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Abstract
The stem cell-specific SOX2 transcription factor is critical for early embryonic development and the maintenance of embry-
onic and neural stem cell identity. It is also crucial for the generation of induced pluripotent and neural stem cells, thus 
providing immense prospect in patient-specific therapies. Here, we report soluble expression and purification of human 
SOX2 protein under native conditions from a bacterial system. To generate this macromolecule, we codon-optimized the 
protein-coding sequence and fused it to a nuclear localization signal, a protein transduction domain, and a His-tag. This was 
then cloned into a protein expression vector and was expressed in Escherichia coli. Subsequently, we have screened and 
identified the optimal expression conditions to obtain recombinant fusion protein in a soluble form and studied its expres-
sion concerning the position of fusion tags at either terminal. Furthermore, we purified two versions of recombinant SOX2 
fusion proteins to homogeneity under native conditions and demonstrated that they maintained their secondary structure. 
This molecular tool can substitute genetic and viral forms of SOX2 to facilitate the derivation of integration-free induced 
pluripotent and neural stem cells. Furthermore, it can be used in elucidating its role in stem cells, various cellular processes 
and diseases, and for structural and biochemical studies.

Keywords SOX2 · Stem cell · E. coli · Recombinant protein · Protein expression and protein purification · Secondary 
structure

Introduction

Generation of induced Pluripotent Stem Cells (iPSCs) by 
overexpression of reprogramming factors into somatic cells 
has transformed the field of regenerative medicine [1, 2]. 
iPSCs have tremendous potential for their applicability in 
understanding human developmental biology, a platform for 
drug discovery and toxicity screening, development of new 
human disease models, and an ideal source for autologous 
cell-based therapy [3]. The approaches used for the genera-
tion of iPSCs are divided into integration-based and inte-
gration-free techniques [4, 5]. Integration-based approaches 
employ γ-retro- and lenti-viral vectors that integrate into 
the genome for the derivation of iPSCs. However, these 
techniques adversely affect the developmental potential of 
the generated iPSCs and result in the formation of tumors 
[6], thus nullifying the clinical potential of the cells. The 
integration-free techniques involve Sendai viruses, episo-
mal plasmids, mRNAs, microRNAs, small molecules, and 
recombinant proteins [4, 5, 7, 8]. These approaches over-
come the risk of any genomic alteration and increase the 
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potential of iPSCs for various biomedical applications [4, 
5]. Among the integration-free techniques, the recombinant 
protein-based approach is considered as the safest to date [5, 
7–10]. This technology involves direct transduction of bio-
logically active proteins tagged with Protein Transduction 
Domains (PTDs) or Cell-Penetrating Peptides (CPPs) [5, 9]. 
It provides greater control over time and dosage of applica-
tion and the flexibility to perform experimental variations in 
reprogramming factor combinations for investigating their 
stage-specific roles in the reprogramming process [5, 9].

To date, the major limitation of this technique is low 
reprogramming efficiency and slow kinetics of iPSC gen-
eration [5, 9]. This can be realized by tagging the repro-
gramming proteins with PTDs/CPPs to facilitate the cellular 
entry and Nuclear Localization Signal (NLS) for its directed 
translocation into the nucleus [9, 10]. Also, an ample amount 
of reprogramming proteins is required during the reprogram-
ming process. This can be achieved by choosing an expres-
sion host that produces a high yield of bioactive eukary-
otic proteins such as Escherichia coli (E. coli). The E. coli 
expression strains such as BL21(DE3) prevent proteolysis 
and provide stability to obtain full-length eukaryotic proteins 
[11, 12]. However, codon bias, inefficient expression, pro-
tein aggregation, and misfolded or partially folded protein 
post-purification are the major obstacles to overcome in the 
case of eukaryotic proteins. Codon optimization, appropriate 
expression vector and host strain, identification of optimal 
expression conditions, and purification under native condi-
tions can address these issues [11, 12], eventually to produce 
bioactive proteins.

Using this protein transduction technology, many groups 
have generated human and mouse iPSCs from terminally 
differentiated somatic cells by delivering reprogramming 
transcription factors [13–18]. However, the major drawbacks 
in most of these studies were stability, the endosomal entrap-
ment due to misfolded proteins, and perinuclear localization 
due to surface accumulation during nuclear entry, thereby 
compromising the overall reprogramming efficiency and 
kinetics. Alleviating these problems and generating trans-
ducible forms of reprogramming proteins is one of the pri-
mary requirements for successfully implementing protein 
transduction technology in iPSC generation. In this study, 
we aimed to produce a transducible version of recombinant 
human Sex determining region Y-box 2 (SOX2) protein from 
E. coli, which can be used for reprogramming and various 
biological applications.

