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Introduction
Recombinant protein expression is 
influenced not only by the expression host 
strain, but also by expression conditions 
such as temperature, concentration 
of inducer, pH, incubation time, and 
composition of the culture medium.[1] 
The yield of expressed proteins can be 
increased by optimizing these parameters. 
Traditionally, changing one variable at 
a time is used for the optimization of 
cultivation conditions for overexpression of 
recombinant proteins.[2] This method is not 
only time‑consuming but also results in data 
misinterpretation when different variables 
interact with each other.[3] Response surface 
methodology (RSM) is the most common 
multivariate analysis method to determine 
the optimum culture conditions for protein 
expression by simultaneously changing 
several variables based on a minimum 
number of experiments.[4] RSM has been 
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Abstract
Background: The aim of this study was to determine the best condition for the production of 
DT386‑BR2 fusion protein, an immunotoxin consisting of catalytic and translocation domains 
of diphtheria toxin fused to BR2, a cancer specific cell penetrating peptide, for targeted 
eradication of cancer cells, in terms of the host, cultivation condition, and culture medium. 
Materials and Methods: Recombinant pET28a vector containing the codons optimized for 
the expression of the DT386‑BR2 gene was transformed to different strains of Escherichia 
coli (E. coli BL21 DE3, E. coli Rosetta DE3 and E. coli Rosetta‑gami 2 DE3), followed 
by the induction of expression using 1 mM IPTG. Then, the strain with the highest ability to 
produce recombinant protein was selected and used to determine the best expression condition 
using response surface methodology (RSM). Finally, the best culture medium was selected. 
Results: Densitometry analysis of sodium dodecyl sulfate‑polyacrylamide gel electrophoresis of 
the expressed fusion protein showed that E. coli Rosetta DE3 produced the highest amounts of the 
recombinant fusion protein when quantified by 1 mg/ml bovine serum albumin (178.07 μg/ml). 
Results of RSM also showed the best condition for the production of the recombinant fusion protein 
was induction with 1 mM IPTG for 2 h at 37°C. Finally, it was established that terrific broth could 
produce higher amounts of the fusion protein when compared to other culture media. Conclusion: In 
this study, we expressed the recombinant DT386‑BR2 fusion protein in large amounts by optimizing 
the expression host, cultivation condition, and culture medium. This fusion protein will be subjected 
to purification and evaluation of its cytotoxic effects in future studies.
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widely used for studying the interactions 
of several parameters during bioprocess 
optimization in different biotechnological 
processes, based on a reasonable prediction 
of culture conditions for optimal protein 
expression.[4,5]

Immunotoxins are recombinant proteins 
consisting of a toxin moiety conjugated 
to an antibody or growth factor as the 
targeting moiety by genetic fusion or 
chemical ligation, to target a very potent 
cytotoxic agent to special cells.[6] Various 
targeting and cytotoxic agents have been 
used for the production of immunotoxins 
up to now. Buforin is an antimicrobial 
peptide (AMP), that forms transient pores 
in cancer cell membrane and subsequently 
enters the cells, without any toxic effects 
on normal cells.[7,8] Therefore, this 
cell‑type‑specific cell penetrating peptide 
is interesting for its potential application 
in designing new immunotoxins.[8] On the 
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other hand, diphtheria toxin (DT) is the most frequently 
used bacterial toxin for the construction of fusion proteins 
by its receptor binding domain replacement with different 
targeting moieties.[9‑13] Hence, in a previous study, we 
constructed a new fusion protein consisting of BR2 (a short 
peptide derived from buforin which targets cancer cells 
more specifically) as a targeting moiety, and catalytic and 
translocation domains of the DT (DT386) as the cytotoxic 
moiety. Preliminary studies on specific cytotoxicity of 
the DT386‑BR2 showed reasonable specific cytototxic 
activities on MCF7 and HeLa tumor cell lines compared 
to the normal cells, i.e. HUVEC cell line (manuscript 
is under review).[14] However, to conduct further studies 
on various aspects of specific and nonspecific toxicity of 
this fusion protein, in addition to its evaluation through 
various preclinical studies, a large amount of this protein is 
required. Therefore, this study was performed to investigate 
the optimized protein expression conditions for higher 
DT386‑BR2 production.

