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Abstract Endostar as a specific drug in treatment of the

nonsmall cell lung cancer is produced using Escherichia

coli expression system. Plackett–Burman design (PBD)

and response surface methodology (RSM) are statistical

tools for experimental design and optimization of

biotechnological processes. This investigation aimed to

predict and develop the optimal culture condition and its

components for expression and secretion of endostar into

the culture medium of E. coli. The synthetic endostar

coding sequence was fused with PhoA signal peptide. The

nine factors involved in the production of recombinant

protein—postinduction temperature, cell density, rotation

speed, postinduction time, concentration of glycerol, IPTG,

peptone, glycine, and triton X-100—were evaluated using

PBD. Four significant factors were selected based on PBD

results for optimizing culture condition using RSM.

Endostar was purified using cation exchange chromatog-

raphy and size exclusion chromatography. The maximum

level of endostar was obtained under the following condi-

tion: 13.57-h postinduction time, 0.76 % glycine, 0.7 %

triton X-100, and 4.87 % glycerol. The predicted levels of

endostar was significantly correlated with experimental

levels (R2 = 0.982, P = 0.00). The obtained results indi-

cated that PBD and RSM are effective tools for optimiza-

tion of culture condition and its components for endostar

production in E. coli. The most important factors in the

enhancement of the protein production are glycerol, gly-

cine, and postinduction time.

Keywords Endostar � Angiogenesis inhibitors � Lung
cancer � Escherichia coli

Introduction

Recombinant human endostatin (rhES) is one of the most

common inhibitors of angiogenesis that inhibits different

kinds of the tumor. The extended application with its low

toxicity and lack of drug resistance in long-term applica-

tion makes it a broad-spectrum antiangiogenesis and

tumor-suppressing agent. However, as a protein, its clinical

application has some problems including insolubility,

instability, high price, and need for high dosage [1]. To

overcome these limitations, several solutions were devel-

oped such as selecting a suitable expression vector and

suitable expression host and modifying the biochemical

properties of endostatin [2–4]. Endostar is a modified rhEs

with nine residues (MGGSHHHHH) in the N-terminus that

increases its stability. Endostar was approved by the State

Pharmaceutical Administration of China (SFDA) as a

specific drug in the nonsmall cell lung cancer therapy [5].

Escherichia coli expression system is an alternative

method for recombinant protein production [6, 7]. How-

ever, in this system, heterologous proteins are often folded

incorrectly (especially in proteins with disulfide bonds) and

deposited as insoluble inclusion bodies in cytoplasm [8, 9].
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Recombinant endostatin is a hydrophobic protein that

deposits as insoluble inclusion body in the cytoplasm.

Various methods have been developed to get soluble rEs

including coexpression with chaperones, fusion with solu-

bility-promoting peptides, fusing with signal peptides,

developing purification, and refolding method [10]. The

recombinant mouse endostatin was successfully secreted

into the media using PhoA signal peptide by Xu et al. [11].

Regarding the advantages of extracellular expression of

recombinant proteins and clinical importance of endostar,

here for the first time, we reported the expression and

secretion of endostar in the culture media of E. coli using

PhoA signal peptide.

The composition of the culture medium and culture

conditions has an important role in recombinant protein

expression [12]. Therefore, in the current study, we aimed

to improve the influence of different factors including:

postinduction temperature, cell density, rotation speed,

postinduction time and concentration of glycerol, inducer

concentration, peptone, and glycine and triton X-100.

The one-factor-at-a-time is a conventional approach in

optimizing culture condition that a single parameter is

evaluated, while all the other parameters are fixed at a

given set of conditions. However, this method is time-

consuming and ignores the interactions between the influ-

encing parameters. To overcome these drawbacks, other

methods such as Plackett–Burman design (PBD) and

response surface methodology (RSM) can be used [13].

PBD and RSM could determine the role of individual

parameters as well as their collective influence. In addition,

RSM is a mathematical and statistical tool that has been

successfully used for designing, modeling, and evaluating

the effects of several parameters and optimizing bio-

chemical and biotechnological processes [14]. In this

study, PBD was used to find the most effective factors, and

RSM was applied to optimize and analyze the combined

influence of the above-mentioned factors on endostar

production.

Materials and Methods

Reagents

Enzymes including NdeI, XhoI, T4DNA ligase, Pfu DNA

polymerase, and Gene Ruler DNA Ladder Mix were

obtained from Fermentas-Thermo Fisher Scientific

(Burlington, USA). Mini PlusTM -Plasmid DNA Extraction

kit and Viogene� Gel/PCR DNA Isolation System kit were

purchased from Viogene (New Taipei City, Taiwan). PCR

reagents were purchased from Cinnagen (Tehran, Iran).

Agar, Tryptone, IPTG MTT (3(4, 5-dimethyl thiazol-2-yl)

2, 5-diphenyl-tetrazolium bromide), yeast extract, glycerol,

glycine, triton X-100, Ampicillin, penicillin G, strepto-

mycin, and DMSO were obtained from Sigma-Aldrich (St.

