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Vascular endothelial growth factor (VEGF) is one of the most significant mediators of angiogenesis, which
interacts with a specific membrane receptor: VEGF receptor 2 (VEGFR2). Studies elsewhere have shown
that, a VEGF-blocker can regulate several vital processes of tumor promotion. However, there is no liter-
ature evidence of investigation on antiangiogenic ability of single domain 3 of VEGFR-2 (VEGFR2 D3), as
the key domain in signal transduction of VEGF. In this article, we aimed at developing an efficient method
for producing soluble form of this receptor as therapeutic applications. The optimization of the produc-
tion of soluble VEGFR2 D3 in Escherichia coli was firstly done by testing the periplasmic expression in dif-
ferent expression systems using three osmotic shock methods. To enhance the yield, vital factors were
selected from nine factors by Plackett–Burman design and the level of each viral factor was optimized
via a response surface methodology based central composite design. After purification and identification
of the protein, the bioactivity assays: quantitative ELISA, VEGF-induced proliferation and in vivo chick
chorioallantoic membrane assay were employed in our study. The outcome showed that, E. coli
Rosetta-gami (DE3)/pET22b-VEGFR2 D3 was the most effective expression system. Furthermore, the
inducing time, peptone and glycerol concentration affected the periplasmic expression of VEGFR2 D3 sig-
nificantly. The corresponding level was also optimized. The bioactivity assay studies showed VEGFR2 D3
could suppress both VEGF stimulated cell proliferation in vitro and neovascularization in vivo. We have
therefore provided a novel antiangiogenic drug candidate relating to VEGF-VEGFR2 pathway.

� 2013 Elsevier Inc. All rights reserved.
Introduction

Angiogenesis is a precise and complex pathophysiological pro-
cess in which pre-existing endothelial cells must break through
the basement membrane, migrate and proliferate, corresponding
to sundry angiogenic factors. Every step of the process is the result
of a highly controlled balance of positive or negative modulators,
which are secreted by different cell types or cell membrane adhe-
sion molecules [1].

Vascular endothelial growth factor (also known as VEGF-A)2 is
one of the most significant mediators of angiogenesis. It interacts
with a specific membrane receptor: vascular endothelial growth fac-
tor receptor 2 (VEGFR2) which expresses in most adult vascular
endothelial cells and circulating endothelial progenitor cells. The
VEGF-VEGFR2 interaction can activate several intracellular path-
ways, containing endothelial cell proliferation, migration, differenti-
ation, tube formation, vascular permeability increase and the
promotion of integrity [2]. The human VEGFR-2 gene encodes 1356
amino acids, including an extracellular region with seven immuno-
globulin-like (7-Ig) domains. Among the seven domains, domains
1–3, domain 3 and domains 5 have been proven to be vital in the
VEGF-related signal transduction [3].

VEGF blockers have been researched over decades, which pro-
moted antiangiogenic activity by increasing their affinity with
VEGF [4–6]. The blocker can regulate several important processes
of tumor promotion and progression, which have been implicated
in metastatic colorectal cancer, non-small cell lung cancer, glio-
blastoma multiforme and vascular eye diseases, notably the wet
or neovascular form of age-related macular degeneration (AMD)
[7].

However, there is no literature investigation on the pharmaco-
logical inhibition ability of single domain 3 of VEGFR-2 (VEGFR2
D3), which is the key domain in the signal transduction of VEGF.
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Considering the therapeutic potential of VEGFR2 D3, we sought to
develop an efficient and reliable method for producing recombi-
nant VEGFR2 D3 and investigated its potential as a novel antiangio-
genic drug candidate relating to VEGF-VEGFR2 pathway.
Material and method

Bacterial strains and plasmids

A strain of Escherichia coli (E. coli) BL21 (DE3)/pET32a-VEGFR2
D3 preserved in our laboratory was used as the host strain of the
VEGFR2 D3 gene. The VEGFR2 D3 gene was cloned into the expres-
sion vector pET22b (+) (Novagen).

Reagents

Chemicals, yeast extracts and tryptone were purchased from
Merck (Germany); ampicillin was from Sigma (Germany); and iso-
propyl-b-D-thiogalactopyranoside (IPTG) was from Cinnagen (Iran).
Epidermal growth factor (EGF), fibroblast growth factors (FGF), tu-
mor necrosis factor-a (TNF-a) and interferon-c (IFN-c) were pur-
chased from SBI (Sino Biological Inc., China). Bovine serum album
(BSA) was purchased from Sangon Biotech Inc. (China). Others
were marked in passages directly.

Subcloning of the VEGFR2 D3 gene and construction of pET22b-
VEGFR2 D3

The VEGFR2 D3 gene (Genebank accession No. AF035121) with-
out signal peptide was inserted into a vector of pET22b (+) (Nova-
gen). First, the VEGFR2 D3 gene was obtained by polymerase chain
reaction (PCR) conducted in a 50 ll reaction mixture, each contain-
ing 2 ll culture of E. coli BL21(DE3)/pET32a-VEGFR2 D3 as tem-
plate, 1 unites of Taq DNA polymerase (Thermo), 5 ll 10� buffer,
2.5 mM of each dNTP, and 20 pmol of the following primers: up-
stream primer: 50-CCG GAA TTC (EcoRI) TGT GCT GTT CTT CTT
GG-30, downstream primer: 50-CCG CTC GAG (XhoI) GGT AGA ATT
TTT CTT CGT CAT-30. Then, the recombinant vector of pET22b-VEG-
FR2 D3 was transferred into E. coli DH5a. To confirm the structure
of new recombinant plasmid, restriction endonuclease digestion
and DNA sequencing were carried out.

