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Abstract
Transcription factor GATA4 is expressed during early embryogenesis and is vital for proper development. In addition, it is 
a crucial reprogramming factor for deriving functional cardiomyocytes and was recently identified as a tumor suppressor 
protein in various cancers. To generate a safe and effective molecular tool that can potentially be used in a cell reprogram-
ming process and as an anti-cancer agent, we have identified optimal expression parameters to obtain soluble expression of 
human GATA4 in E. coli and purified the same to homogeneity under native conditions using immobilized metal ion affinity 
chromatography. The identity of GATA4 protein was confirmed using western blotting and mass spectrometry. Using circular 
dichroism spectroscopy, it was demonstrated that the purified recombinant protein has maintained its secondary structure, 
primarily comprising of random coils and α-helices. Subsequently, this purified recombinant protein was applied to human 
cells and was found that it was non-toxic and able to enter the cells as well as translocate to the nucleus. Prospectively, this 
cell- and nuclear-permeant molecular tool is suitable for cell reprogramming experiments and can be a safe and effective 
therapeutic agent for cancer therapy.
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Introduction

GATA binding protein 4 (GATA4) belongs to the family of 
GATA transcription factors that has a pair of highly con-
served zinc-finger domains, which recognizes the core WGA 
TAR  (W: A/T; R: A/G) motif present in the promoters and 
cis-regulatory elements of numerous target genes [1]. Dur-
ing mouse embryogenesis, GATA4 is expressed in the primi-
tive endoderm (hypoblast), extra-embryonic endoderm, and 
in cells associated with cardiac and gonadal development [1, 
2]. In addition, it is also crucial for the induction of defini-
tive endoderm, and therefore essential for the formation of 
endodermal lineages [3]. The deletion of the Gata4 gene in 
mice resulted in early embryonic lethality with severe devel-
opmental defects [4–6]. These mice failed to form a proper 
heart tube and showed defects in ventral morphogenesis [4, 
5], indicating that it is a critical factor during the early stage 
of embryonic development. It is also a crucial factor for the 
survival and proliferation of both embryo and adult cardio-
myocytes and vital for proper cardiac development [6], as 
its loss perturbed cardiomyocyte formation and resulted in 
acardia in mice [7]. Besides, mutations in the human GATA4 
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gene showed cardiac septal defects and dilated cardiomyo-
pathy [8]. Recently, the role of GATA4 has been implicated 
in the development of the heart, neural crest and craniofa-
cial skeleton (bone and teeth) in mice [9]. All these studies 
implicate GATA4 as a crucial factor for proper endoderm, 
gonadal, neural crest, and cardiac development.

In addition, various studies have identified GATA4 as 
a core-reprogramming factor in the cocktail of transcrip-
tion factors to generate functional cardiomyocytes from 
mouse and human fibroblasts using different gene delivery 
approaches [10, 11]. These studies have demonstrated that 
GATA4 is an indispensable cardiac reprogramming factor 
for reprogramming non-myocyte cells to derive functional 
cardiomyocytes. Transplantation of functional cardiomyo-
cytes to replenish the lost or replace the non-functional 
cardiomyocytes in diseased heart patients could potentially 
support normal physiological functions and facilitate heart 
regeneration [12]. Notably, GATA4 was identified as a tumor 
suppressor protein in different types of cancers [13–16]. This 
novel function of GATA4 has improved its prospects to be 
used as a potential anti-cancer agent for the treatment of 
various cancers. In the current study, we aimed to produce 
pure GATA4 recombinant protein, which can further be used 
for cell reprogramming, as an anti-cancer agent, and for vari-
ous biological applications.

The production of recombinant proteins has revolu-
tionized the biotechnology field. So far, numerous bio-
logically active recombinant proteins have reached the 
market in a short period for various applications, such as 
therapeutics, diagnostics, research, and to comprehend 
fundamental biological questions [17]. Recombinant pro-
teins are considered to be one of the safest approaches 
for cell reprogramming and cancer therapy, where the 
protein of interest is delivered into the target cell to per-
form the desired function [18–23]. In addition, recombi-
nant proteins allow precise control over time and dosage 
of application of the protein of interest into the target 
cell, which will help researchers to identify its biologi-
cal role [20]. Importantly, the recombinant protein-based 
approach does not modify or alter the genome of the tar-
get cells, which is ideal for generating genetically stable 
cells for regenerative medicine [18, 20, 22]. In general, 
these human therapeutic proteins are produced in the 
recombinant form either from prokaryotic or eukaryotic 
expression systems [20]. Commonly, the bacterial system 
is chosen to produce human recombinant proteins in large 
quantities with simple purification techniques in a cost-
effective manner [17, 24]. However, generating a highly 
pure and stable recombinant protein remains challenging 
due to codon bias, gene product toxicity, mRNA stability, 
low protein expression, protein degradation by host cell 
proteases, and in vitro solubility and stability [17, 25]. In 
this study, we aim to address these bottlenecks associated 

with heterologous expression in the production of recom-
binant human GATA4 protein, which can be transduced 
into mammalian cells for various biological applications.

Recently, we have reported the heterologous expression 
and purification of recombinant human ETS2 and PDX1 pro-
teins from Escherichia coli (E. coli) [26, 27]. In the present 
study, we report codon optimization, cloning, expression, 
and purification of human GATA4 from E. coli, followed 
by the determination of its secondary structure. This is the 
first study to report screening and identification of optimal 
expression parameters in E. coli to express and purify a 
highly pure human GATA4 under native conditions and giv-
ing an insight into its specific secondary structure content. 
Further, we demonstrate the ability of the purified protein to 
enter the cell and translocate to the nucleus of human cells.

Materials and methods

Gene constructs

The pET28a(+)-HTN-GATA4 and pET28a(+)-GATA4-NTH 
gene constructs: the full length, 1326 bp coding sequence 
of human GATA4, was obtained from the NCBI reference 
sequence (RefSeq) database (NM_002052). This sequence 
was codon-optimized for the heterologous expression in E. 
coli using ThermoFisher Scientific GeneOptimizer online 
tool (https ://www.therm ofish er.com/in/en/home/life-scien ce/
cloni ng/gene-synth esis/genea rt-gene-synth esis/geneo ptimi 
zer.html). The codon-optimized sequence was validated 
using Graphical Codon Usage Analyser 2.0 (http://gcua.
schoe dl.de) and Genscript Rare Codon Analysis (https ://
www.gensc ript.com/tools /rare-codon -analy sis) online tools. 
Subsequently, the codon-optimized sequence was tagged 
with codon-optimized nucleotide sequences of polyhisti-
dine-tag [His; (H); octahistidine], HIV-Trans-Activator of 
Transcription [TAT (T); a short peptide sequence and also 
called a cell-penetrating peptide], and nuclear localization 
signal/sequence [NLS (N)]. All of these tags were flanked 
by restriction sites for easy removal of any individual com-
ponent that might affect the protein functionality. This cus-
tomized HTN-GATA4 and GATA4-NTH inserts were then 
gene synthesized with NcoI (at 5′ end) and XhoI (at 3′ end) 
restriction sites and obtained from GenScript Biotech Cor-
poration, Nanjing, China. Both the gene inserts were then 
cloned into the protein expression vector pET28a(+) (Nova-
gen, Merck Millipore) using restriction endonucleases NcoI 
and XhoI (Fermentas). The resulting plasmids, pET28a(+)-
HTN-GATA4 and pET28a(+)-GATA4-NTH, were verified by 
restriction digestion analysis and then by DNA sequencing 
(Eurofins Genomics India Pvt. Ltd. Bengaluru, Karnataka, 
India).

