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Abstract

In terms of the prokaryotic expression system Escherichia coli, it is well-known that incubation
temperature, OD600 value, isopropyl thiogalactoside concentration and time of induction are general
factors which can directly affect the final protein’s expression. The traditional method for this
optimization is to study these factors which may influence the protein expression separately, thus,
the interactions between factors are ignored. Design of experiment is a time-saving and cost-effective
methodology for increasing the productivity and improving the quality of a product. In order to verify
if design of experiment is suitable for the optimization of a protein expression and also to reveal if there
is any interaction between the factors that have a significant influence on the protein’s expression, the
optimization of expression for the protein Bmlebocin3 was carried out using the design of experiment
concept. Bmlebocin3 is an antimicrobial peptide in the silkworm, Bombyx mori. It has a unique precursor
form which was suitable for this investigation. In this study, the Bmlebocin3 gene was cloned and
expressed in Escherichia coli, and then this expression was optimized by design of experiment. The results
revealed that through the use of design of experiment, in addition to quantifying the separate effects
of the OD600 value and the time of induction, it demonstrated that, their interaction can significantly
affect the expression of Bmlebocin3. Furthermore, the best condition for the Bmlebocin3 ’s expression
was identified through fewer experiments. This proved that design of experiment can be used as an
efficient way to optimize the protein expression.
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1 Introduction

Heterologous expression of a protein is a necessary technology in molecular biology. It is widely
used to obtain a protein in a large scale where it is difficult to isolate it directly from original
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organisms. Escherichia coli1 (E.coli), yeast and various kinds of cells are available as the host for
recombinant protein expressions [1–3]. No matter which expression system has been chosen, the
optimization of the expression is essential after the target protein has been validly expressed.

Optimization is the procedure used to find the best condition for the target protein expression
so that the maximum production can be obtained with the lowest cost in the shortest time. In
terms of the prokaryotic expression system E.coli, many factors which have a potential influence
on the protein’s expression are usually considered during optimization; these include, codon
usage, copies and stability of the expression vector plasmids, structure and stability of mRNA,
the growth condition of the host such as the pH of the culture medium, agitation, oxygenation,
and the carbon source and so on [4, 5]. In addition, it is verified that incubation temperature, the
OD600 value when induction begins, the isopropyl thiogalactoside (IPTG) concentration and the
time of induction can also directly affect the production of a recombinant protein’s expression,
so they are general factors to be considered in the optimization. The traditional method for this
optimization is to set each factor as a variable in turn whilst fixing the others, this means the
factors are investigated one by one, and then are combined to define the best condition [6]. This
can be both complicated and time-consuming. Furthermore and most importantly, by using this
method, the effects of interactions between the factors ignored.

Design of Experiment (DoE) is a scientific approach to find a time-saving and cost-effective way
to increase productivity and to improve product quality in the areas of physical, materials, social
sciences and agricultural engineering [7–11]. It is an efficient method that can be used to change
one or more process factors so that the corresponding yields and conclusions are determined. In
this study, DoE was utilized to determine if it is suitable for the optimization of a recombinant
protein expression and also to reveal if there is any interaction between factors having a significant
influence on this expression. The protein chosen in this study was a precursor lebocin3, which is
a kind of antimicrobial peptide (AMP) from silkworm [12]. Precursor lebocin3 is not a functional
protein so it is very suitable for an investigation into the optimization of a recombinant protein
expression. In this study, Bmlebocin3 precursor gene was cloned and expressed in E.coli strain
BL21, and then DoE was implemented to optimize this expression.

2 Materials and Methods

2.1 Gene Cloning

The primers for the Bmlebocin3 precursor gene (GenBank accession no. AB003035) were designed
as follows, forward primer, 5’- CATGCCATGGGCCAGAGGTTCATCCAGCCGACC-3’ and re-
verse primer, 5’- TTGCGGCCGCTTAATGATGATGATGATGATGTTCTTGGAAAATGTC-
CCTCG -3’ (Invitrogen), NcoI and NotI restriction enzyme sites (in bold) were introduced to
facilitate vector construction, the relative sequence of six His tag (underlined) was placed ahead
of the stop codon for western blot analysis.