Comparison of four VEGFR2 D3 expression systems

The optimization of the production of soluble VEGFR2 D3 in
E. coli was done by testing different expression systems. Both
pET22b-VEGFR2 D3 and pET32a-VEGFR2 D3 plasmids were trans-
formed into E. coli Rosetta-gami (DE3) and E. coli BL21 (DE3) sepa-
rately, adopting the Ca2+ method [8]. The pET system manual
(Novagen) was used as reference to express the recombinant pro-
tein in the following four expression systems: E. coli Rosetta-gami
(DE3)/pET22b-VEGFR2 D3, E. coli Rosetta-gami (DE3)/pET32a-VEG-
FR2 D3, E. coli BL21 (DE3)/pET22b-VEGFR2 D3 and E. coli BL21
(DE3)/pET32a-VEGFR2 D3.

To evaluate whether the target protein was expressed success-
fully, a signal clone was inoculated in Luria–Bertani (LB) broth with
corresponding antibiotics and a shock at 37 �C for 12–16 h
(OD280 > 1.0) for each of the four expression systems separately.
A starter culture was then transferred into 100 ml Erlenmeyer
flasks with 20 ml LB broth containing antibiotics. The culture was
induced with 1 mM IPTG at 37 �C to express the target protein.
The negative control test was carried out with the recombinant
strain without adding inducer. Finally, 40 ll of each culture was
harvested and tested for protein expression by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS–PAGE). The gel was
stained with 0.1% (W/V) Commassie’s Brilliant Blue R-250 and ana-
lyzed with a gel image system (Bio-Rad).

To confirm whether it contains soluble expression, two hundred
milliliter (200 ml) of the culture was centrifuged at 8000 rpm for
15 min at 4 �C. Then, the collected cell pellet was suspended in
10 ml of cell lysis buffer (50 mM Tris–HCl, 0.5 M NaCl, 1% Triton
X-100 and at pH 8.0) with appropriate lysozyme. The mixture
was then centrifuged at 14,000 rpm for 30 min at 4 �C to get the
supernatant as soluble expression protein after sonication
(10 min). Finally, SDS–PAGE was adopted to test the soluble
expression.

Localization of VEGFR2 D3 in different fractions

The analysis of the expression location of target protein was
done by preparing four cell fractions according to the following
four steps. Firstly, 200 ml culture was centrifuged at 10,000 rpm
for 15 min at 4 �C. The supernatant was then collected as secretary
expression. Secondly, the residue was suspended in 10 ml of
hypertonic solution (50 mM Tris–HCl, 18% sucrose, 0.1 mM EDTA,
and pH 8.0) for 10 min, and centrifuged at 10,000 rpm for 30 min
to collect supernatant A. The residue was re-suspended in 10 ml
hypotonic solution (5 mM MgSO4) for 10 min, and centrifuged at
10,000 rpm for 30 min to collect supernatant B. The supernatants
A and B were mixed, and NaCl added to reach the final concentra-
tion of 1.5 M, as the periplasmic fraction. Thirdly, the cell pellet
was re-suspended with 20 ml of cell lysis buffer (50 mM
Tris–HCl, 0.5 M NaCl, 1% Triton X-100 and pH 8.0) and appropriate
lysozyme added. After 10 min sonication, the mixture was then
centrifuged at 4 �C for 30 min at 14,000 rpm to collect the superna-
tant as soluble cytoplasmic fraction. Finally, the residue was
dissolved in 10 ml of 8 M urea buffer for 6 h as an inclusion body
fraction. All these different fractions were analyzed by SDS–PAGE,
followed by Coomassie brilliant blue R-250 staining.

Osmotic shock method

In order to get periplasmic soluble protein, three osmotic shock
methods were compared. Since several researchers investigated
the optimization of osmotic shock method [9,10], our research fo-
cused on the optimized method’s practical usage. The details of the
three methods are listed in Fig. 1. Method A is an optimized meth-
od reported by Ramakrishnan [9]. Method B is a simplified method
published by Shouchun Cao [10]. Method C is another method opti-
mized by our laboratory. The main difference between the three
methods lies in hypertonic solution and hypotonic solution. The
evaluation standards were recorded in two parts: (1) the target
protein’s yield and (2) the entire collected periplasmic protein’s
yield. The entire protein yield was tested by Bradford protein assay
and the target protein’s percentage was obtained by the Automatic
Analysis System of Electrophoresis Gel Imaging (Bio-Rad). The tar-
get protein’s yield equaled the target protein’s percentage multiply
by the entire collected periplasmic protein’s yield. All experiments
were repeated three times to gain the average.