Materials and Methods
Materials

The recombinant pET28a vector containing DT386‑BR2 
was obtained from our previous study (manuscript is under 
review). Kanamycin, chloramphenicol, streptomycin, and 
tetracycline were purchased from Invivogen (San Diego, 
California, USA) and used for selection of resistant 
bacteria. Production of competent cells from different 
species of Escherichia coli was performed using CaCl2 
method. Isopropyl‑β‑D‑thiogalactopyranoside (IPTG) and 
all other chemicals were obtained from other commercial 
sources and were of the molecular biology grade. Different 
growth media were prepared as suggested by the condensed 
protocols from molecular cloning: A laboratory manual,[15] 
unless otherwise mentioned.

Methods

Determination of the best host for the expression of 
DT386‑BR2

The coding sequence of the DT386‑BR2 fusion protein 
was optimized for expression in E. coli strains derived 
from K12 by Biomatik’s Proprietary Codon Optimization 
Service (Canada). The sequence was ordered to be 
synthesized by GENEray (Hong Kong), and subcloned to 
the pET28a expression plasmid.

To express DT386‑BR2, we used different strains of E. coli 
including BL21 DE3, Rosetta DE3 and Rosetta‑gami 2 DE3 
as the hosts. Transformation of the recombinant pET28a 
vector containing DT386‑BR2 insert, with the kanamycin 
resistance gene, was achieved using heat shock procedure. 
Five colonies from each bacterium were inoculated into 
5 ml of luria‑bertani (LB) medium containing appropriate 
antibiotic and incubated at 37°C for 16 h at 180 rpm. These 

overnight cultures were used to inoculate (10% v ⁄ v) 10 ml 
of fresh LB medium. The cells were incubated at 37°C 
until they reached the exponential phase (an OD600 nm of 
0.4–0.6). Then the expression of fusion protein was induced 
by the addition of 1 mM IPTG. At the end of expression 
time, cells were harvested by centrifugation at 7000 g for 
10 min at 4°C. Finally, the pellets of induced bacteria were 
analyzed by 12% sodium dodecyl sulfate‑polyacrylamide 
gel electrophoresis (SDS‑PAGE). Protein quantification 
was performed by densitometry analysis of acrylamide gels 
using TotalLab Quant software (Nonlinear Inc., Durham 
NC, USA) and the best host was used for further expression 
optimization.

Optimization of cultivation condition by response surface 
methodology

To optimize the protein expression, each experiment was 
performed under various induction conditions (IPTG 
concentration, post‑induction time, and incubation 
temperature) as described in experimental design. These 
variables have shown the greatest effects on induction 
conditions in previous studies.[16,17] At the end of each 
experiment, cells were harvested by centrifugation at 
7000 g for 10 min.

To systematically evaluate the effects of three independent 
variables including temperature (factor A), post‑induction 
time (factor B), and IPTG concentration (factor C) on the 
production of DT386‑BR2 in E. coli, an experimental design 
was developed using Box–Behnken factorial design scheme. 
Each variable was investigated at levels of‑1 (the lower 
value of the variable), +1 (the higher value of the variable), 
and 0 (the central point of the variable). As a result, a 
total of 17 experiments were carried out including one in 
quintuple at the center point. Surface response methodology 
was performed for data analyzing of experimental design 
using Design Expert software (version 8.0.7.1, StatEase Inc., 
Minneapolis, USA). Protein quantification was performed 
by densitometry analysis of acrylamide gels using TotalLab 
Quant software. The band intensities of the expressed 
DT386‑BR2 were analyzed and normalized using albumin 
with known concentration (1 mg/ml).