SOX2 is a member of the SOXB1 transcription factor fam-
ily and is the earliest factor of the subfamily to be expressed 
in mouse [19–21]. It plays a vital role in the embryonic 
development, where it is expressed in inner cell mass (the 
source of embryonic stem cells), epiblast, germ cells, and the 
multipotent cells of extraembryonic ectoderm [22]. Zygotic 
deletion of the gene causes early embryonic lethality due to 

failure in forming pluripotent epiblast cells [20, 22]. SOX2 
is also expressed in adult stem and progenitor cells [20], and 
its major role is observed in the maintenance of neural stem 
cells and its subsequent differentiation into lineage-specific 
cell types [21, 23]. Downregulation of SOX2 showed direct 
implication on the self-renewal activity in both mouse and 
human ESCs [19, 21, 24]. Both showed a loss in maintaining 
pluripotency and subsequently differentiated into trophecto-
dermal lineage. The role of SOX2 was also identified in the 
generation and maintenance of iPSCs in conjunction with 
other core reprogramming factors [1, 2]. It played a critical 
role in regulating the reprogramming network and assisted 
in the epigenetic reversal of the somatic cells into iPSCs 
[21]. Furthermore, the dosage of SOX2 is also reported to 
be crucial for efficient reprogramming [25].

Interestingly, the role of SOX2 is also implicated in multi-
ple cancers such as human squamous cell carcinoma, osteo-
sarcoma, glioblastoma, and melanoma [20].  SOX2+ cells 
are marked as a bonafide factor in identifying a potential 
tumor-causing cell and a SOX2-induced drug-resistant cell, 
where these drug-resistant cells are critical to be identified, 
especially after cancer therapies, including radiography and 
chemotherapy [26]. Mechanistically, SOX2 promotes cell 
proliferation and survival, metastasis through invasion, drug 
resistance, and cancer stemness, therefore making it a poten-
tial anti-cancer target [27, 28]. All these studies implicate the 
crucial function of SOX2 in various cellular processes and 
the panoply of diseases. Hence, the generation of recombi-
nant human SOX2 will not only provide an opportunity to 
understand its stoichiometric and structural relevance with 
respect to the generation of integration-free human iPSCs 
and neural stem cells, but also help investigate its function 
in iPSCs, neural stem cells, and cancer cells.

In the current study, we have generated recombinant 
human SOX2 fusion proteins from E. coli followed by the 
determination of their secondary structure. This study high-
lights the influence in expression due to the position of tags 
and tackles the major experimental constraints related to 
heterologous protein expression and purification.

Materials and Methods

Construction of Human SOX2 Fusion Gene 
Constructs

The protein-coding 951 bp full-length sequence of the SOX2 
gene (NM_003106.3) was obtained from the National Center 
for Biotechnology Information RefSeq database. This pro-
tein-coding sequence was then codon-optimized using Gene-
Optimizer (Thermo Fisher Scientific) and analyzed using 
two independent online tools (GenScript Rare Codon Analy-
sis and Graphical Codon Usage Analyser 2.0) as described 
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recently [29]. Subsequently, this codon-optimized gene 
sequence was fused either before the start or stop codon with 
codon-optimized fusion tags [polyhistidine-tag (octahisti-
dine; (H)), HIV-Trans-Activator of Transcription (TAT; (T)), 
and NLS; (N))] to generate HTN-SOX2 and SOX2-NTH, 
respectively. These customized gene inserts (HTN-SOX2 
and SOX2-NTH) were procured from GenScript Biotech 
Corporation, China) and were cloned into the pET28a(+) 
expression vector (Novagen, Merck Millipore). The resulting 
pET28a(+) vectors harboring SOX2 fusion genes (pET28a-
HTN-SOX2 or pET28a-SOX2-NTH) were analyzed using 
restriction digestion analysis and DNA sequencing.

Screening Gene Constructs and Expression 
Parameters to Achieve Soluble Expression 
of Recombinant Human SOX2 Protein

