene.9,10 However, molecular conse-

quences of GATA3 mutations are poorly understood due to

lacking of studies associated with the function of GATA3

mutants. Experimental testing to reveal the functional conse-

quences of individual GATA3 variants is a promising approach

but it is very costly and also time consuming. Hence, compu-

tational methods are deemed to be the best approach for

characterising the missense variants. Therefore, in the current

study, we have elucidated molecular (sequence, structural and

functional) consequences of various nonsynonymous missense

mutations of GATA3 using computational approaches. Patho-

genic effects of different mutations at sequence level were

identied through multiples tools. Structural and functional

impact of above mutations were examined through MD and

essential dynamics simulations. Furthermore, network

centrality and residues interaction network studies were con-

ducted to delineated signalling among the residues which

provided structure-function relationships of GATA3 upon

various mutations.

Single amino acid substitution is a type of non-synonymous

mutation that change the amino acid sequence of protein which

may lead to alteration in protein structures, stability, confor-

mation and ultimately the function.22 Disease causing or path-

ogenic mutations are oen to be observed in the core or

interface residues of protein that participating in structural

integrity and ligand interactions.52 Mutations at core regions

lead to structure destabilisation while mutations at interface

regions affect the binding affinity of protein–ligand (protein/

DNA/drug) complex which contributes in the development of

disease.53 Hence, missense mutations at functional domain of

the protein acts as a driving factor in the progression of disease.

Various tools were used to potentiated the consequential anal-

ysis of driver non synonymous mutations by providing amino

acid sequences of wildtype and mutants. A group of 11 servers

were used to predict the deleterious effect of missense muta-

tions (W275R, C318R, N320K and L344F) at sequence level. Our

ndings showed that all missense mutations were predicted to

be deleterious, highly damaging with high prediction rate.

Mutational effects on structure and stability of protein were

examined through I-mutant, MUpro and MutPred2 servers, and

found that all mutant (MT) proteins had decreased stabilities

and altered protein structures.

MD simulation gives further insight into the motions of

atoms or molecules which in turns reect the structural integ-

rity, stability and conformational changes arise due to missense

mutations in the protein.22 Therefore, MD simulations of 100 ns

time were conducted for WT and MT proteins to unravel the

effect of mutations on the structure and conformation of GATA3

protein. For MD simulation, 3D structure of all MTs were con-

structed through hybrid modelling followed by model valida-

tions and observed that all MT models had better geometrical

properties. During MD simulation, gmx rmsd, gmx rmsf and

gmx gyrate modules of Gromacs were used to measure the

RMSD, RMSF and Rg of WT and MTs, respectively. Our results

suggested that RMSD of WT and MTs were stabilised aer �70

ns time with higher RMSD values were observed in W275R,

N320K and L344F MTs as compared to WT and C318R MT

demonstrating that MTs (W275R, N320K and L344F) destabi-

lised the GATA3 protein. To measure the protein structural

exibility, RMSF analysis was performed. Flexibility of protein

assistant in folding, ligand binding and to help in acquiring the

stable conformation. Neither too exibility, nor too rigidity or

appropriate exibility/rigidity of protein is required for proper

functioning.54 During RMSF analysis, it was observed that WT

and L344F MT have higher exibilities at b-bridges of N and C

nger domains and linker region of protein. By contrast, low

exibilities or high rigidities were observed in W275R, N320K

and C318R MTs, demonstrating that these MTs reduced the

exibility of GATA3 protein that caused unstable 3D structure.

Rgwas used tomeasure the size and compactness of protein due

to mutations and found that Rg for WT and MTs were stabilised

almost at�78 ns time with deceased values inMTs as compared
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to WT. Low values of Rg in MTs were accompanied with the

decreased distance of N- and C-terminals of protein. Hence,

mutations in W275, C318, N320 and L344 residues caused

reduction in size and globularity of GATA3 protein.

Time dependent structural properties and variations due to

mutations were examined through monitoring the solvent

accessible surface area (SASA), by performing quantitative and

qualitative analyses of secondary structures and the number of

hydrogen bond (H-bond) formation during entire simulation

period. SASA is an important structural feature of a protein as it

measures the interaction surface available for water and/or

ligand, thus provide protein ability to interact with other

molecules. The interaction of protein is mediated through

hydrophobic and hydrophilic residues.55 During SASA analysis,

we found that total SASA of MTs W275R: 91.17, C318R: 94.30,

and L344F: 92.71 nm2 were reduced as compared to WT (97.13

nm2) and N320K (99.57 nm2). Total reduction of SASA of MTs

were accompanied with decreased in hydrophilic SASA. Our

ndings suggested that SASA of almost all MTs were lower than

WT, indicating mutations in GATA3 decreased the interaction

capacity of protein which led to destabilisation of protein ligand

complexes. Impact of mutations on protein secondary struc-

tures were elucidated through DSSP method and observed that

exible moieties such as turns were reduced with concomitantly

increased in sheets and coils contents in MTs, articulating that

mutations reduced the required exibility of GATA3 protein and

changing the secondary structures congurations, in turn

disturbed protein stability. Similar results were also observed

during sequence-based analyses of MTs as alterations in protein

stability were found. Further, protein and protein ligand

stabilities were assessed through formation of protein–protein

(intra) and protein–water (inter) H-bonding. During analysis it

was observed that intra H-bonds were increased and inter H-

bonds were decreased in MTs as compared to WT, implying

that MTs acquired rigid structures and having low protein

ligand stabilities.