https://www.thermofisher.com/in/en/home/life-science/cloning/gene-synthesis/geneart-gene-synthesis/geneoptimizer.html
https://www.thermofisher.com/in/en/home/life-science/cloning/gene-synthesis/geneart-gene-synthesis/geneoptimizer.html
https://www.thermofisher.com/in/en/home/life-science/cloning/gene-synthesis/geneart-gene-synthesis/geneoptimizer.html
http://gcua.schoedl.de
http://gcua.schoedl.de
https://www.genscript.com/tools/rare-codon-analysis
https://www.genscript.com/tools/rare-codon-analysis
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Identification of optimal expression conditions 
for heterologous expression of GATA4 fusion 
proteins in E. coli

To identify various parameters such as inducer concentra-
tion, optical density (OD), induction time, and induction 
temperature, E. coli BL21(DE3) host cells were trans-
formed with pET28a(+)-GATA4-NTH plasmid and grown 
overnight in Luria–Bertani broth (HiMedia) supplemented 
with 50 μg/ml of kanamycin (HiMedia) and used as an 
inoculum for the protein expression analysis. For optimiz-
ing inducer concentration, secondary cultures were incu-
bated at 37 °C with continuous shaking at 180 rpm (Orbital 
incubator shaker, IKON instruments, India) until the  OD600 
reached ~ 0.5. Cultures were then induced with different 
inducer concentrations (0.05, 0.1, 0.25, and 0.5 mM) of 
Isopropyl β-d-1-thiogalactopyranoside (IPTG) (HiMedia) 
and incubated for the next 2 h at 37 °C. In order to identify 
the optimal OD of E. coli BL21(DE3) host cells at the time 
of induction, secondary cultures were induced at different 
 OD600 (~ 0.5, ~ 1.0, ~ 1.5) with optimal IPTG concentra-
tion (0.25 mM) for 2 h at 37 °C with continuous shaking at 
180 rpm. The post-induction incubation time was optimized 
by inducing the cultures with the optimal inducer concentra-
tion (0.25 mM) at the optimal cell density (~ 0.5 OD) for 8 h 
at 37 °C with continuous shaking at 180 rpm, and samples 
were collected every two hours for analysis. For identifying 
the optimal induction temperature, the secondary cultures 
with optimal cell density (~ 0.5 OD) were induced at dif-
ferent temperatures (37 °C for 2 h, 30 °C for 12 h, 25 °C 
for 18 h, and 18 °C for 24 h with continuous shaking at 
180 rpm) with an optimal concentration (0.25 mM) of IPTG. 
In all the above experiments to identify optimal expression 
parameters, un-induced cultures were used as a control. 
After the induction, cells were harvested by centrifugation 
and resuspended in pre-chilled lysis buffer (pH 8.0) con-
taining 20 mM phosphate buffer (PB) (HiMedia), 300 mM 
sodium chloride (HiMedia), 20% glycerol (Merck Milli-
pore), and 20 mM imidazole (Merck Millipore), and then 
lysed by ultrasonication using Vibracell™ VCX-130 cell 
disruptor (Sonics and Materials Inc., Newtown, CT, USA) 
on ice. Samples were then resolved and analyzed using 12% 
Sodium Dodecyl Sulfate‒Polyacrylamide Gel Electropho-
resis (SDS-PAGE) and western blotting to observe the effect 
of inducer concentration, OD, induction time, and induction 
temperature on the expression of the fusion protein.

Purification of recombinant GATA4 fusion protein

Immobilized metal ion affinity chromatography (IMAC) 
was performed to obtain purified recombinant GATA4 
fusion proteins (HTN-GATA4 and GATA4-NTH). Briefly, 
HTN-GATA4 and GATA4-NTH expression were induced 

in large culture volumes (1.2 L) with the identified optimal 
expression conditions (temperature: 37 °C; cell density: 
 OD600 =  ~ 0.5; IPTG concentration: 0.25 mM; induction 
time: 2 h). The harvested cell pellets were resuspended in 
pre-chilled lysis buffer and further lysed by ultrasonica-
tion using Vibracell™ VCX-130 cell disruptor (Sonics and 
Materials Inc., Newtown, CT, USA) on ice. The cell suspen-
sion was clarified by centrifugation at 11,000 rpm, 4 °C for 
30 min.

Purification under native conditions

The clarified soluble fraction was diluted in a 1:1 ratio with 
equilibration buffer (20 mM PB, 300 mM NaCl, 20% glyc-
erol, and 20 mM imidazole) prior to purification. Subse-
quently, the nickel-nitrilotriacetic acid (Ni–NTA) charged 
purification column (Bio-Rad) was equilibrated with equi-
libration buffer, and then the diluted soluble fraction was 
loaded onto the column and incubated with continuous shak-
ing at 4 °C for 8–14 h. After the incubation, the flow-through 
was collected, reloaded onto the column, and re-incubated 
for 15–20 min. The unbound proteins were drained out, and 
the column was washed with 20 column volumes of wash 
buffer 1 (20 mM PB, 300 mM NaCl, 20% glycerol, and 
50 mM imidazole) with incubation at 4 °C for 5–20 min. 
This step was repeated thrice with wash buffer 1. Similarly, 
the column was washed with wash buffer 2 (20 mM PB, 
300 mM NaCl, 20% glycerol, 100 mM imidazole) and wash 
buffer 3 (20 mM PB, 300 mM NaCl, 20% glycerol, 150 mM 
imidazole) sequentially. After the wash buffers drained out 
completely, the bound proteins were eluted with elution 
buffer (20 mM PB, 300 mM NaCl, 20% glycerol, 500 mM 
imidazole; 6 fractions in total). The eluted proteins were 
collected and stored at -80 °C. Samples were collected at 
different stages based on the analysis requirement. The puri-
fication samples were then resolved and analyzed using 12% 
SDS-PAGE and western blotting. All the purification buffers 
were adjusted to pH 8.0 at room temperature and prechilled 
on ice.

Purification under mild denaturation conditions

The clarified soluble fraction was diluted accordingly with 
equilibration buffer (80 mM PB, 500 mM NaCl, 20% glyc-
erol, and 40 mM imidazole) and denaturation buffer contain-
ing 80 mM PB, 500 mM NaCl, 20% glycerol, 40 mM imi-
dazole, and 8 M urea, to the final concentration of 0 or 2 or 
4 M urea and incubated under shaking condition overnight 
at 4 °C prior to loading on to the purification column. The 
Ni–NTA charged column was equilibrated with equilibration 
buffer, and then the diluted or denatured soluble fraction 
was loaded onto the column and incubated with continu-
ous shaking at 4 °C for 8 to 14 h. Remaining procedures 
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were carried out similar to native purification; however, the 
buffer compositions were different from the native purifica-
tion: lysis buffer (80 mM PB, 500 mM NaCl, 20% glyc-
erol, and 40 mM imidazole), wash buffer 1 (80 mM PB, 
500 mM NaCl, 20% glycerol, 50 mM imidazole, and 0 or 
2 or 4 M urea), wash buffer 2 (80 mM PB, 500 mM NaCl, 
20% glycerol, 100 mM imidazole, and 0 or 2 or 4 M urea), 
wash buffer 3 (80 mM PB, 500 mM NaCl, 20% glycerol, 
150 mM imidazole, and 0 or 2 or 4 M urea), and elution 
buffer (80 mM PB, 500 mM NaCl, 20% glycerol, 500 mM 
imidazole, and 0 or 2 or 4 M urea). The purification samples 
were then resolved and analyzed using 12% SDS-PAGE and 
western blotting. All the purification buffers were adjusted 
to pH 8.0 at room temperature.