Gene constructs pET28a-HTN-SOX2 (hereafter, HTN-
SOX2) and pET28a-SOX2-NTH (hereafter, SOX2-NTH) 
were transformed into E. coli BL21(DE3) strain. The trans-
formants harboring HTN-SOX2 or SOX2-NTH gene con-
structs were grown as described earlier [29]. To identify 
the optimal induction concentration, secondary cultures 
were grown until the  OD600 reached ~ 0.5 and then induced 
with different concentrations (0.05, 0.1, 0.25, and 0.5 mM) 
of Isopropyl β-d-1-thiogalactopyranoside (IPTG) (Sisco 
Research Laboratories) for 2 h at 37 °C with constant shak-
ing. For optimizing the cell density at the time of induc-
tion, secondary cultures were induced with optimal IPTG 
concentration at different  OD600 (~ 0.5, ~ 1.0, and ~ 1.5) 
for 2 h at 37 °C. The optimal post-induction incubation 
time was identified by inducing the cultures at the opti-
mal cell density with the optimal inducer concentration at 
37 °C with constant shaking, and samples were collected 
at an interval of 2, 4 and 8 h for analysis. To identify the 
optimal induction temperature, cultures with optimal cell 
density  (OD600  ~ 0.5) were induced with an optimal IPTG 
concentration (0.25 mM) and then incubated at 37 °C (2 h) 
and 18 °C (36 h) with constant shaking. Post-induction, the 
cells were centrifuged and resuspended in cold lysis buffer 
[50 mM phosphate buffer (Sisco Research Laboratories), 
150 mM sodium chloride (Sisco Research Laboratories), 
and 20 mM imidazole (Merck Millipore); pH 7.8] followed 
by ultrasonication using Vibra-Cell™ VCX-130 Ultrasonic 
Liquid Processor (Sonics and Materials Inc.) at refrigerated 
conditions to obtain the crude lysate. This crude lysate was 
separated further by centrifugation to obtain soluble super-
natant and insoluble pellet fractions. The sonicated and cen-
trifuged samples were further analyzed by Sodium Dodecyl 
Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
and western blotting. Uninduced cultures were used as a 
negative control in all the experiments.

Immobilized Metal Ion Affinity Chromatography

For the purification of SOX2 fusion proteins, all the buff-
ers were adjusted to pH 7.8 at room temperature and pre-
chilled on ice. To purify the recombinant human SOX2 
fusion proteins, we carried out immobilized metal ion 
affinity chromatography under native conditions. SOX2 
was induced with the identified optimal expression 
parameters in 1.2 L culture volumes. Cells were then har-
vested and re-suspended in cold lysis buffer (20 ml) and 
ultrasonicated on ice for cell lysis and then centrifuged 
to obtain supernatant/soluble cell fractions. Further, the 
soluble cell fraction was diluted with an equal volume 
buffer (20 ml) of equilibration (50 mM phosphate buffer, 
150 mM sodium chloride, and 20 mM imidazole) and 
loaded onto the purification column (charged with nickel-
nitrilotriacetic acid; Bio-Rad) followed by incubation with 
constant shaking for ~ 2 h at 4 °C. After binding of the 
SOX2 fusion protein to the nickel, the unbound/bacterial 
proteins were discharged, and the column was washed with 
20 column volumes of wash buffer 1 (50 mM phosphate 
buffer, 150 mM sodium chloride, 50 mM imidazole) with 
incubation at 4 °C for five times with incubation time of 
15 min. Similarly, the column was washed sequentially 
with wash buffer 2 (50 mM phosphate buffer, 150 mM 
sodium chloride, and 100 mM imidazole) and wash buffer 
3 (50 mM phosphate buffer, 150 mM sodium chloride, 
and 150 mM imidazole). The bound SOX2 fusion proteins 
were eluted with elution buffer (50 mM phosphate buffer, 
150 mM sodium chloride, and 500 mM imidazole). Based 
on experimental design, purification samples collected at 
different steps were analyzed using SDS-PAGE and west-
ern blotting. Further, the purified proteins were desalted 
and/or buffer exchanged (as per the experimental design) 
using PD10 columns as per the manufacturer’s instruc-
tions (GE healthcare) against glycerol buffer [20% glycerol 
in 50 mM phosphate buffer (pH 7.8)] and then stored at 
− 80 °C until further use.

SDS‑PAGE and Western Blotting

The total protein concentrations were measured using Brad-
ford assay [30] (Bio-Rad) using bovine serum albumin (Bio-
Rad) as a standard and measured with a multi-plate reader 
(Multiskan GO, Thermo Scientific). SDS-PAGE, coomassie 
staining, and western blotting were performed as described 
earlier [29]. The following primary [anti-His (1:5000; BioB-
harati, BB-AB0010) and anti-SOX2 (1:2000, Santacruz Bio-
technology; sc-365823)] and secondary antibodies [1:5000; 
anti-rabbit IgG antibody (Invitrogen, 31460) and anti-mouse 
IgG-HRP Conjugated (1:5000; Invitrogen; 31430)] were 
used in the western blotting analysis.
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Far Ultraviolet Circular Dichroism Spectroscopy

To identify the retention of secondary structure conforma-
tion of purified HTN-SOX2 and SOX2-NTH fusion proteins, 
far ultraviolet (UV) Circular Dichroism (CD) spectroscopy 
was carried out as described earlier using the same param-
eters [29]. Briefly, the spectra were recorded in the range of 
260–190 nm of wavelength with the desalted purified pro-
tein [final concentration of 0.92 μM for HTN-SOX2 and 
1.76 μM for SOX2-NTH in 50 mM phosphate buffer (pH 
7.8)] using JASCO J-1500 Circular Dichroism Spectropho-
tometer. The final spectrum was analyzed after subtracting 
the background noise using an online tool, Beta Structure 
Selection (BeStSel) (http://bests el.elte.hu/index .php) [31].

