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Abstract
BACKGROUND: Protein fusion technology was widely used to improve expression, purifi cation and solubility 
of the recombinant proteins expressed in E. coli for in vitro/in vivo delivery. 
METHODS: We developed a method for successful expression of soluble +36GFP-A2-E7 protein in E. coli and 
its effective delivery into mammalian cells. At fi rst, the plasmid harboring +36GFP-A2-E7 was transformed into 
E. coli Rosetta competent cells. Then, the recombinant protein fused to histidine tag was expressed and puri-
fi ed using affi nity chromatography. Different conditions such as inducer dose, time and temperature of induc-
tion, pH and urea concentration were evaluated. Finally, the delivery of the recombinant protein was detected 
in HEK-293T cells using fl uorescent microscopy and fl ow cytometry. 
RESULTS: Our data showed that the expressed protein formed inclusion bodies at 37 °C and 3 h post-induc-
tion. The soluble protein was generated using 0.5 mM IPTG and growth at 16 °C for 20 h, and purifi ed by low 
concentrations of urea and 200 mM imidazole. The soluble fraction of +36GFP-A2-E7 protein could signifi cantly 
represent higher fl uorescent property and stronger delivery into mammalian cells compared to the insoluble form. 
CONCLUSION: Generally, soluble form of fusion protein retained its biological activity and could directly pen-
etrate into the cells without the fusion tags (Tab. 1, Fig. 7, Ref. 23). Text in PDF www.elis.sk.
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Introduction

Escherichia coli (E. coli) is still one of the most commonly con-
venient production systems because of low cost, effi ciency, suit-
ability for large-scale cultivation and easy manipulation (1). How-
ever, over-expression of the recombinant non-bacterial proteins in 
E. coli (higher than 2 % of cellular protein) led to misfolding or 
incomplete folding processes. These structures could be accumu-
lated as insoluble aggregates found in both the cytoplasmic and 
periplasmic spaces of E. coli as so-called inclusion bodies (1–3). 
Although, the expression of protein as inclusion bodies has a high 
yield, the procedures for separation, washing and solubilization of 
inclusion bodies and native form of the recombinant heterologous 
protein are often time-consuming and diffi cult (4, 5). The recent 
studies showed that a large part of proteins in inclusion bodies is 
functional and thus can be used for multiple applications without 
being solubilized and refolded (6). However, several strategies 
are available to minimize the formation of inclusion bodies such 
as manipulation of growth temperature, medium composition, 
dose of inducer, induction time, and plasmid-related properties 
including promoter, copy number and host strain. For some pro-

teins, these strategies were ineffective to get a soluble product (7, 
8). As known, the green fl uorescent protein (GFP) could be used 
to generate fl uorescent fusion proteins. Most GFP fusion proteins 
were constructed by placing GFP at either N- or C-terminus of the 
host protein. These structures could damage the function of some 
host proteins. Another approach was tested to insert GFP into the 
middle of the host protein. However, fi nding a suitable site for 
insertion of GFP was problematic and time-consuming (9). Thus, 
the production of some GFP fusion proteins was often performed 
in eukaryotic expression systems such as insect or yeast (10, 11). 
In this study, we attempted to generate a biologically active fl uo-
rescent fusion protein in an E. coli system. We used a superposi-
tively charged protein, so-called +36 GFP, that can deliver across 
negatively charged cell membrane without commercial transfection 
reagents (12). Herein, +36 GFP-E7 fusion protein was generated 
in an E. coli system. E7 is an oncoprotein containing 294 amino 
acid residues. It plays an important role in the survival of human 
papillomavirus (HPV) (13). In this study, purifi cation of inclusion 
bodies followed by solubilization without disturbing its structure 
and refolding was applied for the recovery of GFP (+36)-E7 from 
E. coli. This fusion protein was expressed as inclusion bodies 
with His-tag in E. coli and was used for the recovery of bioactive 
protein using novel purifi cation procedure. In general, this study 
provides a method to produce suffi cient amounts of soluble and 
active +36GFP-A2-E7 protein using E. coli expression system for 
HPV vaccine development. 
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Materials and methods