Louis, MO, USA). Prestained Protein Ladder was from

Sinaclon (Tehran, Iran). Fetal bovine serums (FBS) and

Trypsin–EDTA were purchased from Invitrogen (Carlsbad,

CA, USA). All chemicals used in SDS-PAGE were pur-

chased from Merck (Darmstadt, Germany). Endostatin

Human ELISA kit was obtained from Abcam (Cambridge,

UK). Rabbit antiendostatin polyclonal antibody (ab3453),

Goat Anti-Rabbit IgG H&L (HRP) (ab6721), and ECL

Western Blotting Substrate (ab65623) were purchased from

Abcam (Cambridge, MA, USA).

Bacterial Strains, Plasmids, Cell Lines, and Media

The E. coli strains DH5a and BL21 (DE3) (Pasteur Insti-

tute, Iran), used as cloning and expression hosts, respec-

tively, and pET21a (?) as expression vector, were obtained

from Pasteur Institute of Iran. The Human umbilical vein

endothelial cell line (HUVEC) was purchased from the

National Cell Bank, Pasteur Institute of Iran. DMEM-F12

medium purchased from Invitrogen (Carlsbad, CA, USA).

Primers were from Shine Gene Company (Shanghai,

China). In addition, the interest synthetic construct was

prepared from Shine Gene Company (China) as cloned

sequence in pUC57 plasmid.

Construction of Synthetic Gene and Expression

Vector

The synthetic construct was supplied in favor of ‘‘codon

usage’’ of E. coli by ShineGene Bio-Technologies Com-

pany (Shanghai, China). The construct was started with the

NdeI site (CATATG) in 50 end, followed by phoA signal

peptide (GenBank: M13763.1), stabilizing sequence

(MGGSHHHHH), human endostatin sequence (GenBank

accession No. AF184060.1), stop codons (TAATGA), and

XhoI site (CTCCAG) in the 30 end, respectively. This

construct was inserted in pUC57 vector (pUC57-phoA sp-

hES). In order to obtain the expression vectors, 100 ll of
TE buffer was added into the tube containing pUC57-phoA

sp-hES. Then, the construct was transformed into E. coli

DH5a competent cells by calcium chloride method [15].

Further, the recombinant pUC57 and pET21a were double

digested with NdeI and XhoI in separate tubes, and they

were run on 1.5 % agarose gel. Then, the interested frag-

ment and linearized pET21a were purified with Vio-

gene� Gel/PCR DNA Isolation kit. Finally, the interested

fragment was inserted into pET21a vector to create the

corresponding expression vector pET21a-phoA sp-hES.

The ligation products were transformed into E. coli BL21

(DE3). The positive clones were checked by PCR and

restriction enzyme digestion.
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To confirm successful transformation, positive clones

were selected on LB agar containing ampicillin (100 lg/
ml) and subcloning was confirmed by PCR and restriction

analyses. Finally, accuracy of the inserted fragment in

positive clone was confirmed by DNA sequencing.

Cultivation Conditions

The screening experiments were carried out in 250 ml

Erlenmeyer containing 50 ml culture media. A single clone

was inoculated in 5 ml LB containing 100 lg/ml ampi-

cillin and was grown overnight at 37 �C (shaken at

200 rpm) until the OD600 nm reached 1.0 for each

experiments, separately. 1 ml of the culture was then

diluted 50-fold in a medium. The culture conditions were

performed under different conditions as described on PBD

and RSM according to the central composite design (CCD)

(Tables 1, 2) which is described below.

Optimization of Endostar Production

In the first step of optimization, Plackett–Burman design

was used to select most effective factors which are

involved in extracellular production of endostar. Nine

variables (Table 1) were screened in 12 experimental runs

and insignificant ones were excluded in order to obtain a

smaller and manageable set of factors. The experiments

were designed and analyzed with the statistical software

package ‘‘Minitab 170’ (Minitab Inc., Pennsylvania, USA).

Each variable was divided into two levels: -1(low-level)

and ?1(high-level).

Once the critical factorswere recognized by screening, the

central composite design (CCD)was employed to develop the

optimization more carefully. Therefore, a design with more

than two ranges was performed [16]. The independent vari-

ables including: glycerol concentration (X1), postinduction

time (X2), triton X-100 concentration (X3), and glycine con-

centration (X4) were studied at five different levels (Table 3),

and a set of 30 experiments was carried out (Table 2). All

experiments were done in triplicate, and the average of

endostar expression level was calculated as the experimental

data. These data were evaluated statistically by regression

analysis using the following second-order polynomial:

Y ¼ b0þb1X1þb2X2þb3X3þb4X4þb12X1X2þb13X1X3

þb14X1X4þb23X2X3þb24X2X4þb34X3X4þb11X11

þb22X22þb33X33þb44X44;

ð1Þ

where Y is the predicted response (endostar expression

level); X1, X2, X3 and X4 are independent variables (glyc-

erol concentration, postinduction time, triton-100 concen-

tration, and glycine concentration, respectively); b0 is an

constant coefficient; b1, b2, b3, and b4 are linear coeffi-

cients; b12, b13, b14, b23, b24, and b34 are the interaction

coefficients; and b11, b22, b33, and b44 are the quadratic

coefficients. For analysis of variance (One-Way) and RSM,

MinitabTM v 17.1 software (Minitab Inc., Pennsylvania,

USA) was used. Also, to understand the optimal culture

condition and the interaction of different variables, 3D

response surface, contour, and correlation plot were gen-

erated. Furthermore, endostar concentration was deter-

mined by ELISA following manufacturer’s instructions.