Results

Plasmid Construction and Gene Cloning 
of Codon‑Optimized Human SOX2 Gene Sequence 
in a Protein Expression Vector

First, we performed codon optimization of the SOX2 gene 
sequence to remove codon bias and all the undesirable ele-
ments such as low or high GC content, codon bias, mRNA 
instability elements and secondary structures, cis-regulatory 
elements, common restriction sites, internal ribosome entry 

sites, intragenic poly(A) sites to obtain an increased expres-
sion of SOX2 in a heterologous system (in this study, E. 
coli). To accomplish this, the protein-coding sequence of 
the human SOX2 gene was codon-optimized using GeneOp-
timizer (Thermo Fisher Scientific). The sequence alignment 
of the non-optimized and codon-optimized SOX2 coding 
sequence showing the altered nucleotide substitutions are 
shown in Fig. 1. The quality of codon optimization of the 
sequence was evaluated using two independent online tools, 
GenScript Rare Codon Analysis (GRCA; Supplementary 
Fig. S1) and Graphical Codon Usage Analyser 2.0 (GCUA 
2.0; Supplementary Fig. S2). Using the GRCA tool, it was 
found that 9% of the codons in the non-optimized sequence 
were having a codon usage frequency of ≤ 30%, which could 
hamper the expression of human SOX2 in E. coli [Supple-
mentary Fig. S1 (in grey), Supplementary Table S1]. Using 
the GCUA 2.0 tool, seven codons have been found to have 
a relative adaptiveness value of ≤ 30% in the non-optimized 
sequence that might affect the expression of human SOX2 
in E. coli [Supplementary Fig. S2 (left, shown by arrows)]. 
These codons as well as other codons that might impact the 
expression were replaced with the most suitable synony-
mous codons using the GeneOptimizer tool to enhance gene 
expression [Supplementary Figs. S1 (in black), S2 (right)]. 
Additionally, codon optimization resulted in an increased 
codon adaptation index value to 0.91 for the codon-opti-
mized sequence from 0.70 of its non-optimized sequence 

Fig. 1  Comparison of non-optimized and codon-optimized SOX2 protein-coding sequence. The nucleotides highlighted in both were altered to 
achieve efficient expression in E. coli 

http://bestsel.elte.hu/index.php
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(Supplementary Table S1). This analysis confirmed that the 
codon-optimized SOX2 sequence was devoid of rare codons 
that could affect its expression, favoring its heterologous 
expression in E. coli.

This validated codon-optimized SOX2 coding sequence 
was fused to a set of tags, namely the Octa-His (H) tag to 
enable affinity chromatography-based purification, a PTD 
called TAT (T) for intracellular, and NLS (N) for intranu-
clear delivery. All the three tags were either placed before 
the start codon to generate HTN-SOX2 or before the stop 
codon to generate SOX2-NTH (Fig. 2a). The customized 
gene inserts (HTN-SOX2 and SOX2-NTH) obtained in 
pUC57 plasmid were excised using restriction endonucle-
ases, NcoI and XhoI, and cloned into the pET28a(+) protein 
expression vector between NcoI and XhoI restriction sites. 
This gene was placed under the transcriptional control of a 
tightly regulated strong T7 promoter. The obtained plasmids 
pET28a-HTN-SOX2 (hereafter, HTN-SOX2) and pET28a-
SOX2-NTH (hereafter, SOX2-NTH) were confirmed using 
restriction digestion analysis (Fig. 2b). The empty vector 
[pET28a(+)] was also taken as a control during this experi-
ment to confirm the absence of a codon-optimized SOX2 
coding sequence (data not shown). The fidelity of the cloned 
gene sequence was confirmed with DNA sequencing using 
standard T7 promoter (5′-TAA TAC GAC TCA CTA TAG 
GG-3′) and terminator (5′-GCT AGT TAT TGC TCA GCG 
G-3′) primers (data not shown).