Cloning, expression and identifi cation of pET28a-GFP (+36)-
2A-E7

The 2A peptide (VKQTLNFDLLKLAGDVESNPGP) (14, 
15) and HPV E7 (16, 17) sequences were obtained from NCBI 
databank. The 2A peptides are 18-22 amino-acid (aa)-long viral 
oligopeptides that mediate “cleavage” of polypeptides during 
translation in eukaryotic cells (18). The 2A-E7 was digested from 
pUC57-2A-E7 (synthesized by BioMatik company, Canada) using 
EcoRI/ HindIII restriction enzymes, and subcloned into the same 
sites in pET26-GFP (+36) (previously provided in our laboratory 
(12)) as follows: 

A volume of 5 μL of pET-GFP (+36)-2A-E7 plasmid was 
purifi ed by plasmid purifi cation kit to transform 100 μL E. coli 
Rosetta. The E. coli Rosetta carrying pET-GFP (+36)-2A-E7 was 
grown overnight on LB plates containing 50 μg/mL kanamycin 
at 37 °C. The cultures were grown at 37 °C in Ty2X medium to 
mid-log phase [Optical Density (OD) of 0.5 at a wavelength of 
600 nm] and the expression of the recombinant protein was in-
duced using IPTG to a fi nal concentration of 1 mM at 37 °C for 
3 hours. The E. coli cells were harvested by centrifugation and 
20 μL of the cell pellet including both lysed supernatant and the 
whole cells was taken and 20 μL of 2X SDS sample buffer was 
added to the mixture. The samples were heated for 10 min at 95 
°C and subjected to SDS-PAGE. Western blotting was performed 
to identify the recombinant protein using anti-E7 monoclonal an-
tibody as mentioned previously (16, 17). The recombinant protein 
was visualized using DAB/H2O2 substrate (Roche, Switzerland).

Solubility assay
Rosetta (DE3) competent cells containing pET28a-GFP (+36)-

2A-E7 were grown overnight at 37 °C and 500 μL of an over-
night culture was inoculated into 50 ml of fresh Ty2X medium 
and grown to an OD600= ~ 0.6 at 37 °C. The expression of the 
recombinant protein was induced by 1 mM IPTG (isopropyl-β-
D-thiogalactopyranoside), and the cells were grown at 37 °C for 
3 hours. The cells were then harvested by centrifugation at 6,000 
g for 20 min, and the cell pellets were suspended in PBS1X. Fol-
lowing incubation on ice for 60 min, the cells were sonicated at 
200 W (10 times for 10 s) using Uibra cell TM sonicator (Sonics 
& Materials, Newtown, CT, US) and bacterial pellets were har-
vested at 10,000 g for 20 min. The soluble fraction (supernatant) 
was analyzed by SDS-PAGE. The insoluble fraction (pellet) was 
resuspended in lysis buffer, the process was repeated three times 
and the supernatants were analyzed by SDS-PAGE and Coomassie 
blue staining. 

Solubilization of the recombinant GFP (+36)-2A-E7 protein un-
der various conditions (temperature and inducer dose)

For the extensive solubility assay, the extraction conditions 
were optimized to express the recombinant GFP (+36)-2A-E7 
protein. Herein, Rosetta cells expressing the recombinant protein 

were grown in a baffl ed fl ask containing 250 ml of the culture 
medium and induced at 20 °C for 16 h, 28 °C for 5 h, 37 °C for 
3 h by adding various concentrations of IPTG inducer (0.1 mM, 
0.5 mM & 1 mM). The harvested cells were suspended in 25 ml 
of lysis buffer (50 mM Tris-HCl, pH = 8, 0.5 mM EDTA, 0.1 % 
Triton X-100, 0.1 % Tween 20, 1 mg/ml lysozyme, 1X protease 
inhibitor cocktail) and subjected to three freeze-thaw cycles in 
liquid nitrogen and cold water (4–10 °C). The cell suspension 
was sonicated by 3 bursts of 30 s each at 60 % maximal power 
and then centrifuged at 10,000 g for 20 min. A fi xed amount of 
inclusion bodies was solubilized at a given temperature or inducer 
concentration. The soluble (supernatant) fraction was analyzed by 
SDS-PAGE and the amount of solubilization was also measured 
at different conditions by spectrofl uorometry. 