Plackett–Burman design (PBD)

The optimization of the periplasmic expression of VEGFR2 D3 in
E. coli Rosetta-gami (DE3) was done by employing PBD [11,12].
Nine variables were carefully selected and evaluated by PBD with
twelve experiments. These variables were: induction time, induc-
tion temperature, rotational speed after induction, IPTG (inducer)
concentration, glycerol concentration, yeast and peptone concen-
tration, NaCl concentration and ammonium sulfate. The experi-
ments were designed and analyzed with the software package
‘‘Minitab 15’’ (Minitab Inc). The PB experiments contained a total



Fig. 1. The details of three osmotic shock methods.
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of 12 experimental trials. Each variable was tested at two levels:
�1(low level) and +1(high level). The practical levels were ob-
tained from previous work in the laboratory, and the difference be-
tween the two values should be large enough to ensure the peak
area for protein’s expression [13]. For each two factors, there were
four different combinations and three-time repetition for each of
the combinations. The practical PBD matrixes for all nine variables
and the detail of the design are given in the Table 1. The response
was the yield of VEGFR2 D3, which was calculated as mentioned
above (conducted in triplicates to gain average).

Experimental design and statistical analysis: central composite design
(CCD)

In order to explore the optimization more comprehensively, a
design with more than two levels should be carried out [14].
Therefore, a response surface methodology (RSM) based on the
CCD was chosen to obtain optimized levels of glycerol concentra-
tion, inducing time and peptone concentration. The three factors
Table 1
The Placket–Burman experimental design of 12 run with 9 variables and the response (th

Std
ID

Factor A yeast
concentration
(g/L)

Factor B
temperature
(�C)

Factor C
Glycerin
(%)

Factor D
inducing
time (h)

Factor E
rotation
speed (rpm)

Facto
indu
conc
(mM

1 10 37 0 20 220 0.05
2 10 16 2 20 150 1
3 1 37 2 5 220 0.05
4 1 37 0 5 150 1
5 10 16 0 5 220 1
6 10 37 2 5 220 1
7 1 16 0 20 220 1
8 1 37 2 20 150 1
9 1 16 0 5 150 0.05
10 10 16 2 5 150 0.05
11 10 37 0 20 150 0.05
12 1 16 2 20 220 0.05
were selected by PBD on the expression level of periplasmic pro-
tein in E. coli Rosetta-gami (DE3) [13]. The software package ‘‘Mini-
tab 15’’ (Minitab Inc.) was taken to design the experiment. Each
factor was tested at five levels: +1.68179(+a), +1 (the higher value
of the factors), 0(central point), �1(the lower value of the factors)
and �1.68179(�a). The level 0 of each factor was the optimized le-
vel from previous PBD, and the difference between the five values
should be significant enough to ensure the peak area for protein’s
expression. The design consisted with a central composite design
with six replications of the central points (all factors’ level at 0)
and the six star points (which means one factor an axial distance
to the centre of ±a and other two factors are at level 0). The rela-
tionships and interrelationships of glycerol concentration, induc-
ing time, and peptone concentration were evaluated by fitting
the second order polynomial equation to data obtained from 20
experiments. The experimental design matrix was given in Table 2
and values of different variables and practical levels in the central
composite design were described in Table 3. All experiments were
carried out in triplicates. The significance of each linear effect and
e target protein’s yield).

r F
cer
entration
)

Factor G
ammonium
sulfate (g/L)

Factor
H NaCl
(g/L)

Factor J
peptone
concentration
(g/L)

Response 1 VEGFR2
D3 product
concentration(ng/L)

10 0.05 1 1020
0 0.05 1 1440
0 0.05 10 1400
10 10 1 350
10 0.05 10 860
0 10 1 890
0 10 10 1430
10 0.05 10 1560
0 0.05 1 590
10 10 10 1440
0 10 10 1510
10 10 1 1190



Table 2
Experimental designs used in CCD studies by using three independent variables with
six center points showing actual values of VEGFR2 D3 yield (response).

Run Factor A
glycerin
(%)

Factor B
inducing
time (h)

Factor C peptone
concentration
(g/L)

Response 1 VEGFR2 D3
product
concentration(lg/L)

1 0 0 0 1908
2 �1 1 1 1584
3 0 0 0 1956
4 �1 �1 1 1464
5 0 0 0 1980
6 �1 1 �1 1788
7 1 �1 �1 1572
8 0 0 0 1836
9 1 1 �1 1704

10 0 0 0 1812
11 1 �1 1 1176
12 0 0 1.68179 1584
13 1.68179 0 0 1716
14 0 0 �1.68179 1776
15 �1 �1 �1 1668
16 0 1.68179 0 1344
17 �1.68179 0 0 1824
18 0 �1.68179 0 876
19 0 0 0 2064
20 1 1 1 1608

Table 3
Experimental range of the three variables studied using central composite design in
terms of actual and coded factors.

Variable
levels

Component Level

�1.6817 �1 0 +1 +1.6817

A Glycerol concentration 1.6% 3% 5% 7% 8.4%
B Inducing time 11.6 h 15 h 20 h 25 h 28.4 h
C Peptone

concentration
6.6 g/L 10 g/L 15 g/L 20 g/L 21.6 g/L
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interactions were determined with the student’s t-test, and the test
was performed at 0.1 level [15].