The template for the PCR reaction was the fat body cDNA of silkworms (Dazao) after injected
induction by DH5a. The PCR reaction condition was as follows: preheating to 94◦C for 5 min, 30

1Abbreviation used: E.coli, Escherichia coli; OD, optical density; DoE, design of experiment; LB, Luria-Bertani;
IPTG, isopropyl ß-D-1-thiogalactoside; PCR, polymerase chain reaction; SDS-PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis; PBS, phosphate-buffered saline.
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cycles of: denaturation at 94◦C for 40 s, annealing at 55◦C for 40 s, extension at 72◦C for 60 s, and
finally 72◦C for 10 min. The PCR product was subcloned into pMD18-T simple vector (Takara)
(pMD18/Bmlebocin3) and the nucleotide sequence of pMD18/Bmlebocin3 was determined by
sequencing.

2.2 Vector Construction

The prokaryotic expression vector pET-28a (+) (Novagen) and pMD18/Bmlebocin3 were digested
by NcoI and NotI (Takara) simultaneously, and then the gene fragment and the linear vector were
ligated (Fig. 1). The positive transformant (pET28a/Bmlebocin3) was identified after transfor-
mation.
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Fig. 1: Schematic representation of Bmlebocin3 expression vector’s construction

2.3 Expression of Recombinant Plasmid pET28a/Bmlebocin3 in BL21

Plasmid DNA pET28a/Bmlebocin3 was transformed into BL21, then the transformant containing
recombinant plasmid was inoculated in 3 ml LB. After the OD600 reached to approximately 0.5,
50 µl of culture was inoculated into the two individual 5 ml LB respectively and cultured to an
OD600 of approximately 0.6, then IPTG was added to 1 mM one of the 5 ml LB culture to induce
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protein expression, and the other one was set as a negative control. After 4 hours’ induction, 1
ml of each culture was collected for further analysis.

All collected samples were centrifuged at 10000×g for 1 min at 4◦C, the pellet was re-suspended
in 500 µl lysis buffer and kept on ice for 20 min. The suspension was treated by ultrasonication
on ice until the cells were completely disrupted. 40 µl of suspension after treatment was mixed
with 10 µl 5× protein loading buffer. The mixture was heated immediately for 5 min at 100◦C.
10 µl of each sample were separated by using 12% gel in SDS-PAGE.

The gel, after electrophoresis, was transferred onto a polyvinylidene difluoride (PVDF) mem-
brane. Mouse anti-His antibody (GE Healthcare) was used to react with the His tag at the
C-terminal of the recombinant protein according to the western blot protocol. All reagents were
purchased from Sigma–Aldrich unless otherwise stated.

2.4 Optimization of Bmlebocin3’s Expression by DoE

In order to verify if DoE is suitable for the optimization of the recombinant protein expression
and also to reveal if there was any interaction between factors having significant influence on this
expression, the optimization of Bmlebocin3’s expression by was carried out using DoE.

Four experimental factors (A: Time of induction; B: OD600 value; C: IPTG concentration; D:
Kanamycin concentration) with 2 levels (high and low) were considered at the same time to
explore the effect on the expression percentage of the recombinant protein Bmlebocin3 (Table 1).

Sixteen combinations were designed, and the samples of the induction expression under designed
conditions were collected and analyzed using SDS-PAGE. After staining, the band intensity of
Bmlebocin3 was calculated using BandScan to get the relative percentage of the Bmlebocin3’s
expression. The whole experiment was repeated once. Minitab 16 was used to perform a statistical
analysis of the experimental results.