The purified proteins were further dialyzed using snake-
skin dialysis tubing (HiMedia) or buffer exchanged using 
PD10 columns (GE Healthcare) against 20 mM PB (pH 8.0) 
or sterile phosphate buffer saline (PBS) with 20% glycerol 
(glycerol buffer) depending on the experimental require-
ment. Purified proteins were concentrated using Amicon® 
Ultra-15 10 K centrifugal filter device (Merck Millipore 
Limited, Co. Cork, Ireland) and stored at -80 °C until fur-
ther use.

SDS‑PAGE and western blotting

Protein concentrations were determined using Bradford 
assay (Bradford reagent (Bio-Rad)) using bovine serum 
albumin (Bio-Rad) as a standard and measured with a multi-
plate reader (Multiskan GO, Thermo Scientific).

For Coomassie staining, the protein samples were 
resolved on 12% SDS-PAGE gel and stained with stain-
ing solution containing 50% (v/v) methanol (Merck Mil-
lipore), 10% (v/v) acetic acid (Merck Millipore), and 0.4% 
(w/v) Coomassie Brilliant Blue G-250 (Merck Millipore) 
in deionized water. The stained gel was then destained with 
50% (v/v) methanol, and 10% (v/v) acetic acid in deionized 
water and the image was recorded in the molecular imager 
(ChemiDoc™ XRS +) equipped with Image Lab™ software 
(Bio-Rad, California, USA).

For western blotting, the proteins were resolved on 12% 
SDS-PAGE gel and the resolved samples were transferred 
onto the nitrocellulose membrane (Bio-Rad) in Pierce 
Power Blotter XL System (Thermo Scientific™, Bremen, 
Germany). After confirming the transfer with Ponceau S 
staining (HiMedia), the membrane with transferred pro-
teins was washed (destained) and then blocked with 5% 
(w/v) fat-free milk in Tris-buffered saline (TBS) (HiMe-
dia) with 0.1% (v/v) Tween-20 (TBST) (Invitrogen) for 
2 h at room temperature to reduce non-specific binding, 
followed by a wash with TBST for 10 min. The membrane 
was then incubated with primary antibody overnight at 
4 °C and washed thrice with TBST for 5 min, followed 

by horseradish peroxidase-conjugated secondary anti-
body incubation for 1 h at room temperature. After wash-
ing thrice with TBST, immunoblot was developed in the 
presence of a chemiluminescence substrate (Bio-Rad), and 
the image was recorded in the molecular imager (Chemi-
Doc™ XRS + ; Bio-Rad) equipped with Image Lab™ soft-
ware. All primary [anti-His (1:5000, BB-AB0010, BioB-
harati LifeScience Pvt. Ltd., India); anti-GATA4 (1:1000, 
sc-25310, Santa Cruz Biotechnology Inc., USA)] and 
secondary antibodies [anti-rabbit IgG-HRP Conjugated 
(1:5000, BB-SAB01A, BioBharati LifeScience Pvt. Ltd., 
India); anti-mouse IgG-HRP Conjugated (1:5000; 31430; 
Invitrogen, USA)] were diluted with 5% (w/v) bovine 
serum albumin (HiMedia) in TBST and 5% (w/v) fat-free 
milk in TBST, respectively.

Mass spectrometry (MS)

In‑gel digestion

The purified recombinant GATA4 fusion protein (GATA4-
NTH) was run on SDS-PAGE gel and stained with staining 
solution containing 50% (v/v) methanol, 10% (v/v) acetic 
acid, 0.4% (w/v) Coomassie Brilliant Blue G-250 in deion-
ized water. The desired band was excised and destained with 
40 mM ammonium bicarbonate (HiMedia) in a 40% (v/v) 
acetonitrile solution (Merck Millipore). The destained gel 
was then treated with reduction solution (5 mM dithiothrei-
tol (Sigma-Aldrich) in 40 mM ammonium bicarbonate) for 
30 min at 60 °C, followed by alkylation solution (20 mM 
iodoacetamide (Sigma-Aldrich) in 40 mM ammonium bicar-
bonate) for 10 min at room temperature (dark). The excised 
gel slice was dehydrated by adding 100% (v/v) acetonitrile 
and then digested with trypsin (Promega). After overnight 
digestion, the peptides were extracted using extraction buffer 
(5% formic acid (Merck Millipore) and 40% acetonitrile 
(Merck Millipore)) and were vacuum-dried using SpeedVac 
and stored at − 80 °C.

LC–MS/MS analysis

The dried peptides were reconstituted in 0.1% formic 
acid (Merck Millipore) and analyzed using Q Exactive™ 
(Thermo Scientific™) mass spectrometer coupled with 
the Proxeon Easy nLC system (Thermo Scientific™). For 
peptide enrichment, protein fragments were passed on to 
an Acclaim™ PepMap™ trap column (Michrom Bio-
sciences Inc.). Peptides were separated on an analytical col-
umn employing a linear gradient of 7–30% acetonitrile for 
80 min. MS and MS/MS scan acquisitions were executed in 
the quadrupole Orbitrap mass analyzer.
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Data analysis

The MS data were searched against NCBI HsRefSeq81 
(human protein database; version 81) and analyzed using 
the Mascot search engine (Matrix Science, London, UK; 
version 2.2.0) and SequestHT program and Proteome 
Discoverer software (Thermo Fisher Scientific; version 
1.4.0.288).

Circular dichroism spectroscopy

The secondary structure of the purified GATA4 fusion pro-
teins (GATA4-NTH and HTN-GATA4) were determined 
using far ultraviolet (UV) circular dichroism (CD) spec-
tra from J-815/J-1500 spectropolarimeter (Jasco, Japan) 
equipped with a thermoelectric cooling-based tempera-
ture control unit. Far UV CD spectra of the protein were 
recorded as an average of ten accumulations from wave-
length 260–190 nm in a 0.1 cm path length quartz cuvette 
at a scan rate of 100 nm/min with a data integration time of 
1 s. From the sample spectrum, background noise due to the 
PB was subtracted, and the final spectrum was analyzed and 
quantified using in silico Beta Structure Selection (BeStSel) 
online tool (http://bests el.elte.hu/index .php) to estimate the 
secondary structure of the purified protein. Detailed infor-
mation about the BeStSel algorithm is described elsewhere 
[28, 29].

Cell culture

Human foreskin fibroblasts (HFF), BJ (ATCC® CRL-
2522™), were cultured in fibroblast growth medium con-
taining Dulbecco’s modified Eagle medium (DMEM) (Inv-
itrogen) supplemented with 10% fetal bovine serum (FBS) 
(Invitrogen), 1% penicillin/streptomycin (P/S) (Invitrogen), 
1X non-essential amino acids (Invitrogen), and 1X Glu-
tamax (Invitrogen) at 37 °C with 5%  CO2 in a humidified 
atmosphere. Cells were passaged at 70–80% confluence in 
the 1:4 ratio, with 0.25% trypsin–EDTA (Invitrogen).

GATA4 fusion protein transduction

The HFF cells were adjusted to 1 × 105 cells/well and 
seeded in 6-well culture plates. Cells were grown till 
40–50% confluency at 37 °C with 5%  CO2 in a humidi-
fied atmosphere. The medium was then replaced with filter 
sterile protein transduction medium (DMEM, 2% FBS, 1% 
Penicillin and Streptomycin (P/S)), and optimal concen-
trations of purified recombinant protein (GATA4-NTH) 
or glycerol buffer as a control) and re-incubated for 12 or 

24 h. After the incubation, cells were washed with PBS 
and used for further analysis.