Table 1 Plackett–Burman experimental design matrix for screening of important variables for endostar production

Runs Triton

X-100 (%)

Peptone

(g/L)

Glycine

(%)

Glycerol

(%)

IPTG

(mM)

Cell

density

Post induction

temperature (�C)
Rotation

speed (rpm)

Post induction

time (h)

Endostar

(ng/L)

1 0 1 0.5 2 1 0.6 37 250 5 1100

2 0.5 1 0 0 1 1.2 37 150 10 920

3 0.5 10 0 2 1 0.6 37 150 5 1050

4 0.5 1 0.5 2 0.3 1.2 25 150 5 1500

5 0.5 1 0.5 0 0.3 0.6 37 250 10 1550

6 0 10 0.5 0 1 0.6 25 150 10 1450

7 0 1 0 0 0.3 0.6 25 150 5 600

8 0 1 0 2 1 1.2 25 250 10 1200

9 0.5 10 0 2 0.3 0.6 25 250 10 1650

10 0 10 0 0 0.3 1.2 37 250 5 400

11 0.5 10 0.5 0 1 1.2 25 250 5 950

12 0 10 0.5 2 0.3 1.2 37 150 10 1600
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Purification of Endostar

The expression of endostar was carried out in 1000 ml

volumetric flask containing 200 ml culture medium con-

sisting of optimal supplemented, based on optimal culture

condition which was proposed by RSM. Then the cells

were removed by centrifugation (10 min 9 50009 g), and

the supernatant was subjected to purification. The crude

supernatant containing soluble endostar was concentrated

using a TFF system (Sartoriu-STEDIM-BIOTECH,17521-

Table 2 Experimental designs used in CCD studies using four independent variables with six center points showing experimental values of

endostar yield (response)

Run X1 Glycerol X2 Post Induction

time

X3 Triton

X-100

X4 Glycine Endostar (lg/L)

Experimental value Predicted value

1 -1 -1 -1 -1 640 667.08

2 1 -1 -1 -1 650 707.08

3 -1 1 -1 -1 700 690.42

4 1 1 -1 -1 1200 1115.42

5 -1 -1 1 -1 1100 1069.58

6 1 -1 1 -1 775 657.08

7 -1 1 1 -1 925 990.42

8 1 1 1 -1 950 962.92

9 -1 -1 -1 1 1600 1577.92

10 1 -1 -1 1 1100 940.42

11 -1 1 -1 1 1500 1523.75

12 1 1 -1 1 1250 1271.25

13 -1 -1 1 1 1700 1690.42

14 1 -1 1 1 600 600.42

15 -1 1 1 1 1600 1533.75

16 1 1 1 1 950 828.75

17 -2 0 0 0 1400 1359.17

18 2 0 0 0 550 694.17

19 0 -2 0 0 1500 1575.83

20 0 2 0 0 1800 1827.50

21 0 0 -2 0 450 471.67

22 0 0 2 0 350 431.67

23 0 0 0 -2 650 638.33

24 0 0 0 2 1300 1415.00

25 0 0 0 0 2000 1983.33

26 0 0 0 0 2000 1983.33

27 0 0 0 0 2000 1983.33

28 0 0 0 0 1900 1983.33

29 0 0 0 0 1900 1983.33

30 0 0 0 0 2100 1983.33

Table 3 The independent

variables and coded values of

variables used in central

composite rotary design

Independent variables Units Levels

-2 -1 0 1 2

Glycerol concentration(X1) % 2 4 6 8 10

Postinduction time (X2) h 10 12 14 16 18

TritonX-100 concentration (X3) % 0.5 0.6 0.7 0.8 0.9

Glycine concentration (X4) % 0.5 0.6 0.7 0.8 0.9
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002, USA) with ultra-filtration membrane (3051442901,

5-kD cutoff) [3, 17]. Concentrated sample was loaded onto

a 1 ml SP-Sepharose (GE Healthcare) column that had

been equilibrated with 50 mM PBS, pH 6.5, and at a flow

rate of 1 ml/min. The column was washed with 10 ml of

the equilibration buffer. The bound endostar eluted

sequentially with different concentrations of NaCl

(100–1000 mM) in phosphate buffer. The peak fraction

containing the endostar was collected, pooled, and desalted

by dialyzing overnight at 4 �C against 10 mmol/L PBS (pH

6.5). The dialyzed sample was then loaded onto a HiPrep

16/60 Sephacryl S-100 HR (GE Healthcare) equilibrated

with phosphate buffer for further purification. All chro-

matographic procedures were conducted at 4 �C.

Analysis of the Protein Expression

The chromatographic process was evaluated using SDS-

PAGE analysis. Samples were incubated with

5 9 Laemmli buffer under reducing condition at 100 �C
for 5 min. Then, they were loaded onto SDS-PAGE (12 %)

and run until the prestained molecular weight standard

revealed a good resolution, followed by staining with Sil-

ver nitrate. In addition, Western blot analysis was applied

for further analysis of produced endostar. Briefly, after

SDS-PAGE electrophoresis, purified endostar was identi-

fied by Western blot analysis. Further, proteins were

transferred onto a polyvinylidene fluoride (PVDF) mem-

brane. The membranes were blocked with blocking buffer

for 2 h at 37 �C and incubated with rabbit antiendostatin

polyclonal antibody (ab3453) overnight at 37 �C. After

four times washing with phosphate-buffered saline (PBS),

the membranes were incubated with Goat Anti-Rabbit IgG

H&L (HRP) (ab6721) for 1 h at room temperature fol-

lowed by three times washing with phosphate-buffered

saline (PBS). Proteins were visualized by incubation with

ECL Western Blotting Substrate (ab65623).