Selection of the best culture medium for the expression of 
DT386‑BR2

After determination of the best host and cultivation 
condition for the overexpression of the fusion protein, the 
amounts of protein expression of the best host were analyzed 
in different culture media including LB, terrific broth (TB), 
and super broth (SB). Finally, the pellets of the cultivated 
bacteria were analyzed by 12% SDS‑PAGE. Again, protein 
quantification was performed by densitometry analysis of 
acrylamide gels using TotalLab Quant software. The band 
intensities of expressed DT386‑BR2 samples were analyzed 
in comparison to each other.
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Results
Escherichia coli Rosetta DE3 can be used as the best 
host for DT386‑BR2 expression

The results of analyzing the SDS‑PAGE using TotalLab 
Quant software showed that all five colonies of E. coli 
BL21 DE3 and Rosetta DE3 can express the desired 
fusion protein while the expression of this fusion protein 
in E. coli Rosetta‑gami 2 DE3 was not observed. The 
protein expression in one colony of the E. coli Rosetta DE3 
was higher than the other colonies of both E. coli Rosetta 
DE3 and E. coli BL21 DE3 when compared to albumin 
at 1 mg/ml concentration (178.07 μg/ml). Hence, this 
colony was used for determination of the best cultivation 
condition.

Response surface methodology is a successful method 
for determining the best condition for DT386‑BR2 
production

Recombinant E. coli Rosetta DE3 containing 
pET28a‑DT386‑BR2 vector (colony 1) was cultured 
overnight in LB containing 15 and 34 μg/ml of kanamycin 
and chloramphenicol, respectively, as selective markers, and 
used for determining the best culture condition according 
to the design of RSM. Cultivation for the production of 
DT386‑BR2 by changing three variables was performed 
in shaking flasks so that their individual and synergistic 
effects on DT386‑BR2 expression could be evaluated using 
a Box–Behnken factorial design. The amounts of protein 
expression in different culture conditions were analyzed 
by TotalLab Quant software in comparison to albumin at 
1 mg/ml concentration. The measured levels of protein 
expression for the 17 cultures are summarized in Figure 1 
and Table 1.

A wide range of DT386‑BR2 expression from 36.1 to 
209 μg/ml was observed under these investigated culture 
conditions, indicating the necessity of identifying an 
optimal condition. To evaluate the experimental error and 
reproducibility of the model, cultivation was performed 
in quintuple under the central point conditions (0.55 mM 
IPTG, 9 h of induction and 27°C).

Correlation of the expressed DT386‑BR2 concentration and 
the investigated variables was determined using the Design 
Expert software and was represented by the following 
equation:

Y =  116.89 A – 8.11 B + 41.29 C – 47.5 AB + 1.8 
AC – 31.17 BC.

Where Y is the expression (μg/ml), and A, B, and C are 
temperature (°C), post‑induction time (h) and inducer 
concentration (mM), respectively.

The statistical significance of the above equation was 
confirmed by F‑test and the analysis of variance for 
response surface 2FI model. The model correlation 
coefficient (R2) value was 0.7342.

The high value of adequate precision (7.362) indicated 
that this model had an adequate signal and could be 
applicable. In this case, C and AB were significant model 
terms (P < 0.05). The linear IPTG concentration and the 
term of interaction between induction time and temperature 
were highly significant.

Figure 2a shows the response surface plot of the 
dependency of temperature and post‑induction time on 
DT386‑BR2 expression when the IPTG concentration 
remains at its mean level (0.55 mM). Based on the 
graph, DT386‑BR2 expression directly correlated to 
IPTG concentration. In Figure 2b, the dependency of 
temperature and IPTG concentration has been shown. 
According to this figure, increasing the incubation time 
has no effect on the DT386‑BR2 expression; on the other 
hand, the highest level of protein expression was attained 

Table 1: Box–Behnken experimental design of three 
factors and three levels with quintuple at the center point
Runs Factor 1 (A): 

Temperature 
(C)

Factor 
2 (B): 

Incubation 
time (h)

Factor 3 (C): 
Isopropyl‑β‑D‑ 

thiogalacto‑
pyranoside 

concentration 
(mM)

Response 1 
expression 

(μg/ml)