Table 1: Table of design of experiments

Factors Units Low level (-) High level (+)

A: Time of induction hour(s) 1 7

B: OD Value — 0.4 1.2

C: IPTG concentration mM 0.2 1.6

D: Kanamycin concentration µg/mL 0 100

3 Results

3.1 Gene Cloning

After PCR amplification, around 500 base pairs (bp) of DNA fragment encoding precursor Bm-
lebocin3 was obtained by agarose gel electrophoresis. This PCR product was extracted from the
gel and then ligated to the pMD18-T simple vector. Subsequent sequencing results indicated the
nucleotide sequence of the cloned Bmlebocin3 gene was identical.
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3.2 Vector Construction

pET-28a (+) was digested by restriction enzymes NcoI and NotI and then ligated to the Bm-
lebocin3 fragment after the same digestion from the recombinant plasmid pMD18/Bmlebocin3
(Fig. 1). The ligation product was transformed into DH5α competent cells. PCR was used to
detect the insert, and sequencing results demonstrated that the clone was correct.

3.3 Expression of Recombinant Plasmid pET28a/Bmlebocin3 in BL21

pET28a/Bmlebocin3 was transformed into the expression host BL21, and then standard con-
centration 1 mM IPTG was used to induce the Bmlebocin3’s expression. Total proteins of the
sample and the negative control (uninduced sample) were separated by using SDS-PAGE. The
electrophoresis result revealed a significant difference of the protein band between the sample
and the negative control. The molecular mass of this unique band was around 20KD which is
consistent with the deduced size of Bmlebocin3 (Fig. 2 (a)). It indicated that Bmlebocin3 was
expressed in E.coli after induction. Further analysis of the western blot also demonstrated that
Bmlebocin3 could be expressed in the prokaryotic expression system E.coli (Fig. 2 (b)).

225KD

76KD

52KD

38KD

31KD

24KD

17KD

12KD

(a) (b)

Fig. 2: SDS-PAGE (a) and western blot analysis (b) of the expression of Bmlebocin3 in E.coli. (a)
Lane M, protein marker; lane 1, sample of pET28a/Bmlebocin3 without induction; lane 2, sample of
pET28a/Bmlebocin3 with induction. (b) Lane 3, sample of pET28a/Bmlebocin3 without induction; lane
4, sample of pET28a/Bmlebocin3 with induction

3.4 Optimization of Bmlebocin3’s Expression by DoE

According to the four listed factors (Table 1) which could have a possible effect on the Bmlebocin3’s
expression, sixteen combinations were designed. In total, 32 experiments, including one repetition
were conducted. The results presented in Table 2, were then analyzed using Minitab 16.
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Table 2: The production of Bmlebocin3 in the design of experiment

Run No.
Time of

induction (h)
OD

IPTG

Concentration

(mM)

Kanamycin

concentration

(µg/mL)

Bmlebocin3

percentage (%)