Solubilization of the recombinant GFP (+36)-2A-E7 protein in 
different pH conditions 

The harvested cells from protein expression at the optimal con-
ditions was suspended in lysis buffer (50 mM Tris-HCl pH = 8, 0.5 
mM EDTA, 0.1 % Triton X-100, 0.1 % Tween 20, 10 mM DTT, 1 
mg/ml lysozyme, 1X protease inhibitor cocktail) and subjected to 
three freeze-thaw cycles in liquid nitrogen and cold water (4–10 
°C). The cell suspension was sonicated by 3 bursts of 30 s each 
at 60 % maximal power and then centrifuged at 10,000 g for 20 
min. The inclusion bodies were suspended in 2 M MgCl2 buffer 
with DNase (20 ng/ml) and RNase (6 ng/ml). The inclusion bod-
ies were again washed with distilled water to remove contamina-
tions with salt and detergent, and centrifuged at 12,000 rpm for 
30 min, and the pellets containing proteins in the form of purifi ed 
inclusion bodies were stored for further studies. To determine the 
effect of pH on solubility of the recombinant protein, aliquots of 
the purifi ed inclusion bodies (2 mg of cell pellet) were solubilized 
in STE buffer (250 mM sucrose, 5 mM Tris, and 2 mM EGTA, pH 
= 7.4) containing 2 M urea at different pH conditions (pH: 3–12). 
Both supernatant and pellet were individually analyzed by SDS-
PAGE and the amount of solubilization was assessed in different 
pH conditions by spectrofl uorometry.

Solubilization of the recombinant GFP (+36)-2A-E7 protein in 
various concentrations of NaCl

At optimal conditions, the harvested bacterial cells in OD600 

= 1.5 were suspended in lysis buffer including NaCl with differ-
ent doses of 100 mM, 300 mM, 500 mM, 1 M, 1.5 M, and 2 M. 
The cell suspension was sonicated by 3 bursts of 30 s each at 60 
% maximal power and then centrifuged at 10,000 g for 20 min. 
The supernatants were individually analyzed, and the amount of 
solubilization was measured at different concentrations of NaCl 
by spectrofl uorometry.

Optimal conditions for the highest level of protein solubility
The bacterial cells expressing the recombinant GFP (+36)-2A-

E7 protein were grown in Ty2X medium at 37 °C to mid-log phase 
(OD600 = 0.5) and induced by the addition of IPTG inducer to a fi nal 
concentration of at least 0.5 mM at 16 °C for 20 hours. The cells 
were harvested at 6,000 rpm (8000 g) for 5 min at 4 °C. The cell 
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pellet was resuspended in 15 ml of ice-cold buffer A per 500 ml 
culture, sonicated for 5 second, and incubated on ice for 30 min. 
The lysate was centrifuged at 10,000 rpm for 15 min at 4 °C. The 
cell pellet was resuspended in 15 ml of buffer A containing Triton 
10X and Tween 20 %, sonicated for 5 second and incubated on ice 
for 30 min. After harvesting, the lysate was centrifuged at 10,000 
rpm for 15 min at 4 °C and the cell pellet was resuspended in 15 
ml of buffer A containing 1 % 2ME and was repeated with buffer 
A containing DNase and RNase (1U/mL). After harvesting, the 
lysate was centrifuged at 10,000 rpm for 15 min at 4 °C, the cell 
pellet was resuspended in 15 ml of buffer A containing 1M urea 
that did not lyse the inclusion bodies, but solubilized cell debris 
and fi nally, the remaining proteins were sonicated for 5 second 
and incubated on ice for 30 min. The previous step was repeated 
with 2M urea. Again, the inclusion body pellet was resuspended 
in buffer A containing the 4M urea and pH = 11 that solubilized 
the recombinant protein in the inclusion bodies while the urea-
solubilized protein was rotated at 4 °C for 30 min and fi nally, the 
supernatant was collected. The supernatant containing the recom-
binant GFP (+36)-2A-E7 protein was loaded onto a Ni-NTA spin 
column and the fl ow-through was collected. Then, the Ni-NTA 
spin column was washed with 600 μl buffer A and 3M urea. The 
wash step was repeated with 2M urea and 1M urea, respectively. 
Finally, the protein was eluted with buffer A and 200 mM imid-
azole. The protein samples in both soluble and insoluble forms 
were analyzed by SDS-PAGE, concentrated and stored at –80 °C.