Purification of VEGFR2 D3 protein

Nickel affinity column was used to purify the target protein
considering the fact that the recombinant VEGFR2 D3 has a His-
tag. The details are described as following. First, 0.22 ll filter was
used to filter the periplasmic collection. The Ni affinity column
was then set up and pre-equilibrated with 10 bed volume of bind-
ing buffer (20 mM carbonate, 25 mM imidazole, pH 10.0, and 4 �C).
The sample was then loaded by a pump (Bio-red) at the flow rate of
0.45 ml/min. The column was then washed with 10 bed volume of
binding buffer. To collect the target protein, the column was eluted
with 150 mM imidazole. Finally, the purity of VEGFR2 D3 was
determined by high performance liquid chromatography (HPLC)
on an Agilent 1200 system equipped with a TSK-GELG4000PWXL

column. Taking phosphate buffer solution (PBS, pH 7.4) as the mo-
bile phase, VEGFR2 D3 (50 lg) was dissolved in 0.5 ml PBS and in-
jected in each run at a flow rate of 0.5 ml/min. Absorbance at
280 nM was continuously monitored [16].

Protein identification with Western blotting (WB)

WB was adopted for the preliminary identification of recombi-
nant VEGFR2 D3. The purified proteins were loaded into the 15%
SDS–PAGE gel with three concentrations (50 lg/ml, 100 lg/ml
and 200 lg/ml) and then transferred onto the polyvinylidene fluo-
rid (PVDF) membranes (Millipore). This membrane-transference
was carried out for 1.5 h in a blotting apparatus (Bio-Rad) under a
constant voltage at 100 V. After blotting, 5% fat-free milk in
Tris-buffered saline (TBS, pH 7.4) was used as blocking solution at
37 �C for 2 h. The membrane was then washed three times with
TBS before incubating with His-Tag Mouse mAb (1:2000, Cell Sig-
naling, 27E8) overnight at 4 �C. After washing three times with
TBST(TBS containing 0.05% Tween-20) and three times with TBS,
the membrane was incubated for 2 h at 25 �C with Goat Anti-Mouse
IgG�HRP (1:5000, MultiSciences Biotech, 11-GAM007). Finally, the
blots were treated with enhanced chemiluminescence (ECL) solu-
tion (Millipore) and developed in gel imaging systems (Bio-rad).

Quantitative enzyme linked immunosorbent assay (ELISA)

Protein-binding ELISA plate (JEF BIOFIL) was used in the ELISA
assay. 100 ll of diluted VEGF165 (1000 nM, dissolved in PBS, ex-
pressed and purified previously in our lab) was added in each well.
BSA, EGF, FGF, TNF-a and IFN-c were added in each well as negative
control separately, which all with a concentration of 1000 nM and
dissolved in PBS. After overnight incubation at 4 �C, the coated
plates were blocked with 5% fat-free milk for 1. 5 h and then
washed with TPBS (PBS containing 0.05% Tween 20) and PBS for
three times. Serial dilutions of VEGFR2 D3 (0.9 nM, 1.9 nM,
3.9 nM, 7.8 nM, 15.6 nM, 31.3 nM, 62.5 nM, 125.0 nM, and
250.0 nM) were added into the plate and incubated at 25 �C for an-
other 2 h. TPBS and PBS were used to wash the plate and His-Tag
Mouse mAb (1:2000, Cell Signaling, 27E8) was added and incubated
for 1.5 h. After washing as described previously, the Goat Anti-
Mouse IgG � HRP (1:5000, MultiSciences Biotech, 11-GAM007)
was then added into the wells and incubated at 25 �C for 1.5 h.
100 ll of color development solution (0.03% H2O2 and 2 mg/ml
TMB in 0.1 M NaAc buffer, pH 6.0) was added and the plate was
incubated at 25 �C until color emerged after washing with TPBS
and PBS each for three times. Finally, the reaction was stopped with
50 ll of 1 M H2SO4, and the absorbance was measured at OD450–
OD650 nM [17].

Cell proliferation assay

Human umbilical vein endothelial cell line (EA.hy926) was used
to test the VEGF induced proliferation. The Dulbecco’s modified ea-
gle medium (DMEM medium) with 10% fetal bovine serum (FBS,
Giboc) was adopted to culture EA.hy926. After incubating for
24 h (37 �C, 5% CO2), 0.25% trypsin was taken to passage (Invitro-
gen). EA.hy926 was diluted and plated with 3 � 103 cells/well in
a 96-well plate (Corning Costar) and then incubated for another
24 h. Then, VEGF (VEGF165, 250 nM) and different concentrations
of VEGFR2 D3 (100 nM, 50 nM, 25 nM, 12.5 nM, 6.25 nM,
3.13 nM, and 1.56 nM) were added to each well (n = 3). Wells with-
out VEGF165 and VEGFR2 D3 were treated as blank control and
wells with added Sunitinib (Pfizer) (100 nM, 50 nM, 25 nM,
12.5 nM, 6.25 nM, 3.13 nM, and 1.56 nM) and VEGF (VEGF165,
250 nM) were taken as the positive control. Plus, Wells added with
FGF (250 nM) and VEGFR2 D3 or EGF (250 nM) and VEGFR2 D3
were taken as negative control. After 72 h proliferation, 11 ll/well
of methyl thiazolyl tetrazolium (MTT) was added and cultivated for
4 h. 150 ll DMSO was added for formazan solubilization after
moving the original medium. The absorbance of the solution was
measured at 570 nM and 630 nM by a micro-plate reader (Ther-
mo). The IC50 was calculated by using SPSS 15(IBM SPSS) [18].