Identification of Gene Constructs and Optimal 
Expression Conditions to Achieve Maximal 
and Soluble Expression of Recombinant Human 
SOX2 Protein

Various studies have demonstrated that the identification of 
optimal expression parameters and specifically induction 
temperature is vital to attain the high and soluble expres-
sion of biologically active recombinant proteins from E. coli 
[32–36]. From these observations, various parameters such 
as inducer concentration (IPTG), optical density (OD), and 
post-induction incubation time were screened and identified 
for the maximal expression of SOX2 in E. coli (Table 1). 
The identified optimal inducer concentration, induc-
tion cell density and post-induction incubation time were 
0.25 mM, ~ 0.5, and 2 h, respectively. These results indicate 
that higher amount of IPTG, late growth phase, or prolonged 
post-induction incubation time had no significant effect on 
the expression of SOX2 fusion proteins. Identification of 
these parameters was crucial to obtain maximal expression 
of SOX2 fusion proteins. Using these expression parameters, 
maximal expression of HTN-SOX2 and SOX2-NTH was 
observed in E. coli (Fig. 3a, b; L fraction at 37 °C). Further, 
to prevent protein aggregation and achieve maximal soluble 
expression of SOX2 fusion proteins in E. coli, the expression 
and solubility profiles of two gene constructs, HTN-SOX2 
and SOX2-NTH at two different temperatures (37 vs. 18 °C) 

Fig. 2  Schematic representation of the SOX2 gene with fusion tags 
and confirmation of its cloning into the pET28a(+) expression vector. 
a Schematic illustrations of SOX2 fusion gene inserts [HTN-SOX2 
(left) and SOX2-NTH (right); not drawn to scale]. Codon-optimized 
SOX2 protein-coding sequence was fused to His-tag for affinity 
chromatography, TAT to enable cell penetration, and NLS to facili-

tate nuclear translocation in mammalian cells. His Histidine (8×), 
TAT  transactivator of transcription, NLS nuclear localization signal/
sequence. b The gene inserts shown in a were cloned into a protein 
expression vector, pET28a(+). The resulting plasmids were then con-
firmed by restriction digestion using various restriction enzymes, as 
depicted
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was investigated. The results indicated that the expression 
and solubility profiles of HTN-SOX2 was higher compared 
to SOX2-NTH when compared at the same temperature (37 
or 18 °C; Fig. 3). Interestingly, more than 90% of the SOX2 
protein was observed in the soluble fraction in the case of 
HTN-SOX2, whereas this was not observed in the case of 
SOX2-NTH. An uninduced sample was taken as a control 
to show no leaky expression of the SOX2 fusion proteins 
(Fig. 3). Surprisingly, few truncated fragments of SOX2 pro-
tein were observed in the case of SOX2-NTH, as shown in 
western blotting (Fig. 3b, bottom). This was irrespective of 
the various parameters and two different temperatures ana-
lyzed (Fig. 3b, bottom). A similar observation was also seen 
in earlier studies for a C-terminally tagged mouse SOX2 
protein purified from E. coli [37, 38]. The addition of pro-
tease inhibitors did not decrease the formation of truncated 
fragments in SOX2-NTH (data not shown). These truncated 
products may be due to proteolytic cleavage at specific sites 
in some protein molecules during expression [35] or due to 

the presence of intragenic sequences mimicking E. coli ribo-
somal entry sites [39]. Although faint truncated fragments 
of SOX2 protein were observed in the case of SOX2-NTH, 
most of it was still retained as a full-length protein (Fig. 3). 
Interestingly, soluble expression was observed with both the 
gene constructs and at temperatures 37 and 18 °C; therefore, 
we chose these constructs and induction at both the tempera-
tures for further experiments.

Purification of Recombinant Human SOX2 Fusion 
Proteins Under Native Conditions

We next sought to purify HTN-SOX2 and SOX2-NTH 
induced at both 37 and 18 °C using immobilized metal 
ion affinity chromatography under native conditions in a 
facile manner. This is a versatile technique employed to 
purify polyhistidine affinity-tagged proteins and also help 
accomplish a high yield of proteins with nearly 95% purity 
[40]. Although HTN-SOX2 and SOX2-NTH induced at 

Table 1  Summary of the 
optimal expression conditions 
to obtain maximal expression 
of the human SOX2 fusion 
proteins in E. coli at 37 °C

Expression parameters Values screened Optimal value

Inducer concentration (IPTG) (in mM) 0.05, 0.1, 0.25, 0.50 0.25
Induction cell density  (OD600)  ~ 0.5, ~ 1.0, ~ 1.5  ~ 0.5
Post-induction incubation time (in h) 2, 4, 8 2

Fig. 3  Soluble expression analysis of human SOX2 fusion proteins. 
BL21(DE3) cells were transformed with pET28a-HTN-SOX2 or 
pET28a-SOX2-NTH and grown until they reached  OD600 ~ 0.5, fol-
lowed by induction with 0.25 mM IPTG and incubated at 37 °C for 
2 h and 18 °C for 36 h. Next, the cells were lysed using a lysis buffer 
and ultrasonication. The crude lysate (L) thus obtained was centri-
fuged to separate soluble supernatant fraction (S) and insoluble pel-
let fraction (P). Protein concentrations were measured and then nor-