Cell viability assay

The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 
bromide (MTT) assay was performed and optimized for 
the HFF cell line. In 96-well culture plate, 4 × 104 HFFs/
well were seeded and incubated overnight at 37 °C with 
5%  CO2 in a humidified atmosphere. Once cells adhered to 
the plate, cells were washed with sterile PBS and treated 
with filter sterile protein transduction medium (DMEM, 
2% FBS, 1% P/S, and varying concentrations of purified 
recombinant protein (GATA4-NTH) or glycerol buffer 
(control)) and re-incubated for 24 h. For the compara-
ble experimental conditions, glycerol buffer was added 
accordingly to the cell culture media containing low con-
centrations of purified GATA4 protein. After the incuba-
tion, cells were washed with PBS and incubated in the 
dark with fresh DMEM with 0.05% (w/v) of MTT (Sigma-
Aldrich) for 2 h. Dimethyl sulfoxide (HiMedia) was added 
to dissolve the crystals and incubated for 10 min with gen-
tle shaking, and then absorbance at 570 nm was meas-
ured using a multi-plate reader (Multiskan GO, Thermo 
Scientific).

Immunocytochemistry and microscopy

Cells were washed with a heparin solution (HiMedia) fol-
lowed by PBS and fixed with 2% paraformaldehyde (Merck 
Millipore). Fixed cells were then permeabilized by treat-
ing with 0.1% Triton™ X-100 (Sigma-Aldrich) in PBS for 
15 min. After permeabilization, cells were blocked with 
a blocking solution (0.5% bovine serum albumin, 0.15% 
glycine in PBS) for an hour at room temperature. The pri-
mary antibody [anti-Vimentin (1:1000, MA5-14564, Inv-
itrogen, USA); anti-GATA4 (1:300, sc-25310, Santa Cruz 
Biotechnology Inc., USA)] was then added and incubated 
overnight at 4 °C in a moist chamber. Cells were washed 
three times with PBS and then incubated with correspond-
ing secondary antibody [anti-rabbit IgG, Alexa Fluor 488 
(1:2000, A-11034, Invitrogen, USA); anti-mouse IgG, 
Alexa Fluor 594 (1:1000, A-11032, Invitrogen, USA)] 
for 1 h in a moist chamber at room temperature. After 
incubation, cells were washed three times with PBS and 
then stained with 4′,6-diamidino-2-phenylindole (DAPI) 
(1:15000; Sigma-Aldrich) for 10 min. Excess DAPI stain-
ing was removed with PBS and then visualized under an 
inverted fluorescent microscope (ZOE Fluorescent Cell 
Imager, Bio-Rad, California, USA).

http://bestsel.elte.hu/index.php
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Statistical analysis

A statistical test (One-way ANOVA analysis followed by 
Dunnett’s multiple comparison test) was carried out for the 
results obtained for MTT assay using Graphpad Prism 5 
software. The results are expressed as the mean ± standard 
deviations. p values < 0.05 were considered to be statistically 
significant.

Results and discussion

Codon optimization of human GATA4 gene sequence

Codon optimization is one of the numerous factors that con-
tribute to the success of heterologous protein expression. It 
is a process that involves synonymous codon substitution 
to obtain enhanced protein expression in a heterologous 
system by improving the gene expression and translational 
efficiency of a gene of interest [30]. Various studies have 
reported enhanced protein expression of human genes in E. 
coli as well as in other model systems after codon optimiza-
tion [30, 31]. Therefore, to achieve a heterologous expression 
of GATA4 in a bacterial system (E. coli in this study), the 
full-length coding sequence of the human GATA4 gene was 

codon-optimized for the expression in E. coli using Gene-
Optimizer (ThermoFisher Scientific) online tool. The most 
preferred synonymous codons substituted codons in the non-
optimized sequence without altering the protein sequence. 
The codon-optimized and non-optimized sequences were 
then analyzed using two independent online tools, Graphi-
cal Codon Usage Analyser 2.0 (Fig. 1a; Suppl. Figure 1) and 
GenScript Rare Codon Analysis (Fig. 1b; Suppl. Table 1). 
This was performed to confirm that the codon-optimized 
sequence lacked codons that can impede protein expression 
and was very likely to give a high expression in E. coli com-
pared to the non-optimized sequence.

The codon quality of the coding sequences can be ana-
lyzed and represented in two ways: either based on relative 
adaptiveness value or codon usage frequency. Using the 
Graphical Codon Usage Analyser tool, 15 codons with a 
relative adaptiveness value of ≤ 30% were identified to affect 
the expression in E. coli in the non-optimized sequence 
(Suppl. Figure 1 (left)). These 15 codons, as well as other 
codons (e.g., fifth codon TGG coding for leucine was substi-
tuted to CTG changing the relative adaptiveness value from 
34 to 100%; Fig. 1a) that could affect expression, was sub-
stituted with the most preferred synonymous codons using 
GeneOptimizer tool to improve the gene expression in E. 
coli (Fig. 1a; Suppl. Figure 1). The relative adaptiveness 

Fig. 1  Validation and comparison of codon-optimized over non-opti-
mized GATA4 gene sequence for the heterologous expression in E. 
coli using Graphical codon usage analyzer and GenScript rare-codon-
analysis tools. a Codon optimization analysis using Graphical codon 
usage analyser. The bar graphs shown here are only for the first 50 
codons of non-optimized and codon-optimized GATA4 gene sequence 
as a representation. This analysis depicts codon quality as a meas-
ure of relative adaptiveness value. The relative adaptiveness value of 
each codon is based on the ratio of the usage of each codon to that 
of the most abundant codon for a particular amino acid multiplied 
by 100. All the codons were analyzed by the relative adaptiveness 

value; therefore, the value above 30% means that those codons should 
be suitable for expression in E. coli. b Codon optimization analysis 
using GenScript Rare Codon Analysis Tool. The bar graph shows the 
percentage distribution of codons in computed codon quality groups 
for the non-optimized (gray) and codon-optimized (black) GATA4 
gene sequences. Codons with the highest usage frequency for a given 
amino acid in the desired expression organism are assigned a value of 
100. Codons with values ≤ 30 are likely to hamper the expression in 
the desired expression organism (in this study; expression organism 
is E. coli)
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value calculated for each codon is the ratio of the frequency 
of the used codon to that of the most abundant codon for the 
same amino acid multiplied by 100. Using GenScript Rare 
Codon Analysis 2.0 tool, 9% of the codons with codon usage 
frequency of ≤ 30% were identified to affect the expression 
in E. coli in the non-optimized sequence (Fig. 1b (in gray); 
Suppl. Table 1). These codons, as well as other codons that 
could affect expression, were also substituted with the most 
preferred synonymous codons using the GeneOptimizer tool 
to improve the gene expression in E. coli (Fig. 1b (black)). 
Therefore, codon optimization resulted in an increase in the 
codon adaptation index value from 0.68 of the non-opti-
mized sequence to 0.89 of the codon-optimized sequence 
(Suppl. Table 1). Codon adaptation index is the relative 
adaptiveness of the codon usage of a protein-coding gene 
towards the codon usage of highly expressed (reference set) 
genes [26]. A codon adaptation index between 0.8 and 1.0 is 
considered as ideal for gene expression in the desired organ-
ism. The lower the codon adaptation index, the higher the 
chance that the gene of interest will be expressed poorly. 
In our analysis, the codon adaptation index of the codon-
optimized GATA4 gene sequence was 0.89 in contrast to 
0.68 for the non-optimized sequence (Suppl. Table 1), which 
signified that codon optimization would favor the expression 
of our gene of interest in our desired expression organism 
(E. coli). Therefore, this analysis indicated that the codon-
optimized GATA4 gene sequence would give a high expres-
sion in E. coli.