In vivo chick chorioallantoic membrane (CAM) assay

CAM assay was performed as described elsewhere [19]. Groups
of 40 fertilized chicken eggs (Nanjing Medical Device Factory) were
incubated at 37 �C with 55% relative humidity. After six-day culti-
vation, a medical small bending shear and curved forceps were
used to open a window 1 cm2 over the dropped CAM. Filter paper
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disks saturated with physiological saline, VEGFR2 D3 (10 lM) +
VEGF (2 lM), VEGFR2 D3 (500 lM) + VEGF (2 lM), VEGF (2 lM),
EGF (2 lM), VEGFR2 D3 (10 lM) + EGF (2 lM), or FGF (2 lM) or
VEGFR2 D3 (10 lM) + FGF (2 lM) were placed on avascular area
of membranes separately. Then, the embryos were incubated for
another 48 h. After a 15 min fixation with 2 ml fixative (metha-
nol-to-acetone, 1:1), each piece of membrane was carefully trans-
ferred to a cover slip, and the vascular zones under the disks were
photographed. Angiogenesis or antiangiogenesis was quantified by
counting the number of blood vessel branch points. The assay was
repeated three times to ensure the reproducibility.
Results

The construction and comparison of expression systems

As shown in Fig. 2, the restriction endonuclease digestion and
DNA sequencing indicated that the gene of VEGFR2 D3 without sig-
nal peptide was successfully obtained by PCR and transferred into
a new vector of pET22b (+). Theoretical molecular mass of VEGFR2
D3 expressed with pET22b and pET32a in E. coli was 15 kDa
(pelB-VEGFR2 D3) and 28 kDa (Trx-VEGFR2 D3) separately. The
SDS–PAGE results also showed that the VEGFR2 D3 was
successfully expressed under the induction of IPTG or lactose
(Fig. 3a Lane 5–7) using the expression system E. coli Rosetta-gami
(DE3)/pET22b-VEGFR2 D3. It was also expressed successfully in a
soluble form as shown in Fig. 3e. The expression system E. coli
BL21 (DE3)/pET32a-VEGFR2 D3 was effectively used to produce
high yield of the target protein as shown in Fig. 3b Lane 5–7. How-
ever, the target protein was mostly expressed as an inclusion body
as depicted in Fig. 3c. In the case of the strain E. coli Rosetta-gami
(DE3)/pET32a-VEGFR2 D3 system, the protein was successfully ex-
pressed in the soluble form as shown in Fig. 3d. Nevertheless, other
unwanted proteins were expressed at high concentration, which
could affect purification greatly. For strain E. coli BL21 (DE3)/
pET22b-VEGFR2 D3, no target protein was expressed under the
induction of IPTG or lactose (Fig. 3b Lane 1–3).

Localization of VEGFR2 D3 in different fractions

The target protein was mainly expressed as inclusion body as
shown in Fig. 4, lane 4. It was also expressed as the secretary pro-
tein, periplasmic protein and cytoplasmic soluble expression as
Fig. 2. PCR identification of pET22b-VEGFR2 D3. M: nuclear marker. Lane 1:
restriction endonuclease digestion of single colony. Lane 2: negative control (DD
water).
shown in Fig. 4, lane 1–3, respectively. There obviously existed a
balance between the four forms of expression.

Osmotic shock method

The data presented on Table 4 showed that the simplified meth-
od (B), which combined the hypertonic solution and hypotonic
solution together, also can be used to obtain the periplasmic pro-
tein with a high concentration and appropriate-level of impurities.
Methods A and C which are all two-step extraction methods en-
hanced protein impurities, with a slight enhancement in target
protein yield.

PBD

PBD is a powerful tool for identifying factors with significant
influence on protein’s periplasmic expression [15,20]. The evalua-
tion of different culture conditions for the expression of recombi-
nant VEGFR2 D3 derived from E. coli Rosetta-gami (DE3) was
performed in 500 ml shaking flasks containing 100 ml various cul-
tures under the corresponding incubating condition. The result
showed that the nine variables all influenced VEGFR2 D30s peri-
plasmic expression, as depicted in Table 5.

The value for R2 was 0.9873, which meant the model was capa-
ble of explaining 98.73% variability of the data, while only a few
fractions of data remained (1.27%) unexplained. The regression
analyses data of PBD were shown in Table 5. It revealed that pep-
tone concentration (J), glycerol concentration (C) and inducing
time (D) were the critical factors that affected the periplasmic
expression of VEGFR2 D3. The variables corresponding to a proba-
bility less than 0.1 were considered to be significant [21]. In addi-
tion, Pareto chart presented in Fig. 5a revealed that the maximal
effect (J: peptone concentration) was presented in the upper por-
tion and then progressed down to the minimal effect (H: NaCl con-
centration). Furthermore, six other factors that potentially
influenced the expression level were monitored. As shown in
Fig. 5b, the lower rotation speed, temperature, ammonium sulfate
concentration, inducer concentration, and the higher yeast concen-
tration, NaCl concentration could stimulate the expression of solu-
ble periplasmic proteins.