Cell culture
Human embryonic kidney cells (HEK-293T) were cultured in 

Dulbecco’s Modifi ed Eagle’s Medium (DMEM, Gibco) supple-
mented with 10% fetal bovine serum (FBS, Gibco) at 37 °C in 
presence of 5 % CO2 atmosphere. After several passages using 
trypsin-EDTA, the proliferated cells were counted by trypan Blue 
1X with hemocytometer and divided into 24-well plate. 

Transfection of the recombinant protein into HEK-293T cells 
The day before transfection, the 0.4–0.6 x 105 cells were count-

ed and seeded into 24-well plates. The optimal cell confl uency for 
effective transfection was considered 70–80 %. After the growth 
of HEK-293T cells to 80 % confl uency, the medium was replaced 
by serum-free medium and then 2 μg of the recombinant protein in 
both soluble and insoluble forms was applied to each well. After 
1 h incubation at 37 °C, the cells were supplemented with fresh 
RPMI, 5 % FCS in a total volume of 200 μl medium without re-
moval of the complexes, and were further incubated for 3 h at 37 
°C. Then, the cells were treated with trypsin-EDTA, harvested 
by centrifugation and resuspended in PBS 1X. The percentage of 
transfected cells using the recombinant +36 GFP-2A-E7 protein 
was monitored by fl uorescence microscopy (Envert Fluorescent 
Ceti, Korea) and also quantifi ed by a fl ow cytometer (Partec, Ger-
many). All data were obtained in two independent experiments. 
Statistical analysis (Student’s t-test) was performed by Prism 5.0 
software (GraphPad, San Diego, California, USA) to analyze the 
percentage of protein delivery using fl ow cytometry. The value of 
p < 0.05 was considered statistically signifi cant. 

Results

Cloning and expression of pET-GFP (+36)-2A-E7
The synthesized 2A-E7 DNA was subcloned into the pET-GFP 

(+36) vector. For confi rmation of the recombinant clones, the puri-
fi ed pET-GFP (+36)-2A-E7 was digested by NdeI/ NotI restriction 
enzymes and indicated an approximately 1120 bp band on agarose 
gel related to GFP-2A-E7. Then, the expression of GFP (+36)-
2A-E7 was performed in E. coli Rosetta strain. The recombinant 
protein migrated as a band of ~55 kDa on SDS-PAGE. Western-
blotting analysis showed that recombinant GFP (+36)-2A-E7 pro-
tein reacted with anti-E7 antibody indicating the correct confor-
mational structure of the recombinant protein produced in Rosetta 
strain. The data demonstrated the clear band of ~ 55 kDa for GFP 
(+36)-2A-E7 protein using DAB substrate (Fig. 1). 

Solubility assay
The harvested cells from protein expression were suspended in 

PBS1X followed by sonication and incubation on ice for 30 min 

Fig. 1. A) Expression of GFP (+36)-2A-E7 protein in E. coli expres-
sion system. The fusion protein migrated as a clear band of ~ 55 kDa 
in SDS-PAGE. Lane 1 & 3: Before induction, Lane 2 & 4: After in-
duction; B) Identifi cation of the recombinant protein by western blot 
analysis using anti-E7 monoclonal antibody. Lane 1: Before induction, 
Lane 2: After induction. MW is molecular weight marker (pre-stained 
protein ladder, 10–180 kDa, Fermentas).