malized to 20 µg/well for L fraction, and an equal amount for P and 
S fractions corresponding to the respective L fraction were used for 
analysis. These samples were separated on 12% SDS-PAGE gels and 
stained with Coomassie Brilliant Blue G-250 (top), or western blot-
ting was performed using anti-Histidine (α-His) antibody (bottom) 
(n = 2). *Truncations of SOX2 fusion proteins. M protein marker 
(kDa), UI uninduced, L crude lysate, P insoluble pellet fraction, S 
soluble supernatant fraction, Ab antibody
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18 °C was pure, the yield of the recombinant proteins for 
HTN-SOX2 (0.67 mg/L) and SOX2-NTH (0.91 mg/L) was 
low compared to HTN-SOX2 (1.35 mg/L) and SOX2-NTH 
(1.52 mg/L) induced at 37 °C. Therefore, HTN-SOX2 and 
SOX2-NTH induced at 18 °C were excluded from further 
analysis. The purity of HTN-SOX2 and SOX2-NTH fusion 
proteins induced at 37 °C was confirmed by SDS-PAGE 
analysis [Fig. 4a (top), b, c (top), d], and the fusion pro-
teins were detected by western blotting using an anti-His 
antibody (Fig. 4a, middle, c, middle). Further, the identity 
of purified SOX2 fusion proteins was confirmed using an 

anti-SOX2 antibody (Fig. 4a, bottom, c, bottom). The faint 
truncated protein fragments of SOX2 fusion proteins were 
also detected by both anti-His and anti-SOX2 antibody 
(Fig. 4a, c), indicating that these protein fragments were 
not of bacterial origin. Notably, most of the SOX2 fusion 
protein molecules were still intact (Fig. 4a, c). A band cor-
responding to full-length human SOX2 fusion protein was 
observed at ~ 40 kDa (Fig. 4). Thus, we demonstrate the 
homogeneous purification of recombinant SOX2 fusion 
proteins under native conditions from E. coli.

Fig. 4  Generation of recom-
binant human SOX2 fusion 
proteins under native condi-
tions using immobilized metal 
ion affinity chromatography. 
BL21(DE3) cells harboring 
HTN-SOX2 and SOX2-NTH 
were induced with 0.25 mM 
IPTG at  OD600 ~ 0.5 and 
incubated at 37 °C for 2 h. 
Subsequently, the cells were 
harvested, lysed by ultrasonica-
tion, and centrifuged to obtain 
soluble supernatant fraction. 
From the supernatant fraction, 
the expressed fusion proteins 
were purified using Ni–NTA 
affinity chromatography under 
native conditions. HTN-SOX2 
(a) and SOX2-NTH (c) protein 
samples collected during differ-
ent stages of purification were 
separated on 12% SDS-PAGE 
gels with normalized loading. 
They were either stained with 
Coomassie Brilliant Blue G-250 
(top), or western blotting was 
performed with anti-Histidine 
(α-His) antibody (bottom) and 
the anti-SOX2 antibody (n = 4). 
b, d Elution fractions (E1–4) 
resolved on 12% SDS-PAGE 
gels and stained with Coomas-
sie Brilliant Blue G-250 of 
HTN-SOX2 and SOX2-NTH, 
respectively. The arrow (←) 
indicates HTN-SOX2 and 
SOX2-NTH protein, whereas 
the asterisk (*) indicates trunca-
tions of the SOX2 fusion pro-
tein. M protein marker (kDa), L 
crude lysate, S soluble/superna-
tant fraction, FT flow-through 
fraction, W1 wash buffer 1 frac-
tion, W2 Wash buffer 2 fraction, 
W3 wash buffer 3 fraction, E 
eluted fraction, Ab antibody
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Determination of the Secondary Structure 
of Purified Recombinant SOX2 Fusion Proteins

To the best of our knowledge, neither the crystal structure of 
full-length human SOX2 protein nor its secondary structure 
content has been reported to date. Therefore, we studied its 
secondary structure content using far UV CD spectroscopy. 
CD is a widely performed technique for the estimation of 
the secondary structure content and folding characteristics/
conformation of purified proteins [41]. The characteristic 
CD spectrum indicates different secondary conformations, 
namely α-helix, β-sheet, turn, and random coil [41, 42]. 
The CD spectrum representing α-helix displays the nega-
tive peaks at 222 and 208 nm and a positive peak of about 
193 nm [41]. Likewise, the distinct antiparallel β-pleated 
sheets (β-sheets) have a negative peak at 218 nm and a posi-
tive peak at 195 nm, while the disordered proteins containing 
random coil have a positive peak above 210 nm and a nega-
tive peak near 195 nm [41]. To estimate the secondary struc-
ture content of purified HTN-SOX2 and SOX2-NTH fusion 
proteins (induced at 37 °C), far UV CD spectroscopic analy-
sis was performed. First, desalting and buffer exchange of 
the fusion proteins was carried out to remove salt and imida-
zole as this might interfere with the analysis. Subsequently, 
the fusion proteins were subjected to far UV CD spectro-
scopic analysis. The obtained far UV CD data were further 
quantified and analyzed using a recently developed online 
tool, Beta Structure Selection (BeStSel) [31]. It is a free 
web server developed to analyze the CD spectra recorded 
by CD spectrophotometer for prompt and reliable prediction 
of the secondary structure content of proteins [31]. The CD 