Cloning of codon‑optimized GATA4 gene with fusion 
tags in a protein expression vector

The codon-optimized human GATA4 gene sequence was 
fused with tags (fusion tags were also codon-optimized for 
the expression in E. coli), either before the start codon (to 
generate HTN-GATA4) or at the end of the coding sequence 
(to generate GATA4-NTH) as shown in Fig. 2a and Suppl. 
Figure 2A. The purpose to incorporate the fusion tags at 
either end is for the reason that these tags can influence 
expression level, stability and solubility of human proteins 
expressed in E. coli [26, 27, 32, 33]. Three fusion tags were 
used: poly-His (H) tag for affinity chromatography, TAT (T) 
to enable cell penetration, and NLS (N) to facilitate sub-
nuclear localization (Suppl. Table 2). A similar approach 
was employed in earlier studies to enable efficient cell- and 
nuclear delivery of transcription factors in mammalian cells 
[32, 34, 35].

To express GATA4 in E. coli, HTN-GATA4 and GATA4-
NTH inserts were cloned under the control of a strong 
inducible T7 promoter of the protein expression vec-
tor, pET28a(+). These gene inserts were cloned between 
NcoI and XhoI sites using restriction endonucleases, NcoI 
and XhoI, to remove the poly-His tag (present before the 

start codon) and thrombin cleavage site sequence pre-
sent in the pET28a(+) vector. The resulting plasmids 
(pET28(a) + HTN-GATA4 (hereafter, HTN-GATA4) and 
pET28(a) + GATA4-NTH (hereafter, GATA4-NTH)) were 
primarily verified by restriction digestion analysis (Fig. 2b 
and Suppl. Figure 2B). The empty vector, pET28a(+) only, 
was also included in the analysis as a control to confirm 
the absence of gene of interest (data not shown). Further, 
these gene constructs, HTN-GATA4 and GATA4-NTH, were 
confirmed via DNA sequencing from both the ends using 
T7 promoter and T7 terminator primers. The sequencing 
results of the cloned inserts confirmed the fidelity of the 
gene sequence and fusion tags.

Identification of optimal conditions 
for the heterologous expression of recombinant 
GATA4 fusion protein

One of the most critical factors in the production of recom-
binant proteins is the selection of an appropriate host expres-
sion system. In this study, the widely used bacterium E. coli 
was used as an expression host. This organism has a high 

Fig. 2  Schematic representation of the human GATA4 gene insert 
and confirmation of cloning the gene insert into the protein expres-
sion vector. a Schematic diagram of GATA4-NTH insert (not drawn 
to scale). The GATA4 gene was fused at 3′ end with nucleotide 
sequences of NLS (N) and TAT (T) to facilitate nuclear translocation 
and cell penetration in mammalian cells, respectively, followed by 
His tag for affinity chromatography-based purification. b Restriction 
digestion analysis was performed to confirm the successful cloning of 
GATA4-NTH insert into the protein expression vector. The synthetic 
gene insert was cloned in the protein expression vector, pET28a(+), 
using restriction endonucleases, NcoI, and XhoI. The resulting plas-
mid, pET28a(+)-GATA4-NTH (in short GATA4-NTH), was then con-
firmed by restriction digestion using various restriction enzymes, as 
depicted in a and b. NLS (N): nuclear localization signal/sequence; 
TAT (T): transactivator of transcription; His tag (H): polyhistidine 
(8X)



1138 Bioprocess and Biosystems Engineering (2021) 44:1131–1146

1 3

transformation efficiency, fast growth rate, well-understood 
genetics, and cost-effective protein production [17, 30]. 
This expression host is commonly used for human proteins 
for which post-translational modifications are not essential 

for their bioactivity [36–38]. Recently, it was reported that 
even in the absence of post-translational modifications, the 
GATA4 protein has retained its biological activity [39]. Spe-
cifically, the commonly used E. coli BL21(DE3) strain was 
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used, which is devoid of lon and OmpT proteases, allowing 
a high-level of heterologous protein expression without any 
degradation.

Several studies have demonstrated the importance of 
identifying the optimal expression parameters for obtain-
ing high yield of biologically active recombinant proteins 
in a soluble form [40–45]. Based on these studies, the effect 
of inducer concentrations (IPTG) on the expression of 
GATA4 in E. coli BL21(DE3) transformed with GATA4-
NTH plasmid was investigated. SDS-PAGE and western 

blot analysis revealed that the expression level varied with 
different inducer concentrations (for the induction of T7 
RNA polymerase-mediated expression of the protein), and it 
reached the maximum when induced with 0.25 mM of IPTG 
(Fig. 3a). The results confirmed the absence of leaky expres-
sion and demonstrated that the inducer concentration had a 
strong effect on protein expression. However, the growth of 
induced cultures decreased exponentially until 0.25 mM of 
IPTG and was stable up to 0.5 mM (Fig. 3b), which indi-
cated that GATA4-NTH induction increased the doubling 
time of E. coli. Next, the optimal cell density at the time 
of induction was determined by inducing with an optimal 
concentration (0.25 mM) of IPTG at three different growth 
phases. Various studies have reported that the bacterial sys-
tem overexpresses heterologous proteins when induced at 
the log phase  (OD600 = 0.3–0.8) [45]. In contrast, Gavidia 
and colleagues reported that the induction at an early log 
phase  (OD600 = 0.1), resulted in ~ three-fold higher soluble 
expression, unlike inducing at the log phase  (OD600 = 0.6) 
[44]. Apart from these, few reports state that high-density 
induction enhances the solubility of heterologous mamma-
lian proteins under controlled conditions [40, 41]. Hence, 
identifying the optimal cell density at the time of induction 
is crucial for the maximal expression of recombinant pro-
teins. In this study, from the SDS-PAGE analysis (Fig. 3c), 
the maximal expression of the GATA4 fusion protein was 
observed when induced during the log phase,  OD600 =  ~ 0.5 
in comparison to late log phase  (OD600 =  ~ 1 or ~ 1.5). More-
over, the same was confirmed using western blotting with 
anti-His antibody (Fig. 3c). The effect of pre-induction cell 
density on the final growth of the culture is shown in Fig. 3d.

After the identification of optimal inducer concentration 
and cell density at the time of induction, the relationship 
between post-induction incubation time, cellular growth, 
and GATA4-NTH expression were studied. To identify 
the optimal post-induction incubation time, the culture at 
the log phase  (OD600 =  ~ 0.5) was induced with 0.25 mM 
IPTG at 37 °C for 8 h, and samples were collected every 
2 h for analysis. As shown in Fig. 3E, the expression level 
reached the maximum within 2 h of induction and remained 
unchanged up to 8 h. This result signified that the recombi-
nant GATA4-NTH protein was stable in E. coli. However, 
the growth rate of uninduced and induced cultures varied 
significantly (Fig. 3f), and that confirmed the burden on the 
growth of the bacterial system upon GATA4-NTH induc-
tion. Further, the solubility of the expressed recombinant 
GATA4 fusion protein was determined by analyzing the cell 
lysate fractions. Interestingly, the fusion protein was found 
in both the pellet and supernatant fractions of the cell lysate 
(Fig. 3g). Quantitative analysis of western blotting using 
ImageJ showed that ~ 60% of the fusion protein was in the 
insoluble pellet fraction and the remaining in the soluble 
fraction (Fig. 3h). However, other studies reported that the 