Analysis of Endostar Bioactivity

The bioactivity of purified endostar produced was evalu-

ated using HUVECs and compared with recombinant

human endostatin (SciencellTM Research laboratories,

Cat.No103–12). The cell lines were grown in DMEM/F-12

medium with 10 % FBS and penicillin G–streptomycin

1 % (v/v). Cells were harvested with trypsin (0.25 %) at

37 �C for 5–10 min and seeded into 96-well plates. Cells

were incubated in DMEM/F-12 for 24 h at 37 �C with 5 %

CO2 and 95 % humidity. The medium was then changed

with150 lL fresh DMEM/F-12 containing purified endo-

star and commercial endostatin at different concentrations,

2 % FBS, and 50 lL PBS. Also, 50 lL PBS was added to

the blank control wells. After 72 h of cultivation, the cells

were incubated with 100 lg MTT per well for another 4 h.

After that the medium was removed, and 100 ll DMSO

was added to each well and incubated for 30 min at room

temperature. Finally, the surviving endothelial cells were

estimated by measuring the absorbance at 570 nm using

microplate reader (Bio-Tech Instruments, USA) [3, 17].

Result

Construction of pET21a-phoA sp-Endostar Plasmid

The wild-type hES gene has 31 rare codons including:

3CGG, 3AGG for Arginine, 8CCC for proline, 4 TCC, 2

TCA, 1 AGT, 4TCG for serine, and 6 GGG for glycine.

These codons were replaced with preferred E. coli codons

in synthetic hES. CAI used to estimate the adaptation of

codon optimized hES to E. coli was 0.878. The optimized

gene had 75.8 % of identity with respect to the wild-type

hES gene. Also PhoA signal peptide and stabilizing

sequence (MGGSHHHHH) in this construct was in favor

codon usage of E. coli. The synthetic construct was pro-

vided by ShineGene Bio-Technologies Company (Shang-

hai, China) as pUC57-phoA sp-Endostar vector. Further

analyzing with Gene Designer (version 2.0) showed that

there is no cryptic splice donor, cryptic splice acceptor,

prokaryotic ribosome binding site, RNA destabilizes

sequence, and shin-dalgarn sequence. Moreover, restriction

analyses revealed no restriction sites that may interfere

with cloning procedure. In the following step, the plasmid

pET21a (?) was used to prepare expression vector. The

protein-coding region of the phoA sp and endostar

sequences was inserted between the NdeI and XhoI sites of

the pET21a. The recombinant pET21a-phoA sp-Endostar

contained a T7 promoter, Lac operon, multiple cloning

sites, phoA signal peptide sequence, endostar encoding

gene, and T7 terminator. The construction of expression

vector is presented in Fig. 1.

Following the transformation of E. coli BL21 (DE3), the

positive clones were selected on LB agar containing

ampicillin (100 lg/ml), and the subcloning was confirmed

by PCR and restriction analyses (Fig. 2a, b). Sequencing

analysis of the both recombinant plasmids confirmed that

there were no amplification errors and frame shift in cloned

sequence (data are not shown).

Plackett–Burman Design

As a preliminary study, a PBD (Table 1) was accomplished

in two levels of -1 and ?1. The goal of this design was to

select the most significant factors that affect the expression

and secretion of endostar into the media. Evaluation of

different culture conditions for the extracellular production
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of recombinant endostar derived from E. coli BL21 (DE3)

was performed in 250 ml shaking flasks containing 50 ml

culture medium. Plackett–Burman experiments (Table 4)

showed a wide variation in endostar extracellular expres-

sion level. This variation revealed the importance of opti-

mization to achieve higher productivity. As a result of PBD

analysis, the value for R2 was 0.9947, indicating that the

model was capable of explaining 99.47 % variability of the

data, while only a few fractions of the data remained

(0.53 %) were unexplained. The regression analysis data of

PBD are described in Table 4. From the Pareto

chart (Fig. 3), the variables Viz., postinduction time (J),

glycine concentration (C), glycerol concentration (D), and

triton X-100 concentration (A) were the critical factors that

affected the extracellular production of endostar. In addi-

tion, Pareto chart revealed that the maximal effect (J:

postinduction time) was presented in the upper percentage

and then increased to the minimal effect (B: peptone

concentration). Also, the lower IPTG concentration, cell

density (before induction), postinduction temperature,

rotation speed, and the high peptone concentration could

stimulate the extracellular expression of soluble proteins.

Therefore, four factors (postinduction time, glycine, glyc-

erol, and triton x-100) were selected as main factors for

improving the prediction models and optimization proce-

dure in the next step of the optimization.

Central Composite Design

A central composite design (CCD) was employed for fur-

ther optimization in order to obtain a maximum production

of endostar. Thirty experiments consisting of 16 star points,

8 axial points, and six center points were performed in

triplicate at different combinations of the factors (Table 3).