Fig. 2. Determination of protein solubility: Lane 1, 3 & 5: Soluble 
fraction (supernatant); lane 2, 4 & 6: Insoluble fraction (pellet or in-
clusion body). MW is molecular weight marker (pre-stained protein 
ladder, 10-180 kDa, Fermentas).
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and this process was repeated three times. The supernatants and 
pellets were analyzed by SDS-PAGE. The results indicated that 
the recombinant GFP (+36)-2A-E7 was insoluble and available 
in pellet fraction (Fig. 2). It was interesting that after a repeated 
sonication, there was a little amount of protein in soluble form. 
Indeed, the time of exposure to ultrasound was important. 

The effects of temperature and inducer dose on protein solubility
Our data indicated that there is a high level of protein ex-

pression in bacterial cultures induced with 0.5 mM IPTG on 
SDS-PAGE (Fig. 3). Additional induction experiments were also 
performed using 0.1 and 1 mM IPTG and the levels of protein 
expression were similar to 0.5 mM IPTG. After determination of 
IPTG dose and for higher level of expression, the cells were grown 
at different temperatures (37, 28 and 16 °C) following induction 
with IPTG (0.5 mM) to obtain the amount of soluble protein. The 
time of expression for the induced cultures grown at 37, 28 and 

16 °C were 3, 5 and 20 h, respectively. The pellets were provided 
in OD600 = 1.5 and lysed. Then, the aliquots of supernatant and 
pellet were analyzed on 12 % SDS-PAGE. Optimum conditions 
were determined by evaluating the solubility of protein by spec-
trofl uorometry (Tab. 1). The results indicated that the amount of 
soluble protein expressed by 0.5 mM IPTG at 20 h after induc-
tion and 16 °C was higher than that in other conditions. Based on 
the mentioned results, the growth at 16 °C after induction using 
0.5 mM IPTG was suitable for high level of protein solubility. 
However, high level of expression was observed at 37 °C and 0.5 
mM IPTG for production of the recombinant GFP (+36)-2A-E7 
protein as insoluble aggregate (inclusion bodies) without soluble 
form of protein. 

The effect of pH on solubilization of the recombinant GFP (+36)-
2A-E7 protein 

Based on SDS-PAGE analysis, the use of 4M urea with pH =1 
1 in buffer A was more suitable for providing high levels of protein 
solubility. Figure 4 shows the effects of different pH conditions 
on protein solubility in SDS-PAGE, as well as OD480 determined 
by spectrofl uorometry. 

The effect of different concentrations of NaCl on protein solu-
bility 

Based on the results measured by spectrofl uorometry, differ-
ent concentrations of NaCl in buffer A did not have any effect on 
protein solubility. The ODs for NaCl concentrations of 100, 300, 
500, 1000, 1500 and 2000 mM were 1.77, 1.98, 1.85, 1.99, 1.96 
and 1.95, respectively. 

Optimal conditions for the highest level of the protein solubility
The results showed that GFP (+36)-A2-E7 has no solubility 

in buffer A containing Triton 10X, Tween 20 and DNase/ RNase 
as shown in Figure 5. We had poor solubility in buffer A contain-
ing 1M urea. The inclusion bodies were resuspended in buffer 
A containing the 4M urea, pH = 11 and the supernatant of GFP 

Fig. 3. Protein expression in bacterial cultures induced with 0.5 mM 
(Lane 1& 2), 0.1 mM (Lane 3 & 4) and 1 mM IPTG (Lane 5 & 6) on 
SDS-PAGE: The bacterial cells were collected at 37 °C and 3 h after 
induction with IPTG. Lane 1, 3 & 5 are after induction with IPTG, 
and Lane 2, 4 & 6 are before induction with IPTG. MW is molecular 
weight marker.

Fig. 4. The effects of different pH conditions on protein solubility in 
SDS-PAGE as well as OD480 determined by spectrofl uorometry.

Fig. 5. Optimal conditions for the highest level of the protein solu-
bility: Lane 1–3: buffer A with different components (Triton 10X, 
Tween 20 and DNase/ RNase), Lane 4 & 5: buffer A with 1 M urea, 
Lane 6 & 7: buffer A with 4 M urea and pH = 11.
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(+36)-A2-E7 protein was collected and further purifi ed with 200 
mM Imidazole to transfect into the cells (Fig. 6). 