Fig. 3  Identification of optimal conditions for the maximal expression 
of the recombinant GATA4 fusion protein in E. coli. a Screening of 
minimal inducer concentration required for maximal expression of 
recombinant GATA4  protein*. E. coli BL21(DE3) cells transformed 
with GATA4-NTH were induced with different concentrations of 
IPTG at the early log phase  (OD600 =  ~ 0.5) for 2 h at 37 °C with con-
tinuous shaking at 180  rpm (n = 3). b Effect of IPTG concentration 
on the final growth of E. coli BL21(DE3)#. c Screening of optimal 
cell density at the time of induction for the maximal expression of 
recombinant GATA4  protein*. E. coli BL21(DE3) cells transformed 
with GATA4-NTH was induced with an optimal IPTG concentration 
(0.25 mM) at different cell densities for 2 h at 37  °C with continu-
ous shaking at 180 rpm (n = 3). d Effect of pre-induction growth on 
the final cell  density#. e Screening of post-induction incubation time 
for the maximal expression of recombinant GATA4  protein*. Trans-
formed E. coli BL21(DE3) cells with GATA4-NTH was induced at 
optimal cell density  (OD600 =  ~ 0.5) with an optimal concentration 
of IPTG (0.25 mM) for 2/4/6/8 h at 37 °C with continuous shaking 
at 180 rpm (n = 2). f Effect of post-induction incubation on the bac-
terial  growth#. g Soluble expression analysis of C-terminal tagged 
recombinant GATA4  protein*. E. coli BL21(DE3) cells transformed 
with GATA4-NTH was induced with an optimal IPTG concentration 
(0.25 mM) at an optimal cell density  (OD600 =  ~ 0.5) for 2 h at 37 °C 
with continuous shaking at 180 rpm. The total cell lysate fractions (L) 
were then centrifuged to obtain a pellet/insoluble (P) and a soluble 
(S) fractions (n = 3). h Quantification analysis on the solubility of 
the expressed recombinant GATA4 protein. The intensities from the 
western blot of the soluble expression analysis were measured using 
Image J 1.48 V software. From the measured values, the amount of 
GATA4 protein (%) was calculated, and a graph was plotted using 
GraphPad Prism 5 software. The bar graph represents the amount of 
GATA4 protein (%) with respect to different fractions (L, P, and S) 
of this fusion protein. i Screening of induction temperature to obtain 
maximal soluble expression of recombinant GATA4  protein*. The 
transformed E. coli BL21(DE3) cells with GATA4-NTH was induced 
at optimal cell density  (OD600 =  ~ 0.5) with an optimal concentration 
of IPTG (0.25 mM) at different temperatures (37 °C for 2 h, 30 °C for 
12 h, 25 °C for 18 h and 18 °C for 24 h) with continuous shaking at 
180 rpm. The total cell lysate fractions (L) were then centrifuged to 
obtain a pellet/insoluble (P) and a soluble (S) fractions (n = 2). j Sum-
mary of identified optimal expression condition for soluble expres-
sion of GATA4. *Harvested cells were lysed by ultrasonication, and 
total lysates were run on SDS-PAGE with normalized protein loading 
concentration of 20 μg/lane (For g and i equal volume corresponding 
to the respective L fractions was loaded for P and S fractions). The 
resolved SDS–polyacrylamide gel was stained with Coomassie Bril-
liant Blue G-250 (top) or transferred to nitrocellulose membrane and 
performed western blotting with Histidine antibody (bottom). #The 
final growth of the un-induced and induced cultures was recorded 
before harvesting the cells, and a graph was plotted using GraphPad 
Prism 5 software. M, Protein Marker (kDa); L, Total cell lysate; P, 
Pellet/insoluble cell fraction; S, Soluble cell fraction; Ab, Antibody

◂
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reduction in the temperature during induction enhanced the 
solubility of the protein of interest [42, 44]. Based on these 
studies and to improve solubility, the effect of temperature 
on the HTN-GATA4 and GATA4-NTH protein solubility 
was examined. In both cases, the reduction in the induc-
tion temperatures did not enhance the solubility; instead, 
a decrease in the expression of the GATA4 fusion proteins 
(Fig. 3i and Suppl. Figure 2C) was observed. Therefore, the 
optimal temperature to obtain the maximal soluble expres-
sion of the recombinant GATA4 fusion protein was found to 
be 37 °C. The overall identified optimal expression condi-
tions of the GATA4 fusion protein are compiled in Fig. 3j. 
This is the first study to report identification of optimal 
expression conditions in E. coli to obtain high and soluble 
expression of the recombinant GATA4 protein to achieve 
native purification.

Purification of recombinant GATA4 fusion proteins

Recombinant proteins purified under native conditions 
often retain native-like conformations and are bioactive 

[25]. Therefore, to retain the secondary structure and bio-
logical activity of GATA4 fusion proteins (GATA4-NTH 
and HTN-GATA4), purification using IMAC under native 
conditions (from soluble fraction) was performed. IMAC 
is a widely used purification technique that depends on the 
interactions between the polyhistidine residues and charged 
transition metal ions such as  Ni2+ in this study, immobilized 
on a matrix such as NTA. The recombinant GATA4-NTH 
and HTN-GATA4 proteins were expressed at the identified 
parameters (temperature: 37 °C; cell density:  OD600 =  ~ 0.5; 
IPTG concentration: 0.25 mM; induction time: 2 h) and puri-
fied using IMAC to homogeneity at 4 °C. The high purity of 
the recombinant GATA4 fusion proteins was confirmed by 
SDS-PAGE analysis (Fig. 4a and Suppl. Figure 2D), which 
was not reported in the earlier study [39]. In fact, no bio-
chemical data showing purification of human GATA4 pro-
tein were reported [39]. Importantly, application of impure 
proteins on the target mammalian cells could have detri-
mental effects [46], which was not the case in this study. 
A band of ~ 55 kDa corresponding to GATA4 fusion pro-
teins was observed when the purified fractions were run on 

Fig. 4  Purification and characterization of the recombinant GATA4 
fusion protein. a E. coli BL21(DE3) transformed with recombi-
nant plasmid GATA4-NTH was induced under optimal expression 
conditions (temperature: 37  °C; cell density:  OD600 =  ~ 0.5; IPTG 
concentration: 0.25 mM; induction time: 2 h) with continuous shak-
ing at 180  rpm. Harvested cells were lysed by ultrasonication, and 
the expressed protein was purified under native conditions from the 
soluble fraction using Ni–NTA affinity chromatography. The puri-
fication samples were run on SDS-PAGE with normalized loading 
volume. The resolved polyacrylamide gel was stained with Coomas-
sie Brilliant Blue G-250 (top) or transferred to nitrocellulose mem-
brane and performed western blotting with Histidine antibody (mid-

dle) or GATA4 antibody (bottom). M, protein marker (kDa); L, 
total cell lysate; S, soluble cell fraction; F, flow-through fraction; 
W1, wash buffer 1; W2, wash buffer 2; W3, wash buffer 3; E, elu-
tion; Ab, antibody. b and c Characterization of the purified recom-
binant GATA4-NTH protein. The desired GATA4 band was excised 
from the Coomassie-stained polyacrylamide gel and then destained, 
processed followed by trypsin digestion. The resulting peptide frag-
ments were then analyzed using mass spectrometry, and the identi-
fied 12 unique peptide sequences were highlighted in the full-length 
amino acid sequence of the GATA4-NTH protein. From the identified 
peptide sequences, annotated spectra have been plotted for one of the 
unique peptide, HPNLDMFDDFSEGR
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12% SDS-PAGE (Fig. 4a and Suppl. Figure 2D). Although 
the overall expression of HTN-GATA4 protein was higher 
than GATA4-NTH, the yield of HTN-GATA4 was very low 
compared to its counterpart (Fig. 4a and Suppl. Figure 2D). 
Based on the western blotting analysis (Fig. 4a and Suppl. 
Figure 2D; bottom), loss of GATA4 proteins was detected 
in the flow-through/unbound fractions of both GATA4-NTH 
and HTN-GATA4 proteins. The main reason behind this 
low yield of HTN-GATA4 was the loss of the majority of 
protein molecules in flow-through fractions during purifi-
cation. These observations indicated that the poly-His tag 
could have got buried during protein folding in these protein 
molecules. For this reason, many protein molecules did not 
efficiently bind to the Ni–NTA resin and were eventually 
lost in the flow-through fraction. To prevent the loss, puri-
fication of GATA4-NTH under mild denaturing conditions 
was performed by exposing the poly-His tag with 2 or 4 M 
urea. The SDS-PAGE and western blot analysis confirmed 
that GATA4-NTH was purified successfully, and based on 
the intensity, an increase in protein yield in 4 M urea treated 
soluble fraction was observed compared to 0 or 2 M treated 
soluble fraction (Suppl. Figure 3A and 3B). These results 
confirm that the loss of the majority of the molecules of 
GATA4 fusion proteins in flow-through could be due to the 
unexposed poly-His tags. Also, the terminal at which the 
poly-His tag was fused with GATA4 plays a crucial role 
in protein expression (in terms of low or high) and purifi-
cation (in terms of protein yield). In this study, we report 
for the first time the biochemical data showing the purifica-
tion of human GATA4 protein to homogeneity under native 
conditions.