1 1 0.4 0.2 0 1.3

2 7 0.4 0.2 0 11.9

3 1 1.2 0.2 0 1.7

4 7 1.2 0.2 0 14.2

5 1 0.4 1.6 0 1.0

6 7 0.4 1.6 0 12.3

7 1 1.2 1.6 0 1.8

8 7 1.2 1.6 0 13.8

9 1 0.4 0.2 100 1.3

10 7 0.4 0.2 100 12.0

11 1 1.2 0.2 100 1.6

12 7 1.2 0.2 100 14.1

13 1 0.4 1.6 100 1.6

14 7 0.4 1.6 100 13.4

15 1 1.2 1.6 100 2.1

16 7 1.2 1.6 100 14.8

17 1 0.4 0.2 0 1.1

18 7 0.4 0.2 0 11.2

19 1 1.2 0.2 0 1.8

20 7 1.2 0.2 0 14.5

21 1 0.4 1.6 0 1.0

22 7 0.4 1.6 0 11.7

23 1 1.2 1.6 0 1.3

24 7 1.2 1.6 0 15.3

25 1 0.4 0.2 100 1.2

26 7 0.4 0.2 100 12.0

27 1 1.2 0.2 100 2.0

28 7 1.2 0.2 100 14.8

29 1 0.4 1.6 100 2.0

30 7 0.4 1.6 100 12.2

31 1 1.2 1.6 100 1.8

32 7 1.2 1.6 100 16.3

The normal probability plot (Fig. 3 (a)) shows the results and factors that had a significant
impact on the production of Bmlebocin3. In total, three factors and one interaction had positive
effects. Among these factors, A (time of induction) had the most significant impact on the output
of Bmlebocin3. B (OD600 value) also had an obvious influence on the Bmlebocin3’s expression,
and D (kanamycin concentration) had only a small positive effect (Fig. 3 (b)). With an increase
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in each of these three factors, the production of Bmlebocin3 was increased. In addition, there
was another positive influence which was an interaction between A (time of induction) and B
(OD600 value) which cannot be ignored (Fig. 3 (c)). This influence was smaller than the separate
influences of factors A (time of induction) and B (OD600 value), but it was bigger than separate
influence of factor D (kanamycin concentration).
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Fig. 3: Identification of the significant factors affecting the expression of Bmlebocin3. (a) Normal plot
of the standardized effects for the expression percentage of Bmlebocin3; (b) Main effects plot (data
means) for the expression percentage of Bmlebocin3; (c) Interaction plot for the expression percentage
of Bmlebocin3
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3.4.1 Phase 0-Factor Screening Factorial Design

Fit a first-order model

According to the factorial fit table (Table 3), three factors, A (time of induction), B (OD600

separate influence) and D (kanamycin concentration), and an interaction between A and B with
a P value < 0.5 had a significant effect. Also, the goodness of fit (R2) value of 99.65% and the
goodness of predictability (Q2) value of 98.61% show this is a reliable model.

Table 3: Estimated effects and coefficients for the expression of Bmlebocin3

Term Effect Coef SE Coef T P

Constant — 7.47 0.09 84.06 0.00

A 11.87 5.93 0.09 66.77 0.00

B 1.54 0.77 0.09 8.68 0.00

C 0.36 0.18 0.09 2.00 0.06

D 0.46 0.23 0.09 2.57 0.02

A*B 1.09 0.55 0.09 6.15 0.00

A*C 0.28 0.14 0.09 1.58 0.13

A*D 0.13 0.07 0.09 0.74 0.47

B*C -0.04 -0.02 0.09 -0.25 0.80

B*D -0.07 -0.03 0.09 -0.39 0.70

C*D 0.29 0.15 0.09 1.65 0.12

A*B*C 0.06 0.03 0.09 0.32 0.76

A*B*D 0.03 0.02 0.09 0.18 0.86

A*C*D 0.02 0.01 0.09 0.11 0.92

B*C*D 0.02 0.01 0.09 0.11 0.92

A*B*C*D 0.12 0.06 0.09 0.67 0.51

Derive a predictive equation

The time of induction and the OD600 value were the two factors which affected the percentage
of recombinant Bmlebocin3 the most. Based on the factorial fit table, a predictive equation was
derived as follows where x1 is the OD600 value and x2 is the time of induction:

Y = 7.47188− 0.77187x1 + 5.93438x2 (1)

The contour plot shows that the percentage of Bmlebocin3 present amounted to approximately
14% when the condition of the time of the induction was 7 hours, the OD600 value was 0.75,
the IPTG concentration was 1.6 mM and the antibiotic concentration was 100 µg/ml (data not
shown). However, in order to achieve a percentage of recombinant Bmlebocin3 of about 25%,
further steps must be taken.

3.4.2 Phase 1-Approaching Optimization/Steepest Ascent Method

Compute a path of steepest ascent



Z. Li et al. / Journal of Fiber Bioengineering and Informatics 8:2 (2015) 207–220 215

According to the predictive equation (1), the output will move along the path of steepest ascent
if the point x1 and x2 are set to 0. Thus the path of steepest ascent passes through the point
(x1 = 0, x2 = 0) and will have a slope of 5.93438/0.77187≈8.