Experimental design and statistical analysis: CCD

Three variables, including glycerol concentration (A), inducing
time (B) and peptone concentration (C), which proved to have sig-
nificant effect on the periplasmic expression by PBD, were required
for optimization. So, a second order approximation to the response
surface needed to be developed. The central composite design and
the corresponding experimental data are shown in Table 2 and 3.

The statistical analysis of the results demonstrated that the
inducing time (B), peptone concentration (C) and the B2 and C2

had significant influence on expression level (P-value < 0.1). The ef-
fect of the inducing time was positive (4.526, P = 0.001), indicating
that longer inducing time will enhance the expression of periplas-
mic soluble protein, whereas the peptone concentration was nega-
tive (3.479, P = 0.006). The interactions between the three variables
were not significant. Considering these results, a simplified sec-
ond-order polynomial equation for VEGFR2 D3 expression in terms
of coded factors is presented as the following: Y = 1923.57 + 116.5
B-89.55C-272.65B2-71.12C2.

The response surface plots and their corresponding contour
plots described by the second-order polynomial equation were
illustrated in Fig. 6. These pictures revealed that the model con-
tained the entire optimum region for VEGFR2 D3 production lo-
cated at the peak of the surface [22]. The fit of the model was
illustrated by determination of a coefficient (R2). In this case, an



Fig. 3. The SDS–PAGE identification of four expression systems. System A: E. coli Rosetta-gami (DE3)/pET32a-VEGFR2 D3; System B: E. coli Rosetta-gami (DE3)/pET22b-
VEGFR2 D3; System C: E. coli BL21 (DE3)/pET22b-VEGFR2 D3; System D: E. coli BL21 (DE3)/pET32a-VEGFR2 D3. (a) Lane 1: System A, under the induction of IPTG. Lane 2:
System A, under the induction of lactose. Lane 3: System A, negative control. Lane 4: protein marker. Lane 5: System B, under the induction of IPTG. Lane 6: System B, under
the induction of lactose. Lane 7: System B, negative control. (b) Lane 1: System C, under the induction of IPTG. Lane 2: System C, under the induction of lactose. Lane 3: System
C, negative control. Lane 4: protein marker. Lane 5: System D, under the induction of IPTG. Lane 6: System D, under the induction of lactose. Lane 7: System D, negative
control. (c) Lane 1: protein marker. Lane 2: System D, under the induction of IPTG. Lane 3: System D, soluble expression. (d) Lane 1: protein marker. Lane 2: System A, soluble
expression. Lane 3: System A, under the induction of IPTG. (e) Lane 1: protein marker. Lane 2: System B, negative control. Lane 3: System B, under the induction of IPTG. Lane
4: System B, soluble expression.

Fig. 4. SDS–PAGE analysis of four fractions of E. coli Rosetta-gami (DE3)/pET22b-
VEGFR2 D3. Lane 1: secretary fraction. Lane 2: periplasmic expression. Lane 3:
cytoplasmic soluble expression. Lane 4: inclusion body. Lane 5: protein marker.
Lane 6: negative control. Lane 7: the whole-cell fraction.
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R2 of 0.9412 indicated that 94.12% of the total variability in the re-
sponse could be well explained by the new model. The statistical
significance of the model was evaluated by the F-test ANOVA Ta-
ble 6 and 7, which revealed that this regression was statically sig-
nificant (P < 0.05).

With the prediction of the maximum soluble expression, an
optimal design was carried out with the aid of Minitab 15. A
maximum periplasmic yield (1.967 mg/L) was predicted at the
condition of 4.15% of glycerol concentration, 20.77 h of inducing
time and 12.197 g/L of peptone. In order to verify the predicted re-
sults, a group of experiments were performed under the optimized
levels with a production of 1.989 mg/L (mean result of three repe-
titions), suggesting that experimental and predicted values of VEG-
FR2 D3 expression were in good agreement, validating the model.
Purification and identification of VEGFR2 D3 protein

The SDS–PAGE was used to analyze the recombinant VEGFR2
D3 as shown in Fig. 7a. The HPLC result showed that the Ni–NTA
could yield the target protein with purity higher than 95%
(Fig. 7b). In addition, the WB results exhibited that the expressed
VEGFR2 D3 had a molecular weight of 15 KDa, which was the ex-
pected figure. His-tag fused on the C-terminal was also successfully
expressed (Fig. 7c). The entire results were taken as the prelimin-
ary identification of VEGFR2 D3 expression.
Quantitative ELISA assay

The combination ability of the recombinant VEGFR2 D3 with
the VEGF165 was determined by ELISA. The binding of serial diluted
VEGFR2 D3 (0.95 nM, 1.9 nM, 3.9 nM, 7.8 nM, 15.6 nM, 31.3 nM,



Table 4
The outcomes of three osmotic shock methods.