spectra (plotted using BeStSel result) of recombinant HTN-
SOX2 protein shows that its secondary structure comprised 
10% α-helices, 28% β-sheets, 16% turns, and 46% random 
coils (Fig. 5a, b). The CD spectrum and secondary structure 
content values for SOX2-NTH were also very similar: 11% 
α-helices, 28% β-sheets, 15% turns, and 46% random coils 
(Fig. 5a, b). Notably, these results established that the puri-
fied fusion proteins majorly comprised of random coils and 
β-sheets and a good proportion of turns and α-helices. This 
data established that the recombinant SOX2 fusion proteins 
had maintained their secondary structure, and they show 
great promise of being bioactive.

Discussion

In this study, we report the generation of highly pure recom-
binant human SOX2 fusion proteins, one of the critical tran-
scription factors in embryonic development, stem cell iden-
tity, and iPSC and induced neural stem cell production. The 
generation of a transducible version of SOX2 protein is criti-
cal for overcoming the limitations associated with viral- and 
plasmid-based delivery systems [37, 43]. Viral-based gene 
delivery systems integrate into the genome, whereas plas-
mid-based systems are less efficient and screening of iPSC 
clones is more cumbersome; therefore, these approaches are 
not the most suitable for regenerative medicine [4, 5, 7, 8].

First, codon optimization of the protein-coding sequence 
of the human SOX2 gene was performed. Numerous stud-
ies have reported that codon optimization is critical for 
achieving enhanced expression of human genes in bacterial 

Fig. 5  Determination of the secondary structure of human SOX2 
fusion proteins. The secondary structure was determined using far 
UV CD spectroscopy for the purified recombinant HTN-SOX2 and 
SOX2-NTH fusion proteins in 50  mM phosphate buffer at pH 7.8. 
The CD data obtained were then evaluated using BeStSel online tool. 
From the results, CD spectra have been plotted with wavelength (nm) 

against Delta Epsilon  (M−1cm−1) for purified HTN-SOX2 (dotted 
line) and SOX2-NTH (bold line) recombinant proteins as shown in 
a. The bar graph in b shows the percentage of secondary structures 
[α-helix, β-sheet, turn, and other (random coil)] for purified HTN-
SOX2 and SOX2-NTH recombinant proteins (n = 4)
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systems [29, 39, 44], which is a powerful tool to improve 
protein expression by altering the coding sequence of a gene 
of interest to make codon usage match the accessible tRNA 
pool within the desired host [44]. Various undesirable fac-
tors/elements such as codon bias, low or high GC content, 
mRNA instability elements and secondary structures, cis-
regulatory elements, internal ribosome entry sites, intragenic 
poly(A) sites, and common restriction sites are eliminated 
while performing codon optimization [39]. Moreover, the 
codon optimization approach had a more positive impact 
than the tRNA overexpression strategy on heterologous 
(human) gene expression in E. coli [39, 44]. Based on these 
studies, as well as our in silico analysis, we have codon-
optimized the coding sequence of the human SOX2 gene 
to achieve its enhanced heterologous expression in E. coli. 
Similar to our recent in silico analysis of the human ETS2 
and PDX1 gene sequence [29, 45] we observed an increase 
in codon adaptation index value due to codon optimization, 
which further confirmed that the codon-optimized SOX2 
sequence is devoid of rare codons that would interfere in 
its heterologous expression. Thus, codon optimization 
improved gene expression and translational efficiency giv-
ing a high expression of human SOX2 protein in E. coli.

The codon-optimized SOX2 gene was tagged with a set 
of tags at either terminal to generate two different SOX2 
fusion gene constructs. This strategy enabled the determina-
tion of gene constructs with fusion tags that had no adverse 
effect on protein expression and purification. Earlier studies 
have reported that the position of fusion tags at either end 
of the terminal can influence expression, solubility, stability, 
folding, and functionality of recombinant protein undergo-
ing heterologous expression in bacteria [29, 37, 46]. The 
expression and solubility profile analysis in this study clearly 
indicates that the placement of fusion tags at different ter-
minals does influence the expression and solubility of the 
SOX2 protein. Notably, although variable, we could obtain 
soluble expression with both the genetic constructs at dif-
ferent temperatures, unlike in our previous study with ETS2 
protein [29].