1 27 9 0.55 117
2 37 2 0.55 173
3 37 9 0.1 45.8
4 27 16 0.1 44
5 17 9 1 188
6 37 9 1 118
7 27 2 1 195
8 17 16 0.55 209
9 27 16 1 78.2
10 17 2 0.55 92
11 17 9 0.1 123
12 27 9 0.55 45.8
13 27 2 0.1 100
14 27 9 0.55 117
15 27 9 0.55 117
16 27 9 0.55 117
17 37 16 0.55 36.1

Figure 1: Sodium dodecyl sulfate polyacrylamide gel electrophoresis of 
17 different cultivation conditions for the expression of DT386‑BR2 fusion 
protein designed by Design Expert software. Lanes 1 and 11: Protein marker. 
Lanes 2‑10 and 12‑19: Different experiment conditions in the terms of 
temperature, incubation time and IPTG concentration. (Runs 1–17 in Table 1)
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after 2 h of incubation and increasing the incubation 
time did not affect the amount of expression. Finally, 
Figure 2c shows the dependency of IPTG concentration 
and incubation time when the temperature is in mean 
score (27°C). As shown, the highest amount of the protein 
expression occurred at 37°C. Therefore, it seems that 
the IPTG concentration has the most effect on protein 
expression (P < 0.05).

Based on the developed model, the optimal culture 
conditions for DT386‑BR2 expression in E. coli were 
predicted to be as follows: The temperature of 37°C, 
postinduction time of 2 h, and 1 mM IPTG. These optimal 
levels led to a DT386‑BR2 concentration of 224.86 μg/ml.

Terrific broth could induce the production of high 
amounts of the recombinant protein

The overnight culture of colony 1 of the recombinant 
E. coli Rosetta DE3 containing pET28a‑DT386‑BR2 was 
cultured in three different culture media including LB, SB, 
and TB in the optimum condition (temperature of 37°C, 
post‑induction time of 2 h, and 1 mM IPTG). Figure 3 
shows the SDS‑PAGE of crude lysate of these three 
cultures. As shown, the best medium for the expression 
of DT386‑BR2 was TB. The ratios of expressed protein 
in SB culture medium versus LB and TB culture medium 
versus LB were 1.93 (equal to 434 μg/ml of the total 
fusion protein) and 2.54 (equal to 571.14 μg/ml of the 
total fusion protein), respectively.

Discussion
E. coli is the most commonly used host for overexpression 
of the recombinant proteins because of the several 
well‑known advantages including fast growth kinetics, 
easily achieved high cell density cultures, possibility to 
make rich complex media from available and inexpensive 
components, and fast and easy transformation with 
exogenous DNA.[18] There are several successfully produced 
DT‑based fusion proteins using E. coli expression system 
including DT385‑p22,[19] DAB389 IL‑2,[20] and DTLIL3.[21]

E. coli BL21 is a bacterial strain deficient in the protease 
coding genes preventing the degradation of foreign and 
extracellular proteins.[22,23] On the other hand, λDE3 is a 
prophage that inserts its genome containing the T7 RNA 
polymerase gene in the BL21 chromosome under the 
lacUV5 promoter.[24] Consequently, induction of the T7 
RNA polymerase expression results in the expression of 
proteins in this strain (BL21 [DE3]).

Furthermore, Rosetta host strains are BL21 derivatives 
designed to enhance the expression of eukaryotic 
proteins containing codons rarely used in E. coli. These 
strains supply tRNAs for some codons on a compatible 
chloramphenicol‑resistant plasmid.[25] In this study, despite 
codon optimization of DT386‑BR2 gene for expression 
in E. coli, it has been shown that the expression of this 
fusion protein in Rosetta is higher than BL21. For E. coli 
Rosetta‑gami DE3, on the other hand, with the abilities 

Figure 2: Response surface of DT386‑BR2 expression represents the interaction between two factors in the expression of DT386‑BR2 (μg/ml) by keeping 
other factor constant. (a) interaction between the temperature and incubation time on the amount of fusion protein expression. (b) interaction between 
the IPTG concentration and temperature on the amount of fusion protein expression. (c) interaction between the IPTG concentration and incubation time 
on the amount of fusion protein expression

c

b

a
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of either Rosetta or origami which allows for enhanced 
expression of eukaryotic proteins containing codons rarely 
used in E. coli and enhanced disulfide bond formation, 
respectively,[26] we did not detect the expression of the 
fusion protein which was attributed to difficulties in growth 
in the presence of four antibiotics and low yield of cellular 
mass as well as effort for the expression of antibiotic 
resistance gene, but not the desired fusion protein.