Functions of proteins like binding of substrate, adaptation

to different environment, conformational adjustment during

binding and allosteric effects are accomplished through certain

types of internal motions that enable them to perform different

biological functions.56 Essential dynamics or principle compo-

nents analysis elucidate the essential degree of freedom that

describe motions of WT and MT proteins which are relevant to

their functions. During ED analyses, we found that MTs showed

constraint motions with less essential subspace during phase

sampling as compared to WT. Moreover, 3D structures extrac-

ted from ED analysis displayed less or negligible motions in

the N and C nger domains and linker region of all MTs

compared with larger motions in those regions of WT.

Furthermore, free energy landscape studies showed that all MTs

exhibited only single energy minima as compared to WT that

restricted the conformations of MT proteins. Above results

demonstrating, MTs of GATA3 affected motions and confor-

mations of protein, consequently altered its functions.

To gain further insights into the structure-function rela-

tionships of WT and MT GATA3, we have conducted network

centrality and residues interaction network analyses to

elucidated the ow of information among different residues.

Network centrality was calculated to identied the functionally

crucial residues, like those helps in protein allosteric commu-

nication, present in the active or binding site of protein,

metabolic and diseased networks.45 In this network, three

centralities such as betweenness (CB), closeness (CC) and degree

(CD) were measured. It was found that the node having high CB

values correlates with the functional residues that regulates

protein ligand interaction or allosteric signals, indicating the

signicance of CB over CC and CD.
46 Therefore, CB was measured

to nd out the residues crucial for signalling in WT and all MTs.

Network centrality results suggested that the residues located

near to sheets and helices of both N and C nger domains were

functionally important. In case of few MTs such as W275R and

N320K affected the overall distribution of residues resulted the

alteration in ow of signal caused function impairment of

GATA3. Moreover, residues network analysis results articulated

the changing in residues–residue interactions of MT with the

surrounding residues indicated, MT residues affected the local

topologies of GATA3, in further affected its structure and

function.

GATA3 protein comprised 3 domains namely, N-nger,

linker and C-nger domains. Appropriate exibility or

mobility is essential for both nger domains for its binding with

double helix DNA. N-nger domain spanned around 264–288

amino acid residues and bind with GATG site of DNA.27 In

W275R MT, tryptophan which is an aromatic residue, replaced

by arginine (R), a basic or positively charge residue located at N-

nger domain. Positively charged amino acids such as arginine

(R), lysine (L), histidine (H) have signicant effect on DNA

recognition site and favour binding preference with guanine

over other bases. They interact with nucleotide bases via

multiple hydrogen bonds which result conformational changes

in the protein.57 Therefore, W275R mutation in this region

distort the conformation of N-nger domain, which in turn

affect its interaction with DNA. On the other hand, C-nger

domain spanned around 316–249 amino acid residues with C-

tail around 350–366 residues showed conservation during

DNA binding mechanism. C-nger domain not only bind with

major groove but its C-tail also bind with minor groove of DNA

by interacting with N-nger domain.27 Therefore, mutations

centred at C-nger domains largely affect the structure and

conformation of GATA3 protein. In L344F MT, leucine,

a hydrophobic residue changed into phenylalanine (F), also

having hydrophobic nature but containing aromatic group that

altered the size of protein. Phenylalanine participated in the

binding of DNA bases by ring stacking between bases through

van der wall interactions, which limits the nucleic acidmolecule

to gain a proper shape with respect to protein.57 Therefore,

L344F MT affect the interaction of C-nger domain of GATA3

with DNA by disrupting the overall structure conguration

required during stable binding. Based on the results obtained

from this study, it is quite possible that missense mutations of

GATA3 affect its structure organisation which ultimately affect

its interaction with DNA.
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5. Conclusion

In conclusion, the present computational work has explored the

mutational effect on structure, dynamics, conformation and

function of GATA3. Mutations in N and C nger domains of

GATA3 impaired structure, conformation and residues inter-

action network which might be affect its interaction with DNA

that result the development of various malignant phenotypes

and associated disorders. Current study has great signicance

in understanding the molecular basis of malignancies and

associated disorders caused and would provide a clue for the

development of personalise therapy.
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