Characterization of recombinant protein GATA4

The purified recombinant GATA4-NTH protein was pri-
marily characterized using Liquid chromatography-tandem 
mass spectrometry (LC–MS/MS). LC–MS/MS is a widely 
used powerful analytical technique to identify and quan-
tify peptides or the proteome of an organism [47]. In the 
present study, the Orbitrap LC–MS/MS technique was uti-
lized. This powerful technique is used to confirm the iden-
tity of the purified recombinant proteins [47]. Therefore, 
the purified GATA4-NTH protein was trypsin digested to 
produce small peptides, and the resulting peptides were 
then separated, fragmented, ionized, and analyzed using 
Orbitrap mass spectrometry. The MS/MS study of digested 
peptides generated a match with human GATA4 protein, 
and from that twelve unique peptide sequences (includ-
ing two pairs of overlapping sequences) were identified 
(Fig. 4b) to be a part of human GATA4 (Accession no.: 
NP_002043.2) using Mascot, SequestHT algorithm and 
Proteome Discoverer software. Identified twelve unique 
peptide sequences are shown in Fig. 4b. The annotated 

spectra of one of these twelve unique peptides (HPNLD-
MFDDFSEGR) are shown in Fig. 4c. Furthermore, this 
purified fusion protein was detected and confirmed using 
western blotting with the GATA4 antibody (Fig. 4a). Thus, 
with the mass spectrometry and western blotting (with 
GATA4 antibody) analysis, the identity of recombinant 
GATA4 protein was confirmed.

The secondary structure content of human GATA4 pro-
tein using experimental techniques is not reported to date. 
Therefore, its secondary structure was investigated using far 
UV CD spectroscopy. This spectroscopic technique is used 
to estimate the secondary structure content of proteins puri-
fied from cells/tissues [48], particularly for proteins whose 
secondary structure content is not known, such as GATA4. 
The characteristic shape and magnitude of the far UV CD 
spectrum represent different secondary structures, namely 
α-helix, β-sheet, turn, and random coil [48, 49]. α-helix has 
negative peaks at 222 nm and 208 nm and a positive peak 
at 193 nm, while the β-sheet has a negative peak at 218 nm 
and a positive peak at 195 nm [48]. Likewise, the random 
coil shows a positive peak at 210 nm and a negative peak of 
about 195 nm [48]. Firstly, the purified recombinant GATA4 
fusion proteins (under native conditions) were desalted or 
buffer exchanged (to avoid background noise due to NaCl), 
and then used for the far UV CD spectroscopy. The far UV 
CD data obtained were analyzed and quantified using BeSt-
Sel online tool [28, 29]. BeStSel is a recently developed tool 
to estimate the secondary structure content and fold recog-
nition from a CD spectra [28, 29]. From the CD spectrum 
that was plotted using BeStSel results (Fig. 5a and Suppl. 
Figure 2E), it is evident that the recombinant GATA4 fusion 
proteins have maintained their secondary structure. Notably, 
the characteristic shape and magnitude of the CD spectra of 
both fusion proteins (HTN-GATA4 and GATA4-NTH) were 
similar (Fig. 5a and Suppl. Figure 2E), signifying that the 
secondary structure of the GATA4 protein was independent 
of the terminal at which the tags were fused. Further, the 
estimated secondary structure of the purified GATA4-NTH 
protein revealed that GATA4 protein predominantly has ran-
dom coils and α-helices in its secondary structure (Fig. 5b). 
The estimated secondary structure of the purified GATA4-
NTH protein indicates that it constitutes of 34% random 
coils, 32% α-helices, 16% β-sheets and 18% turns (Fig. 5b). 
Similarly, the purified recombinant GATA4-NTH protein 
under mild denaturing conditions was dialyzed against 
20 mM PB (to refold) and/or buffer exchanged, and then ana-
lyzed using far UV CD spectroscopy. From the CD spectra, 
it is clear that the secondary structure was not regained after 
several attempts of refolding approaches (Suppl. Figure 3C). 
To summarize these results, the recombinant GATA4 fusion 
proteins purified under native conditions, without undergo-
ing any denaturation treatment, retained the secondary struc-
ture after purification.
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Stability and transduction ability of recombinant 
GATA4 fusion protein

To achieve successful protein transduction, the recombinant 
proteins have to be soluble and stable at in vitro cell culture 
conditions [20, 32]. Therefore, in vitro cell culture solubil-
ity and stability were analyzed for the purified recombinant 
GATA4-NTH protein. Although both the GATA4 fusion 
proteins were purified to homogeneity under native condi-
tions and retained their secondary structure, GATA4-NTH 
protein was used for further experiments due to its high yield 
in the purification procedure compared to HTN-GATA4. 
Therefore, the glycerol stock of purified GATA4-NTH pro-
tein was diluted with cell culture media and then incubated 
at standard mammalian cell culture conditions (37 °C in a 
humidified atmosphere containing 5%  CO2 in a  CO2 incuba-
tor). After 24 h of incubation, the media was centrifuged to 
separate aggregated or insoluble proteins, and the soluble 
fractions were analyzed using western blotting with GATA4 
antibody. From the result (Fig. 6a), it is clear that GATA4-
NTH recombinant protein was detected at 100 and 200 nM 
concentrations using western blotting. This signified that the 
GATA4 protein was soluble and stable at standard cell cul-
ture conditions for up to 24 h. Importantly, the recombinant 
protein-based cellular reprogramming generally requires 
multiple rounds of transduction with one round every 24 h 
[20, 32]. Our purified recombinant GATA4-NTH protein 
passed the minimum criteria for reprogramming in terms of 
solubility and stability at cell culture conditions.

Further, the sub-cellular and sub-nuclear delivery of the 
purified GATA4-NTH recombinant protein into HFFs (BJ 

cells) was investigated. This cell line was selected for the 
analysis due to its large size, which is more convenient in 
visualizing the subcellular and nuclear localization of this 
fusion protein. Additionally, this cell line is also widely used 
for cell reprogramming experiments [20]. At first, the effect 
of purified GATA4-NTH protein on the viability of HFFs 
was studied. As shown in Fig. 6b, the varying concentra-
tions of GATA4-NTH protein did not significantly affect the 
viability of HFFs even after 24 h of exposure. This result 
confirmed that the purified GATA4-NTH protein was not 
toxic to cells and safe for cell culture analysis. Further, the 
characterization of human BJ fibroblasts with immunocyto-
chemistry was performed, and the result showed that these 
cells express vimentin, a fibroblast-specific marker (Fig. 6c). 
Also, it was confirmed that these  vimentin+ cells did not 
express GATA4 protein (Fig. 6d; top). In order to study the 
transduction ability of GATA4-NTH protein into human 
cells, HFFs were incubated with this fusion protein (GATA4-
NTH; 200 nM) or PBS (as control) for 12 h and washed with 
heparin to remove extracellularly bound protein. Then the 
transduced cells were visualized and analyzed using fluo-
rescence microscopy. Microscopy results confirmed that the 
PBS (vehicle control) did not stimulate the expression of 
GATA4 or did not lead to any false positive signal during 
analysis (Fig. 6d; top). The TAT-mediated protein trans-
duction resulted in efficient transduction of GATA4 fusion 
protein into HFFs (Fig. 6d; bottom). Interestingly, almost 
all the cells showed successful uptake of purified GATA4-
NTH protein into their cytoplasm. Of these, ~ 70% of the 
cells showed nuclear localization of GATA4 fusion protein 
(Fig. 6e). Being a transcription factor [1], translocation of 