Conduct experimental runs along the path

Using 3 hours’ time of induction as a basic step size, then the conclusion can be reached that,
for each 3 hours’ increment, the OD600 value should change by 0.4/8 = 0.05 to ensure that the
output continues to move along the path of steepest ascent. So, three points were defined to try
to get an approximation of the maximum expression of Bmlebocin3 (Fig. 4):

Point A (OD600 = 1.20, Time of induction=7 h)

Point B (OD600 = 1.25, Time of induction=10 h)

Point C (OD600 = 1.30, Time of induction=13 h)

Find the point which approximates to the maximum

The experiment showed that at all three points, 18.8%, 19.2% and 24.7% of recombinant Bmle-
bocin3 respectively was detected (Fig. 4). Point C corresponding to the condition (OD600= 1.30,
Time of induction=13 h) gave data very close to the expected value, so, then a central composite
design would be utilized to achieve the goal.
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Fig. 4: Steepest ascent of experiment

3.4.3 Phase 2-Optimization/Central Composite Design

Based on the previous experiments, the point closet to the desired target has been determined.
In order to produce higher percentage of recombinant Bmlebocin3, central composite design was
used.

12 experiments were performed, including four central points, and the results are shown in
Table 4, which were analyzed using Minitab 16.

According to the analyzed results (data not shown), a second-order equation to predict Bmle-
bocin3 percentage response was derived where x1 represents the OD600 value and x2 represents
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Table 4: The production of Bmlebocin3 in central composite design

Run No. OD600 Time of induction (h) Bmlebocin3 percentage (%)

1 0.9000 10.000 16.8

2 1.7000 10.000 11.7

3 0.9000 16.000 18.5

4 1.7000 16.000 13.5

5 0.7344 13.000 18.0

6 1.8656 13.000 11.0

7 1.3000 8.753 12.9

8 1.3000 17.242 20.4

9 1.3000 13.000 16.4

10 1.3000 13.000 17.7

11 1.3000 13.000 15.7

12 1.3000 13.000 14.8

the time of induction:

Y = 0.1615− 0.0216406x1 + 0.0176333− 0.0035625x2
1 − 5.625E − 04x2

2 + 0.00025x1x2 (2)

The graph (Fig. 5) shows the contour plot and the response surface for the percentage of re-
combinant Bmlebocin3 concluded by this model. It indicates that when the OD600 value exceeded
1.2, the production of Bmlebocin3 began to decrease irrespective of the length of the time of in-
duction. However, when the OD600 value was between 0.8 – 1.2, prolonging the time of induction
raised productivity. This also proves that the interaction between the OD600 value and the time
of induction was significantly associated with the expression of Bmlebocin3.

To sum up, the optimization by DoE indicated that three factors including the OD600 value,
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the time of induction, the kanamycin concentration and the interaction between the OD600 value
and the time of induction influenced the production of Bmlebocin3. Through this optimization,
the best condition for the Bmlebocin3’s expression could be identified through fewer experiments,
and this optimization enabled the final production of Bmlebocin3 to be increased to more than
20%, compared to only around 15% production using standard protocol before optimization. This
proves that DoE can be used as an efficient tool for optimizing different recombinant protein’s
expression in molecular biology.

4 Discussion

Although the prokaryotic expression system lacks the necessary post-transcriptional modification
mechanism, E.coli remains a powerful system for the expression of heterologous protein since it
possesses the merits of high production, lower cost and easy culturing [13, 14]. However, due to
the difference in origin, the sequence itself, the function and the process of translation and folding,
the production of each recombinant protein apparently varies. Therefore, careful optimization
plays a vital role in this expression because of its potential for enhancement of production of the
target protein.

Some factors can be optimized before induction, such as codon usage, double colony selection
and well-prepared starting culture [15]. However, temperature, OD600 value, IPTG concentration
and time of induction are other factors which must also be considered.