The predicted and actual results along with design matrix

are summarized in Table 2. It could be seen from the

results in Table 2 that the highest amount of endostar

(1900–2100 lg/L) was obtained in the runs that represent

the center points while the lowest level was observed in run

22 (350 lg/L).
The analysis of variance for the adjusted model revealed

that the production of endostar was significantly influenced

by the linear and quadratic coefficients and their interactions,

except the triton X-100(X3) and interaction factors of X2X3

and X2X4 (Table 5). The effects of the postinduction time

(125.8, P = 0.01) and glycine concentration (388.3,

P = 0.00) were positive, demonstrating that longer postin-

duction time and high glycine concentrationwill enhance the

production of extracellular soluble protein, respectively,

whereas the glycerol concentration was negative (332.5,

P = 0.00). In order to estimate the optimal region of endo-

star production, second-order models were fitted to the

endostar results (Table 2). Considering these results, a sim-

plifiedmodel is described by Eq. (2), where the variables are

specified in their original units as following:

Y ¼ 1983:3� 166:3X1 þ 62:9X2 þ 194:2X4 � 239:2X1X1

� 70:4X2X2 � 382:9X3X3 � 239:2X4X4 þ 96:2X1X2

� 113:1X1X3 � 169:4X1X4 � 72:5X3X4;

ð2Þ

where Y is the response variable (endostar level), and X1,

X2, X3, and X4 are the independent variables (glycerol

Fig. 1 Construction of the expression vectors, pET21a- phoA sp-

Endostar

Fig. 2 PCR identification and digestion analysis of pET21a-phoA sp-

Endostar. Agarose gel electrophoresis of cloned sequence in pET21a;

lane 1 DNA molecular weight markers, lane 2 negative control, and

lane 3 a 610 bp for PCR product band of cloned sequence (a).
pET21a-phoA sp-Endostar Digestion result of pET21a-phoA sp-

Endostar was digested with Nde1 and Xho1. Lane 1 DNA marker,

lane 2 undigested plasmid and lane 3 digested plasmid (b)
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concentration, postinduction time, triton X-100 concentra-

tion, and glycine concentration, respectively). The results

showed that the linear coefficients b1 (glycerol concen-

tration), b2 (postinduction time), b3 (triton X-100 con-

centration), and b4 (glycine concentration) have a

significant impact on production of endostar. The statistical

significance of the regression quadratic model was repre-

sented in the form of analysis of variance (ANOVA). The F

value (57.66) and P value (0.00) indicates that the model is

significant. The results of analysis of variance and model

fitting for the responses of endostar by RSM are given in

Table 5. The determination coefficient (R2) was 0.9818

indicating that 98.18 % of the total variability in the

response could be well described by the new model. The

adjusted determination coefficient (R2
adj) was 0.9647.

Moreover, the lack-of-fit of the model was not statistically

significant at 95 % confidence level.

The scatter plots were made for estimating the adequacy

of the model (Fig. 4). From the correlation between the

experimental and the predicted values of endostar pro-

duction, it can be concluded that the experimental levels

agree well with the predicted levels (Fig. 4b). Also, normal

probability plot shows that there was not any problem with

normality (Fig. 4a). Therefore, this is a suitable model for

predicting production yield in the tested conditions based

on the ANOVA results.

In order to understand the interactive effects of variables

on production of endostar, the response contour plot (2-

dimensional) and their 3-dimensional plots are demon-

strated in Fig. 5. These figures show clear information on

the relationship between the response and actual levels of

each independent variable and help find the optimum

conditions. The interactive influence of glycerol concen-

tration and postinduction time on endostar production is

Table 4 The regression

analyses data of PB design with

nine variables, analyzed by

Minitab 17

Variables Actual factors Coefficient F value P value Effect

Factor A TritonX-100 concentration (%) 105.8 28.35 0.034 211.7

Factor B Peptone concentration(g/L) 19.2 0.93 0.437 38.3

Factor C Glycine concentration (%) 194.2 95.41 0.01 388.3

Factor D Glycerol concentration (%) 185.8 87.4 0.011 371.7

Factor E IPTG concentration(mM) -52.5 6.98 0.118 -105.0

Factor F Cell density prior induction -69.2 12.11 0.074 -138.3

Factor G Postinduction temperature (�C) -60.8 9.37 0.092 -127.7

Factor H Rotation speed(rpm) -22.5 1.28 0.375 -45.0

Factor J Postinduction time(h) 230.8 134.85 0.007 461.7

Model 1164.2 41.85 0.024

Constant 0.00

Fig. 3 Pareto chart showing the

effect of culture condition and

media components on

extracellular production of

endostar. The significant terms

were J (postinduction time), D

(glycerol concentration), C

(glycine concentration), and A

(triton x-100 concentration).