Method Entire periplasmic
protein’s yield

The target protein’s
percentage

The target
protein’s yield

A 6.73 mg/ml 23% 1.5479 mg/ml
B 2.92 mg/ml 42% 1.2264 mg/ml
C 7.09 mg/ml 19% 1.3471 mg/ml

Table 5
The regression analyses data of PB design with nine variables, analyzed by Minitab 15.

Variables Actual factors Coefficient F-
Value

P-Value

– Intercept 114.000 37.74 0.001
Factor A Yeast concentration (g/L) 5.333 1.77 0.220
Factor B Induction temperature (�C) �1.833 �0.61 0.606
Factor C Glycerol concentration (%) 18.000 5.96 0.027⁄⁄
Factor D Inducing time (h) 21.833 7.23 0.019⁄⁄
Factor E Rotational speed after induction

(rpm)
�0.833 �0.28 0.809

Factor F IPTG (inducer) concentration
(mM)

�5.167 �1.71 0.229

Factor G Ammonium sulfate(g/L) �7.000 �2.32 0.146
Factor H NaCl concentration (g/L) �0.500 �0.17 0.884
Factor J Peptone concentration (g/L) 22.667 7.50 0.017⁄⁄
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62.5 nM, 125 nM, and 250 nM) to VEGF165 (1000 nM) increased
gradually. In addition, the negative control group (BSA, EGF, FGF,
TNF-a and IFN-c) exhibited no obvious combination with VEGFR2
D3 as shown in Fig. 8.

Cell proliferation assay

In order to evaluate whether VEGFR2 D3 can restrain the VEGF
induced proliferation of EA.hy926, cell counts were measured with
MTT assay. As the data indicated in Fig. 9, the proliferation of
EA.hy926 was remarkably inhibited by the addition of VEGFR2
D3. Seven doses of VEGFR2 D3 were used in the experiment, show-
ing a dose-dependent inhibition (IC50 = 63.937 nM, 0.9591 ng/ml)
and owning the same restraining tendency with Sunitinib here.
Plus, VEGFR2 D3 had no obvious restriction to EGF-induced prolif-
eration and FGF-induced proliferation.

In vivo CAM assay

In determining if VEGFR2 D3 can suppress blood vessel forma-
tion in vivo, we adopted an in vivo angiogenesis model, the CAM
Fig. 5. Pareto chart and influence tendency of each factor. (a) Pareto chart of nine-facto
(peptone concentration), D (inducing time) and C (glycerol concentration). (b) Factors’
influence: B, E, F, G and H. (b) the influence tendency of each factor.
model. With the induction of VEGF (2 lM), the number of new cap-
illary vessels increased obviously, compared to the physiological
saline group. In the meantime, VEGFR2 D3 showed significant inhi-
bition. These results indicated that VEGFR2 D3 was capable of
inhibiting neovascularization in vivo. In addition, VEGFR2 D3
showed no obvious restriction ability in FGF-induced angiogenesis
or EGF-induced angiogenesis. Representative photographs of CAM
assays and quantitative data are summarized in Fig. 10.
Discussion

Therapeutic angiogenesis is an attractive field of medical re-
search. Our study aimed at preparing an attractive candidate for
further development in therapeutic angiogenesis.

The vector of pET22b harbors a pelB signal peptide at the pro-
tein N-terminal, leading the protein into the periplasmic space
[23]. The plasmid of pET32a has a Trx signal peptide, which can
promote soluble expression of recombinant protein in E. coli and
also protect the target protein from degradation by protease.
Among the four construction systems that were used in this study,
E. coli Rosetta-gami (DE3)/pET22b-VEGFR2 D3 was the most effec-
tive and appropriate one. Periplasmic secretion of our protein was
achieved because of the presence of pelB signal peptide, which di-
rectly leaded the target protein to periplasmic space. This transfer-
ence has the following advantages: (1) separating from other
impurities in cytoplasmic space (2) providing an oxidizing medium
benefited in the formation of disulfide bond (3) reducing the pro-
tease to keep the target’s activity and biological structure [24].
Plus, E. coli Rosetta-gami (DE3) can alleviate rare-codon usage basis
during the protein’s expression. Therefore, the effectiveness of the
E. coli Rosetta-gami (DE3)/pET22b-VEGFR2 D3 system could be
attributed to these features.

The available methods that can be used to release periplasmic
proteins are mechanical and physical cell disruption methods.
Mechanical methods are known to release protein with low selec-
tivity, which make purification process more difficulty [25]. This
informed our decision to use the physical cell disruption method.
So, we chose the osmotic shock over the mechanical treatment.
Advantages of the osmotic shock are that, it comes with low-cost
and high selectivity in protein releasing process. Three of the
known osmotic methods were used in this study and came out that
method B described in our methodology was the most effective.
The possible explanation is that, the stabilization of the outer
membrane of the Gram-negative cell envelope requires Mg2+ and
the fact that EDTA can be chelate with Mg2+ to cause the loss of
lip polysaccharide, a higher EDTA concentration which was
r standard effects on target protein’s periplasmic yield. The important terms were J
influence effect on response. The forward influence: A, C, D and J. The backward



Fig. 6. Response surface plot and its contour plot described by the model Y. (a and b) Shows the effect of glycerol concentration (A) and inducing time (B) on VEGFR2 D3
periplasmic yield (peptone concentration = 15 g/L), (c and d) shows the effect of glycerol concentration (A) and peptone concentration (C) on VEGFR2 D3 periplasmic yield
(inducing time = 20 h), (e and f) shows the effect of inducing time (B) and peptone concentration (C) on VEGFR2 D3 periplasmic yield (glycerol concentration = 5%).
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employed in methods A and C would cause cell-membrane lysis.
This will lead to an enhanced yield of impurities, and therefore
make the subsequent purification process more difficult. Also the
method B has shorter extraction process. This feature is better
for the consideration of protein’s biological activity and the eco-
nomic factor. In general, this one-step extraction can save time
and also reduce the purification steps when compared to other
two-step osmotic shock methods.