In the current study, E. coli was chosen as an expression 
host as it is the most preferred choice for heterologous pro-
tein production. This is mainly due to its fast growth, ease 
of handling, inexpensive media, well-characterized genet-
ics, high expression level, and availability of versatile host 
strains and vector systems [39]. Moreover, this host is the 
most widely used for the production of recombinant human 
proteins for which post-translational modifications are not 
critical for their biological activity [47–50]. Specifically, 
the protease-deficient BL21(DE3) strain of E. coli offers the 
benefit of inducible protein expression and improved stabil-
ity of expressed proteins. However, heterologous expression 
of human proteins in E. coli generally cannot retain its native 
conformation due to misfolding or failure in interacting 

with folding modifiers, thus resulting in insoluble aggre-
gates, which are referred to as inclusion bodies [51]. These 
human proteins are biologically inactive and require extra 
denaturation-renaturation steps to restore biological activity 
[52, 53]. Therefore, an ideal approach is to obtain the soluble 
expression of the protein of interest in E. coli that retains its 
native folding. In this study, we have screened and identi-
fied optimal expression conditions to obtain soluble expres-
sion of SOX2 fusion proteins, which allowed us to purify it 
under native conditions. The recombinant fusion proteins 
are highly pure, and both these proteins have retained their 
secondary structure post-purification.

Various studies have reported the purification of human 
SOX2 protein from E. coli [38, 54–57]. However, all these 
studies have reported purification from inclusion bodies, 
therefore making the solubilization of the purified protein 
dependent on the use of harsh detergents, making refolding 
tedious and time-consuming, and commonly ends with a 
low yield of biologically active protein in its native con-
formation [58]. Although the purified SOX2 protein was 
biologically active in these studies [38, 54–57], this might 
have a profound effect on the structural integrity, ultimately 
compromising its biological activity. Moreover, the refold-
ing procedure of purified proteins from inclusion bodies 
enhances protein aggregation and therefore results in poor 
recovery of biologically active protein [59]. Thus, purifica-
tion under native conditions is a requisite. To the best of our 
knowledge, this is the first study to report the purification of 
human SOX2 protein from E. coli under native conditions in 
a facile manner. Although fusion with 30Kc19 peptide was 
reported to promote the solubility of SOX2 protein [60], this 
study has shown a more pronounced solubility and purity of 
SOX2 as compared to the previous report, without any bac-
terial protein contamination. The presence of bacterial pro-
tein contaminants in the final purified fractions could have 
deleterious effects on the transduced mammalian cells [61]. 
Moreover, the secondary structure post-purification was 
retained and comprised random coils and β-sheets and also 
constituted of turns and α-helices. To the best of our knowl-
edge, this is the first study to report the secondary structure 
content of human SOX2 protein. Although the expression 
and solubility profiles varied based on the placement of 
fusion tags in the two genetic constructs, it did not alter 
the secondary structure of purified SOX2 protein. Prospec-
tively, this purified SOX2 fusion proteins can be delivered 
into mammalian cells for various biological applications.

Moreover, the fusion of His-tag enabled affinity chro-
matography-mediated purification of SOX2 protein, and 
TAT and NLS will facilitate subcellular and subnuclear 
delivery, respectively. Previous studies have also used such 
strategies to enable intracellular and intranuclear delivery 
of mouse versions of stem cell-specific recombinant pro-
teins SOX2, OCT4 and NANOG in mammalian cells [37, 
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43, 62–64]. These studies have also corroborated the fact 
that the fusion of both TAT and NLS can facilitate efficient 
translocation of mouse stem cell-specific transcription fac-
tors to the nucleus [5, 9, 37, 43, 62–64], and lack of NLS 
has shown inefficient translocation of SOX2 protein into 
the nucleus as observed in the microscopy images [38, 
54]. Notably, these studies have also demonstrated that 
the presence of these fusion tags after the delivery of the 
protein of interest into the cells (via TAT) and nucleus 
(via NLS) did not affect biological activity of the protein 
of interest.

Transducible versions of mouse stem cell-specific tran-
scription factors were able to substitute their viral and 
genetic counterparts [37, 43, 62–64] and generate integra-
tion-free and virus-free iPSCs by employing reprogramming 
proteins without any genetic manipulation [13–18]. This 
study successfully generated a purified SOX2 protein and 
is presumably the first to report its secondary structure and 
potential to transduce into mammalian cells to exert its bio-
logical activity. Generation of this biological tool will also 
be useful in the generation of integration-free induced neural 
stem cells [65], induced pluripotent mesenchymal stem cells 
[57], induced dopaminergic neural progenitor-like cells [55], 
and oligodendrocyte-like cells [56] from human fibroblasts, 
along with opening plethora of opportunities to investigating 
its structural, biochemical, cellular, and molecular functions 
in diverse cellular processes and diseases.
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