Delivery of the purifi ed GFP (+36)-A2-E7 protein into mamma-
lian cells

Flow cytometry analysis indicated that the delivery of the 
purifi ed protein with the highest level of solubility (30.21 ± 0.9) 
was signifi cantly higher than insoluble protein purifi ed with 8M 
urea (12.63 ± 0.3). Indeed, the soluble form of GFP (+36)-A2-E7 
protein could enhance its delivery into cells signifi cantly more 
than the insoluble form of protein without the use of commercial 
transfection reagents (Fig. 7) (p < 0.05). 

Discussion

Our goal in this study was to develop a method for achiev-
ing a soluble fl uorescent protein and its delivery into cell. At fi rst, 
the presence of +36GFP-A2-E7 DNA fusion in pET vector was 
confi rmed by digestion with NdeI/ NotI enzymes as a clear band 
of ~ 1120 bp migrated in agarose gel and also sequencing. The 
expression of +36GFP-A2-E7 protein was evaluated in two bac-
terial strains (Rosetta and BL21) at 37 °C. Our data showed that 
the recombinant +36GFP-A2-E7 protein could be expressed in E. 
coli Rosetta strain at 3 h after induction. In contrast, there was no 
+36GFP-A2-E7 expression in BL21 strain at different times after 
induction. The purifi ed +36GFP-A2-E7 protein migrated as a clear 
band of ~55 kDa in SDS-PAGE. The recombinant +36GFP-A2-E7 
protein was detectable using anti-E7 antibody in western blotting 
as a 55 kDa band. Our previous results indicated that +36 GFP 
alone could be successfully purifi ed under native conditions with 
high fl uorescent property and strong penetration into the cells (12). 
Herein, the +36GFP-A2-E7 fusion protein was purifi ed under de-
naturing conditions with 8M urea as insoluble fraction (inclusion 
body). The recombinant protein had a concentration range between 
0.3 and 0.5 mg/ml. For obtaining a soluble or native form of fusion 
protein, different conditions were used to determine protein solu-
bility. The optimum conditions were determined as buffer with pH 
= 11 and low concentrations of urea, 0.5 mM IPTG, and induction 
temperature of 16◦C for 20 h incubation time. For fi nal purifi ca-
tion, the protein could be eluted with buffer containing 200 mM 

Fig. 6. The purifi ed +36 GFP-A2-E7 protein: Lane 1: before induc-
tion, Lane 2: after induction, Lane 3 & 4: the purifi ed protein. MW 
is molecular weight marker (pre-stained protein ladder, 10–180 kDa, 
Fermentas).