In the study of Tegel et al., 68 recombinant proteins 
previously expressed in BL21 (DE3) were retransformed 
and successfully expressed in Rosetta (DE3).[27] In another 
study conducted by Bukhtiyarova et al., it was shown 
that p38α (a type of MAP kinase) expression in Rosetta 
DE3 cells was significantly higher compared to the 
wild‑type BL21 DE3 strain constituting about 20% of the 
total cellular protein.[28] The result of this studies showed 
that the yield of expression significantly improved and 
the purification procedure was successfully performed. 
According to the results of the above‑mentioned studies 
and our project, it seems that Rosetta (DE3) is the best host 
for the expression of recombinant proteins.

Two most important factors affecting protein expression 
are incubation time and the post‑induction temperature.[29] 
Overall, lowering the post‑induction temperature lead to 
the reduction of the protein synthesis rate; consequently, 
the formation of inclusion bodies may be reduced. On 
the other hand, high temperature can promote cell growth 
resulting in high protein expression, but it is detrimental 
to protein expression because a higher growth rate would 
lead to a higher probability of plasmid loss and stimulates 
mispartition of an expression vector.[30] However, the 
optimum combination of postinduction temperature and 
the length of induction is still a trial‑ and‑error matter.[31] 
As shown in our results, the best temperature for protein 
expression was determined to be 37°C. As BR2 is an 

anti‑microbial peptide (AMP) that may affect the survival of 
bacterial host and inclusion bodies are inactive forms of the 
recombinant proteins, inclusion body formation is a suitable 
idea for overexpression of this bacteriotoxic fusion protein.

Inducer concentration also affects the protein expression. 
Low inducer concentration may result in an inefficient 
induction and consequently, low recombinant protein 
yields.[32] On the other hand, inducers added in excess can 
result in toxic effects including reduced cell growth and 
finally reduced recombinant protein concentration. Thus, 
inducer concentration should be maintained at slightly higher 
than the critical concentration. Since the study of Ramirez 
et al., showed that IPTG concentrations lower than 1 mM 
did not affect E. coli specific growth rate or maximum cell 
concentration, we used IPTG at 1 mM final concentration.[32] 
Regarding our results, it was shown that the effect of inducer 
concentration is critical for the protein expression.

Another aspect of overexpression of recombinant proteins 
is its augmentation by growing the culture to higher 
densities.[33] This can be achieved by changing a few 
parameters such as medium composition and providing 
better aeration by vigorous shaking.[34]

LB is the most commonly used culture medium for 
culturing E. coli, but the cell growth stops at a low density 
due to the presence of scarce amounts of carbohydrates 
and divalent cations in this medium culture.[35] Hence, 
it seems that increasing the amount of peptone or yeast 
extract and divalent cations supplementation leads to 
higher cell densities.[33,36] Terrific Broth is a richer medium 
than LB, resulting in greater cell mass and allowing higher 
recombinant protein expression levels.[37] For example, 
high density cultivation in TB medium yielded 56 g/L 
wet biomass, which was 10‑fold higher than that obtained 
in LB medium[38] and the achieved results in this study 
confirmed this fact.

Conclusion
In this study, we could express large amounts of the 
recombinant DT386‑BR2 fusion protein by optimizing the 
host, cultivation condition, and culture medium. Therefore, 
the expression of this fusion protein will be performed at 
the obtained optimal expression condition; the protein will 
be purified and used for evaluation of its cytotoxicities.
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Figure 3: Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
of different medium culture for expression of DT386‑BR2 with 47 KDa 
molecular weight. Lane 1: Protein marker, lane 2: Expressed DT386‑BR2 
in luria bertani medium, lane 3: Expressed DT386‑BR2 in SB medium, lane 
4: expressed DT386‑BR2 in terrific broth medium
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