The general temperature for prokaryotic expression is 37◦C, however, lowering it will increase
the solubility of some proteins [16]. The other advantage of lowering the temperature is that it
reduces the degradation by proteinases for some recombinant proteins with a protein mass of less
than 10 KD. However hardly researches revealed that the temperature have a significant influence
on the production of recombinant protein with a mass of more than 20 KD, this is the main reason
why we did not choose the temperature in our DoE investigation.

0.5 to 1.0 mM IPTG is suitable for the induction of most proteins. Occasionally, a lower IPTG
concentration can have certain negative effects on some recombinant protein expressions [6], while
higher concentrations make the plasmid’s stability and cell growth decline and this may affect the
final protein production [17, 18]. In this study, no significant influence of the IPTG concentration
on Bmlebocin3’s expression was observed even at lower (below 0.5 mM) or higher (above 1.0 mM)
IPTG concentrations (Fig. 3 (b)). 0.2 mM IPTG was enough for the expression of Bmlebocin3
under the all conditions. However, in order to lower the production cost, it is still very important
to find out the lowest IPTG concentration necessary to maximize protein expression. Actually,
this is essential for large scale protein expression in industry since the use of oversaturated IPTG
is a waste of money [19].

The lack of a selective antibiotic in the expression system slightly decreases the stability of the
plasmid especially after 6 hours’ induction. In such a situation, the host cells lacking plasmid
can rapidly grow in the culture without a pertinent antibiotic, which may eventually reduce the
productivity of the target protein [17, 20]. Small effects caused by the change in kanamycin
concentration was detected in the Bmlebocin3’s expression (Fig. 3 (b)), which verified that the
appropriate antibiotic in the E.coli expression system can mildly improve the expression of the
recombinant protein.

It is well-known that the OD600 value at the beginning of induction has an obvious impact
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on the production of most recombinant proteins. The OD600 value for traditional induction is
0.6 when the cells are in the best condition for growth, however, some high-cell-density bacterial
expression methods have been developed, in which, the production of protein can be raised several
times [15, 21]. For the Bmlebocin3’s expression, the influence brought about by the OD600 value
was quite clear (Fig. 3 (b)), however, any increase in the OD600 value above 1.2 did not result in
a higher final yield possibly because of the negative effects of the declined oxygen level and pH
as well as the increase of proteases in the culture (Fig. 5) [4, 22].

The time of induction is a factor which clearly has to be taken into consideration in almost
all optimizations of protein expressions. Incubation for three hours can make most recombinant
proteins detectable. Extending the time of induction does not always lead to high yields of target
protein because the longer times of induction also cause unfavorable effects on cell growth. In this
work, the production of Bmlebocin3 increased slowly after 10 hours’ induction until it reached a
maximum at 16.5 hours approximately (Fig. 3 (b) and Fig. 5).

It is worth noting that not only can the two factors, the OD600 value and the time of in-
duction, separately affect the production of Bmlebocin3, but also their interaction can have
significant influence, which is a factor which has never been considered in other optimizations
of protein expressions. Therefore, simply investigating the optimization of a protein expression
using a ‘one factor at a time’ method is not reasonable for all recombinant proteins. Con-
trastingly, DoE has been shown to provide an easy and fast way for optimizations through the
use of a limited number of experiments, which also highlights potential interactions of the fac-
tors.

5 Conclusions

DoE was applied to optimize the expression of Bmlebocin3, and it identified three out of the
four chosen factors, including the time of induction, the OD600 value and the kanamycin con-
centration, that significantly influenced this expression. Furthermore, the interaction between
the OD600 value and the time of induction was shown to have a significant effect. Through this
optimization, most importantly, the best condition for Bmlebocin3’s expression was discovered,
which efficiently improved the production of recombinant Bmlebocin3. This verified that DoE is
an efficient and scientific method that can be used for the optimization of recombinant proteins’
expression.
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