(A) (B) (C)
Fig. 7. Evaluation of protein delivery into the HEK-293T cells: Transfection effi ciency of insoluble form (B), and soluble form (C) of protein 
monitored by epifl uorescent microscopy and fl ow cytometry at 3 h post-transfection as compared to the negative control (A). The cells trans-
fected by both forms of protein showed green regions with different levels.
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imidazole. Protein delivery in both insoluble and soluble forms 
was performed into HEK-293T cells. Our results showed that the 
delivery of protein in soluble form was signifi cantly higher than 
that in insoluble form. The studies demonstrated that the proteins 
expressed in large amount or hydrophobic in nature tend to form 
insoluble forms. Indeed, overexpression of heterologous protein 
usually resulted in the formation of insoluble inclusion bodies due 
to the overloading of protein-folding machinery of host. Selecting 
the correct expression systems and protocols such as vectors, hosts 
and culture conditions were important for effective expression of 
protein in the native form. Moreover, the recovery of native proteins 
from insoluble inclusion bodies could be achieved by optimization 
of refolding conditions (19). Generally, the protein expression in 
different hosts is controlled by several factors such as protein size, 
toxicity, codon bias, protein modifi cation and location of protein 
(e.g., membrane, cytoplasm, etc). However, various reports indi-
cated that denatured proteins in the inclusion bodies have poor 
biological activity. Therefore, these proteins have to be solubilized 
and refolded from these inclusion bodies (19). Recently, optimi-
zation of different factors affecting the expression of recombinant 
protein in soluble fraction has been performed. The induction con-
ditions were important for increasing the yield of the product and 
preventing protein accumulation in the inclusion bodies including 
optimization of inducer dose and induction temperature, optical 
density, addition of glucose or additives in media, and fusion tags 
for soluble protein expression and purifi cation (19). For instance, 
Garcia-Fraga et al showed that lower IPTG concentrations led to 
the highest enzymatic activity for HsChiA1p (0.5 mM IPTG) and 
PtChi19p (0.25 mM), whereas very low and higher inducer con-
centrations resulted in an ineffi cient induction and a signifi cant de-
crease in protein activity, respectively (20). Our study also indicated 
that 0.5 mM IPTG was suitable for effective protein expression. 
On the other hand, the cultivation temperature could infl uence the 
activity of protein available in the inclusion bodies. Indeed, the in-
clusion bodies formed at low temperature were solubilized faster 
(in lower concentration of denaturant) than those formed at higher 
temperature (19). It was reported that human IFN-β was 8.6 times 
more active when E. coli was cultured at 20 °C as compared to cells 
cultured at 37 °C, although equal amounts of IFN-β were synthe-
sized at each temperature (21). In the current study, the expression 
conditions of E7 in fusion with +36 GFP were optimized. Our data 
showed that lower temperature after induction (i.e. growing cells 
for 20 h at 16 °C after IPTG addition) signifi cantly increased the 
protein solubility. Moreover, the phase of bacterial growth at the 
time of induction played a signifi cant role in the production of 
soluble protein. For example, the highest yield of active protein 
was obtained at optical densities (600 nm) of 1 for HsChiA1p and 
0.7 for PtChi19p, while there was a signifi cant decrease in enzyme 
activity on further increase in optical density (20). We showed that 
optimization of inducer dose, and time and temperature of post-
induction at optical density of 1.5 for +36GFP-A2-E7 could lead to 
increase the solubility. The studies indicated that four factors were 
important for effective sonication of bacteria including the type of 
microorganism, temperature of the sonication buffer, exposure time 
to ultrasound (minutes), and composition of sonication tube (22). 

As observed in our study, an increase in time of sonication may 
slightly improve protein solubility. In addition, inclusion bodies 
are very sensitive to pH, thus, as observed in our study, the use of 
high pH led to solubilization of inclusion bodies during purifi ca-
tion. Furthermore, we showed that the inclusion bodies could be 
solubilized in 4M urea along with other additives.

It was observed that un-modifi ed fl uorescent proteins could 
be detected by fl uorescence microscopy and used as markers in 
living cells. The fact that fl uorescent proteins can fold, even when 
linked to cellular proteins, directly led to the study of the biology 
of proteins in vivo (23). Herein, we also produced a fl uorescent 
fusion protein using a mutant GFP with high positive charge. Af-
ter optimization of protein solubility and purity, its delivery was 
performed in HEK-293T cells. Our results showed a considerable 
difference between soluble and insoluble forms of the +36GFP-A2-
E7 fusion protein indicating the importance of a soluble or native 
form for delivery into the cells. However, the insoluble form of 
protein could slightly penetrate into the cells, as well. Some studies 
also showed that bacterial inclusion bodies may possess a native-
like secondary structure (2). Altogether, these fi ndings indicated 
that high levels of soluble recombinant protein could be produced 
in Rosetta (DE3) strain with optimization of some internal and 
external conditions as well as its effective delivery into mamma-
lian cells. This fl uorescent protein will be used for HPV vaccine 
development in the future.

Conclusion

In summary, the soluble form of +36GFP-A2-E7 fusion protein 
retained its biological activity and could directly penetrate into the 
cells without fusion tags. This study provides a method to produce 
suffi cient amounts of soluble and active +36GFP-A2-E7 protein 
using E. coli expression system for HPV vaccine development. 
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