Fig. 5  Determination of the secondary structure of the purified 
recombinant GATA4 fusion protein. Far UV CD spectroscopy was 
performed to determine the secondary structure content of the puri-
fied recombinant GATA4-NTH protein in 20 mM PB (pH 8.0 at room 
temperature). The far UV CD data obtained were analyzed using 
in silico BeStSel online tool. From the BeStSel results, a CD spec-

tra have been plotted with Delta Epsilon  (M−1 cm−1; Y-axis) against 
wavelength (nM; X-axis) and a bar graph b shows the percentage of 
secondary structures (α-helices, β-sheets, turns, and others (mostly 
random coils)) for the purified recombinant GATA4-NTH protein 
(n = 3)
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GATA4 to the nucleus is critical for its biological activity. 
Although GATA4 transcription factor has its own NLS, the 
fusion of an extra NLS at the C-terminal end should further 
enhance the nuclear translocation [20, 32, 34, 35]. However, 
a detailed investigation is required to confirm that the effi-
cient nuclear localization of this GATA4-NTH protein is due 
to the fusion of additional NLS at the C-terminal end. Thus, 
our strategy using TAT and NLS fused to the GATA4 protein 
resulted in efficient sub-cellular and sub-nuclear delivery 
into the HFFs. The fusion of these two tags (TAT and NLS) 
with the recombinant protein can efficiently deliver protein 
of interest to the target site to perform its biological function. 
The earlier study required the usage of protein transduction 

reagent for efficient delivery of GATA4 protein into cells 
[39], whereas no such reagent was required in our study. In 
this study, the authors showed that GATA4 was biologically 
active and was one of the core reprogramming factors to 
derive functional cardiac progenitor cells [39]. In our study, 
we have expressed and purified full-length human GATA4 
protein that is stable at cell culture conditions and has cell 
and nuclear translocation ability, unlike the commercial ones 
which are generally available in truncated versions and are 
devoid of cell and nuclear translocation ability. Other stud-
ies have also reported similar results using TAT-mediated 
cell penetration and NLS-mediated nuclear translocation 
for other transcription factors to generate desired cells for 

Fig. 6  Cell culture stability, transduction ability, and effect of the 
purified GATA4 fusion protein on human cells. a Cell culture sta-
bility analysis of GATA4-NTH recombinant protein. The puri-
fied GATA4-NTH protein was diluted to the final concentration of 
50/100/200 nM with cell culture medium containing DMEM supple-
mented with 2% FBS, 1% P/S, 1X NEAA, and 1X Glutamax. These 
GATA4-NTH transduction media were incubated under standard cell 
culture conditions for 24  h in a 6-well culture dish. The incubated 
transduction media were then analyzed using western blotting with 
the GATA4 antibody. b Effect of GATA4-NTH recombinant protein 
on HFFs. In 96-well culture plate, 4 × 104 BJ cells/well were grown 
overnight under standard cell culture conditions and treated with 
purified GATA4 recombinant protein or PBS for 24 h. After the treat-
ment, cells were incubated with MTT for 2 h, and the crystals were 
dissolved with dimethyl sulfoxide. The absorbance at 570  nm was 
then measured using a multi-plate reader, and the cell viability (%) 
was calculated. A bar graph was plotted with the calculated values, 
and statistical tests (one-way ANOVA) were performed using Graph-
Pad Prism 5 software (n = 3). c Characterization of BJ fibroblasts 
using the Vimentin antibody. Nuclear staining was carried out with 
a DAPI solution. Scale bar: 100 μm. d Protein transduction ability of 

purified GATA4-NTH recombinant protein in HFFs (using GATA4 
antibody). BJ fibroblast cell line (1 × 105 cells/well) was grown in a 
6-well culture-dish to 50% confluency, and purified GATA4-NTH 
protein (200 nM) or an equal volume of PBS was added to the cells 
and incubated for 24 h under standard cell culture conditions. After 
the incubation, cells were washed with PBS, fixed, permeabilized, 
and incubated with primary antibody followed by respective sec-
ondary antibody incubation. Nuclear staining was carried out with 
a DAPI solution. Then the cellular uptake of the fusion protein was 
analyzed using fluorescence microscopy. For nuclear localization 
analysis, the images obtained in different modes were merged. White 
and gray arrows indicate the nuclear-transduced cells (NTCs) and 
non-nuclear-transduced cells (non-NTCs), respectively. Scale bar: 
100 μm (n = 2). e Quantitative analysis of GATA4 nuclear transloca-
tion in human cells. The total number of cells and GATA4 nuclear-
transduced cells were counted using Image J 1.48  V software, and 
the percentage of nuclear-transduced cells (NTCs) and non-nuclear-
transduced cells (non-NTCs) were calculated. Using GraphPad Prism 
5 software, a bar graph was plotted with the calculated values, which 
represents the quantitative analysis of nuclear transduction ability of 
the purified GATA4-NTH recombinant protein in HFFs
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biological applications [20, 32, 34, 35]. These studies have 
also reported that the presence of these fusion tags did not 
affect the biological activity of the protein of interest. Addi-
tionally, we have demonstrated that this purified protein has 
retained its secondary structure, which indicates that this 
recombinant protein has great promise of being biologically 
active. This molecular tool can be used to generate integra-
tion-free cells and for other biological applications, avoiding 
the serious concerns associated with plasmid or viral inte-
gration into the host cell chromosomes [20, 50].

Conclusion

In this study, codon optimization, cloning, expression 
and purification of full-length human GATA4 transcrip-
tion factor from E. coli was performed to obtain a highly 
pure recombinant protein. This is the first study reporting 
the identification of optimal expression parameters in E. 
coli and showing the generation of a highly pure recom-
binant protein. The protein purification protocol employed 
is economical, simple and reproducible. In addition, this 
protocol involves purification from soluble cell lysate frac-
tion to obtain a native protein, and precludes purification 
from inclusion bodies; the latter is expensive, cumbersome, 
time consuming and requires the refolding of the denatured 
protein. One aspect where the purification procedure still 
requires further attention is to improve the yield of the pro-
tein as a good amount of protein is lost in the flow-through 
fraction. Notably, we generated a stable recombinant human 
GATA4 protein having cell penetration and nuclear translo-
cation ability, which did not require the usage of a protein 
transduction reagent. Importantly, the purified recombinant 
protein has retained its secondary structure. Also, we report 
for the first time that the human GATA4 protein predomi-
nantly comprises of random coils and α-helices. In addition, 
fusion of tags at any end of the protein does not alter its 
secondary structure. Soon, we aim to demonstrate that this 
recombinant cell-permeant GATA4 protein is biologically 
active using this protein for cell reprogramming assays sub-
stituting for a viral and genetic form of GATA4 to generate 
functional human cardiomyocytes. Furthermore, we aim to 
demonstrate its ability to function as a tumor suppressor 
and inhibit cell proliferation in different types of cancer. In 
addition, this recombinant protein can be a useful biologi-
cal tool for further structural analysis, identifying potential 
novel interaction partners, and investigating its molecular 
function in different cell types.
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