The nonsignificant terms were F

(cell density prior induction), G

(postinduction temperature), E

(IPTG concentration), H

(rotation speed), and B (peptone

concentration) in this study
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shown in Fig. 5a. The optimum condition for endostar

production was found to be at glycerol concentration of

5.4 % and postinduction time of 14.48 h. Figure 5b shows

the dependency of the endostar production to the glycerol

and triton X-100 concentration. The endostar production

augmented with increase in glycerol and triton X-100

concentration and thereafter endostar production decreased

with further increase in both factors. Figure 5c shows

correlation of glycerol and glycine concentration with

endostar production. It can be observed that increase in

endostar production occurred with both factors. However,

an increase in glycerol concentration beyond the optimum

Table 5 Analysis of Variance

(ANOVA) for response surface

quadratic model for endostar

production

Source Df Sum of squares Mean square Coefficients F value P value*

Model 14 8,312,072 593,719 57.66 0.00

X1 1 663,337 663,337 -166.3 64.42 0.00

X2 1 95,004 95,004 62.9 9.23 0.01

X3 1 2400 2400 -10.0 0.23 0.64

X4 1 904,817 904,817 194.2 87.87 0.00

X1 * X1 1 1,568,933 1,568,933 -239.2 152.36 0.00

X2* X2 1 136,005 136,005 -70.4 13.21 0.00

X3* X3 1 4,021,719 4,021,719 -382.9 390.56 0.00

X4* X4 1 1,568,933 1,568,933 -239.2 152.36 0.00

X1 * X2 1 148,225 148,225 96.2 14.39 0.00

X1 * X3 1 204,756 204,756 -113.1 19.88 0.00

X1 * X4 1 459,006 459,006 -169.4 44.58 0.00

X2 * X3 1 10,506 10,506 -25.6 1.02 0.33

X2 * X4 1 6006 6006 -19.4 0.58 0.46

X3 * X4 1 84,100 84,100 -72.5 8.17 0.01

Residual 15 154,458 10,297

Lack-of-Fit 10 126,125 12,613 2.23 0.195

Pure Error 5 28,333 5667

Constant 1983.3 0.000

*P value P\0.05 is significant

Fig. 4 Estimating the accuracy of the regression model using Diagnostic plots. The normal percentage probability plot of endostar production

(a). The Predicted values of production versus their experimental values (b)
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region (glycerol concentration: 4.87 % and glycine con-

centration: 0.76 %) resulted in reduction of the endostar

production. Figure 5d indicates the interactive influence of

postinduction time and triton X-100 concentration on

endostar production level; while the integrated impact of

postinduction time and glycine concentration on endostar

production is depicted in Fig. 5e. Moreover, Fig. 5g indi-

cates that an increase in glycine and triton X-100 concen-

tration leads to an increased production of Endostar.

Maximal endostar production was obtained at glycine

concentration of 0.72 % and triton X-100 concentration of

0.69 %. An increase in both factors beyond the optimum

region resulted in a decrease in endostar production.

Briefly, the contour plot analysis indicated that the central

values of the variables were optimal for endostar produc-

tion. Also, the response surface graphs revealed that the

optimum region of endostar production is placed at the

peak of the surface.

The mathematical model predicted a maximum endostar

production (2088 lg/L) at the condition of 13.57 h of

postinduction time, 4.9 % of glycerol concentration, 0.7 %

of triton X-100 concentration, and 0.76 % of glycine

concentration. In order to validate the predicted results,

additional experiments were conducted applying this opti-

mized condition. As a result, the validation yielded

2200 lg/L of endostar into media which was close to the

predicted value by model.

Purification and Identification of Endostar

After optimizing expression condition, recombinant endo-

star was purified from the culture supernatant of E. coli

BL21 (pET21a-phoA sp-Endostar) using cation exchange

chromatography and size exclusion chromatography.

Eluted protein with the 0.4 M NaCl fraction had a maxi-

mum amount of endostar but was contaminated with two

others, low and high molecular weight proteins (Fig. 6).

The amount of endostar after cation exchange chromatog-

raphy was 1484 lg/L. The protein fractions eluted at 0.4 M

NaCl were pooled, concentrated, and dialyzed against PBS;

bFig. 5 Response surface and its contour plot of endostar production

in supplemented culture medium: a glycerol concentration versus

postinduction time at optimum triton X-100 and glycine concentra-

tion, b glycerol concentration versus triton X-100 concentration at

optimum glycine concentration and postinduction time, c Glycerol

concentration versus glycine concentration at optimum triton X-100

concentration and postinduction time, d postinduction time versus

triton X-100 concentration at optimum glycine and glycerol concen-

tration, e postinduction time versus glycine concentration at optimum

triton X-100 and glycerol concentration, and f glycine versus triton

X-100 concentration at optimum glycerol concentration and postin-

duction time
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pH 6.5. The purified protein was further separated by size

exclusion chromatography using a Sephacryl S-100 col-

umn. A final yield of endostar was 1291 lg/L. The purified
endostar presented approximately 21 kDa on SDS–PAGE

(Fig. 6) compatible with the theoretical molecular weight

and was found to be immune-reactive when evaluated

through Western blot using rabbit antiendostatin polyclonal

antibody (Fig. 7).

Determination of Endostatin Bioactivity

To establish the functional integrity of the recombinant

endostar produced from E. coli, the inhibition assay of the

human umbilical vein cells proliferation was performed. As

shown in Fig. 8, the ED50 of purified endostar in inhibiting

proliferation of human umbilical vein cells in a dose-de-

pendent manner was approximately 6.2 lg/ml. The results

were comparable to that of the commercial endostatin

(SciencellTM Research laboratories, Cat.No103–12)

derived from E. coli, which has an ED50 of 5.9 lg/ml.

Discussion

Endostar is a modified human endostatin that has been

approved by SFDA as a specific drug in nonsmall cell lung

cancer therapy [2]. Secretion of recombinant protein into

culture medium is one of the common methods for pro-

duction of soluble recombinant protein in E. coli expres-

sion system [11]. In the present study, we have shown that

endostar with biological activity can be expressed and

secreted into the culture medium by E. coli BL21 (DE3).

Experimental conditions for the improvement of recombi-

nant protein expression coupled with experimental design

tools serve as a suitable tool for analyzing the influence of

cultivation media components and culture conditions on

the expression of recombinant protein [18]. This is the first

Fig. 6 SDS–PAGE analysis of expressed and purified endostar in

12 % resolving gel that stained with Silver Nitrate. Lane 1, culture

supernatant of E. coli BL21 (pET21a); lane 2–3, culture supernatant

of E. coli BL21/pET21a-phoA sp- Endostar; lane 4, protein molecular

weight; lane 5, endostar protein purified by Sephacryl S-100; lane

7–9, fractions of 0.4 M NaCl eluted proteins using SP-Sepharose

column

Fig. 7 Western blot analysis with specific rabbit antiendostatin

polyclonal antibody. Panel a is the ponceau s staining of pvdf

membrane. Lane 2 is the control sample; lane 3–5 represent the

sample related to culture medium proteins after induction, cation

exchange purified endostar and size exclusion purified endostar,

respectively. Panel b is the immunoblotting image of samples shown

in panel a. Lanes 2–5 correspond to the lanes 2–5 in panel a. Lane 1 is

protein marker

Fig. 8 Representative inhibition curve of human endostatin

expressed in E. coli on the cell proliferation of the human umbilical

vein cells. Red square and line: purified endostar from current study.

Blue diamond and line: commercial human endostatin from Scien-

cellTM Research laboratories. The experimental procedure was

described in the Materials and Methods section
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attempt to evaluate the effective factors involved in

increasing extracellular production of endostar using PBD

and RSM.

The previous reports indicated that rhEs expressed in

E. coli was usually accumulated in the cytosol as inclusion

bodies, which needs to be converted to the active proteins

using refolding process. Thus, its clinical application was

limited. Expression of endostar and secretion into the

culture medium is an alternative method for overcoming

this limitation. Advantage of this system is the expression

of protein in soluble form and facilitation of purification.

The vector of pET21a harbors a PhoA signal peptide at the

protein N-terminal, designed in our laboratory, and led the

endostar into the culture media. This finding was compat-

ible with the results of Xu et al. [11]. However, the pro-

duced endostar level was very low in comparison with Xu

et al. findings. This difference can be due to the following

reasons: (1) expression in the lab scale condition instead of

fermenter, (2) nine residues in the N-terminus of endostar,

and (3) T7 promoter instead of APase promoter.

Researchers have established that the cultivation media

components and culture condition significantly affect the

recombinant protein expression and its secretion into cul-

ture media [16]. To optimize the culture condition of

expression, a prior knowledge about effective factors is

necessary [19]. Therefore, nine different factors were

selected. The PBD was used instead of the conventional

method because the latter is time-consuming; able to ana-

lyze one variable at a time; and not capable of analyzing

the interaction between different factors [13]. PBD helps

analyze the large number of factors with the least number

of tests and allow determination of the most significant

factors [16]. Furthermore, RSM, as a highly effective sta-

tistical tool, can validate the interactions between param-

eters [14]. Therefore, this method based on CCD was

applied to achieve the optimal conditions for expected

responses and reduce the number of required examinations.

The PBD and CCD were performed to predict and improve

endostar yield.

In this experiment, the results of PBD revealed that the

concentration of endostar in the culture media was signif-

icantly correlated with postinduction time (P = 0.007),

concentration of glycine (P = 0.01), glycerol (P = 0.011),

and triton X-100 (P = 0.034). After selection of the sig-

nificant factors (four factors in this study), we aimed to

optimize these factors for the high production of soluble

endostar. Moreover, the other five factors were fixed in

their optimum point based on PBD prediction. Because of

the existence of several parameters, CCD was employed to

obtain a quadratic model, consisting of factorial trials and

star points to estimate quadratic effects and central points

to assess the pure process variability with endostar pro-

duction as a response.

The results of CCD revealed that the endostar produc-

tion was correlated with these factors as an output given by

Eq. 2. As it has been proven, a large F value indicates that

most of the variation can be described by a regression

equation. Also for P value\0.05, the model is considered

to be statistically significant [13]. Accordingly, our results

of the ANOVA analysis confirmed that the model was

adequate for representing the experimental data in the

current study. The fit of the model can be confirmed by

correlation coefficient (R2) along with an accept-

able agreement with the adjusted correlation coefficient

R2
adj and lack of the fit test [20]. Our results showed that the

lack-of-fit of the model was not significant which it clearly

indicated that the obtained experimental responses ade-

quately fit with the model. Also, the values of R2 and R2
adj

are close to 1 indicating that the obtained experimental

responses adequately fit with the model (Fig. 4b). These

findings showed that there was a strong correlation between

the experimental and the predicted values (Fig. 4a).

In the present study, the endostar level was remarkably

enhanced in the optimum point of culture condition and

culture components, which are given by PBD and CCD

models and also any change in the value of optimized

factors, resulted in decreasing of endostar level. As previ-

ously reported, any change in the optimum culture com-

ponents and culture conditions resulted in altering growth

rate of E. coli that in turn affects the expression level of the

recombinant protein [16, 20]. Aforementioned factors are

completely explained in the following.

The results show that glycerol is an effective factor in

extracellular production of endostar. The optimum con-

centration of glycerol was 4.9 % (v/v) that is similar to

other results [16, 21]. Cao et al. found that glycerol supports

the accumulation of protein in the periplasmic space [16]

similar to the results of Du et al. who reported that addition

of glycerol (4 % v/v) to the culture medium increased the

expression level of soluble scFv2F3 B [22]. Also, it was

reported that glycerol protects cells from IPTG’s toxicity

[22] and limits the acetate accumulation which has several

negative effects on protein expression [16]. In addition,

glycerol is an effective stabilizer of protein conformation

that has some side effects in high concentration [23]. The

results reveal that any change in its optimal concentration

caused a decrease in endostar level. Therefore, it is sug-

gested that determination of optimum concentration of

glycerol is important in extracellular production of protein.

The other two effective factors in this research were

glycine and triton X-100. The addition of glycine and

Triton X-100 into the culture medium had a strong pro-

motional effect on extracellular production of endostar.

The addition of glycine and Triton-100 increases the cell

membrane permeability which in turn facilitates the
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translocation of proteins out of the cytoplasm and thus

enhancing the extracellular secretion efficiency [24]. Bin

et al. reported that the extracellular production of the

recombinant a-CGTase was strongly promoted with addi-

tion of glycine and triton X-100 into the culture. In addi-

tion, it was reported that glycine and Triton X-100 in high

concentrations have negative effect on E. coli growth. In

the present study, the optimized concentration of glycine

was 0.76 % (w/v) that is consistent with the report of Bin

et al. [25]. However, this finding was higher than that of the

previous report (0.3 %). Also, the optimized concentration

of triton X-100 was 0.7 % that was higher than that of the

latter report which was 0.5 %. The optimal amount of

glycine and triton X-100 supplementation may be modified

based on the culture medium, host strain, the cultivation

condition, and the manner of additive supplementation.

Therefore, it is recommended that they should be opti-

mized in each case.

Postinduction time was another effective factor which

its optimal point was 13.57 h, in this study. The endostar

level was increased with longer postinduction time; how-

ever, the higher increase in the postinduction time above

the optimum point causes a decrease in endostar level. It

has been established that the effects of postinduction time

depend on case-specific expression. It is necessary to

monitor the postinduction time and amount of recombinant

protein that can effectively reduce host cell growth, prob-

ably due to its toxicity [26]. Therefore, optimizing the

postinduction time is strongly suggested.

Moreover, the other five factors also were able to affect

the extracellular production of endostar in PBD. Inducing

with IPTG 0.3 mM increased the yield of protein in our

experiment. This concentration was lower than that of

previous reports for production of endostatin, which was

1 mM. However, this concentration was used for cyto-

plasmic expression of rhEs [4, 27]. This incompatibility is

probably due to the promoted folding rate of protein.

However, it was reported that the concentration of IPTG

for induction of gene expression vary from 0.005 to 5 mM

[28]. In addition, low IPTG concentration resulted in an

ineffective induction as well as high concentration of IPTG

resulted in significantly reduced growth rate of E. coli

[29, 30]. Additionally, inducing the expression of endostar at

low postinduction temperature (16 �C) increased the yield of
endostar. This is supported by the findings of Hernandez

et al. [31]. The other researchers reported that the large

number of proteins with hydrophobic properties were

expressed in soluble form in lower postinduction time in

E. coli and T7 expression system (used in this research) [32].

The possible reason is that slow rate of protein production

allows to proper folding of newly translated recombinant

proteins. In addition, temperature affects the plasmid sta-

bility which in turn, influences the protein production [33].

The results showed that when peptone was used at the

concentration of 10 g/L, the yield of target protein was

enhanced, same as the Cao et al. finding. They reported that

peptone is an organic nitrogen source for the production of

protein [16].

Additionally, the results revealed that the lower speed of

rotational speed after induction resulted in the increase of

yield. Our findings are consistent with the works of Hart-

mann et al. that optimized the low rotational speed to

increase the yield of recombinant membrane protein UncI

in E. coli [34]. The high rotational speed leads to increase

in the rate of transcription and, therefore, incorrect folding

of newly transcribed recombinant proteins [16]. For the cell

density before induction, induction in the lower cell density

increased the endostar yield, same as the other results

[35, 36]. As it has been reported, induction is usually

performed at early or mid-log phase. However, there are

some reports recommending induction in late-log phase or

even stationary phase [37]. However, Manderson et al.

reported that the effects of cell density before induction is

case-specific [26]. Therefore, it is recommended that it

should be optimized in each case.

In the present study, phoA signal peptide-mediated

endostar was cloned, expressed, and secreted into the cul-

ture media by E. coli as the first report in this field. The

optimization of culture condition and culture supplemen-

tation using PBD and RSM remarkably enhanced the yield

of soluble endostar in the culture media. As well, the most

important factors in enhancement of the protein production

are glycerol, glycine, and postinduction time.
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