Fig. 7. The identification of the target protein. (a) SDS–PAGE analysis of purification of VEGFR2 D3 with Ni-affinity column. Lane 1: molecular weight marker. Lane 2: negative
control (without inducer). Lane 3: the whole cell fraction. Lane 4: purified VEGFR2 D3. (b) HPLC analysis of purified VEGFR2 D3. P1: the impurities (5%). P2: the VEGFR2 D3
(95%). (c) Protein identification by WB. Lane 1: positive control (IL-21, expressed and preserved in our lab). Lane 2: 50 lg/ml VEGFR2 D3. Lane 3: 100 lg/ml VEGFR2 D3. Lane
4: 200 lg/ml VEGFR2 D3.

Fig. 8. ELISA assay. The combination between the recombinant VEGFR2 D3 and VEGF165 was tested. The combinations of VEGFR2 D3 with BSA, EGF, FGF, TNF-a and IFN-c
were taken as the negative control. Plus, Mean ± SD, n = 3. �means (Pb < 0.05 vs. control).
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Considering the limitation of periplasmic space, a reliable and
effective method was required to improve the yield of VEGFR2
D3. Researchers have proven that the culture condition, cultivation
media and inducer concentration can affect the periplasmic
expression of recombinant protein significantly [15,20,21], and
our laboratory evaluated the culture components’ influence on
the expression of protein in E. coli previously. So, five different fac-
tors, including the carbon source (yeast and glycerol), inorganic
nitrogen source (ammonium sulfate), organic nitrogen source
(peptone) and salt ions (NaCl), were selected to research here
and the corresponding levels were determined according to the
our precious work in laboratory. In addition, the T7 expression sys-
tem is well recognized as an effective tool for protein overproduc-
tions [26]. Considering both of the pET22b and pET32a plasmid all
contain T7 promoter, we need to keep balance between the high
express level and protein’s active form. So, another three culture
conditions (induction temperature, rotational speed after induc-
tion, inducing time), which other researchers reported that could
influence the periplasmic expression, were compared to find out
the best combination [27,28]. Another factor that influences the
express significantly in the T7 expression system is the inducer
concentration. Taking the protein’s expression form into consider-
ation, lower concentration of inducer was compared in our study
(1 mM, 0.05 mM).
Studies on expression condition that adopt conventional single-
factor optimization, which use one variable at one time, do not al-
low the interaction between different variables. Furthermore, this
method is too time-consuming to carry out in an effective way.
Since our study involved more than five factors, and PB design
had been strongly recommended to be used in such circumstances,
we adopted this method in our study. PBD is known to provide
indications and tendencies regarding the necessity of each factor
just needing relatively few experiments [21]. In other words, PBD
allows testing the largest number of factors with the least number
of observations, estimating the variability of random error and
testing the statistical significance of the parameter. In addition,
RSM, as a high effective method, can verify the interactions be-
tween the variables [29,30]. Therefore, this method was used to
obtain the optimal conditions for desirable responses and also re-
duced the general number of experiments that we were required
to undertake. PBD and CCD were thus carried out to improve our
target protein yield.

In this study, the result of PBD indicated that the higher concen-
tration of periplasmic protein was correlated to longer inducing
time, higher glycerol concentration and higher peptone concentra-
tion significantly. Then, CCD predicted that a maximum periplas-
mic yield was obtained at the condition of 4.15% of glycerol
concentration, 20.77 h of inducing time and 12.197 g/L of peptone.



Fig. 9. Proliferation assay of VEGFR2 D3. (a) Various concentrations of VEGFR2 D3 + VEGF165 (250 nM), (b) various concentrations of Sunitinib + VEGF165 (250 nM), (c) various
concentrations of VEGFR2 D3 + EGF (250 nM), (d) various concentrations of VEGFR2 D3 + FGF (250 nM). Plus, Mean ± SD, n = 3. �means (Pb < 0.05 vs. control).

Fig. 10. Antiangiogenesis activity of VEGFR2 D3 in vivo. A filter-paper disk with corresponding sample was placed on chick chorioallantoic membrane. After 48 h, membranes
were fixed and photographed. (a–h) Representative photographs of CAM assays. (a) VEGFR2 D3 (500 lM) + VEGF (2 lM), (b) VEGFR2 D3 (10 lM) + VEGF (2 lM), (c) control:
physiological saline, (d) VEGF (2 lM), (e) VEGFR2 D3 (10 lM) + FGF (2 lM), (f) FGF (2 lM), (g) VEGFR2 D3 (10 lM) + EGF (2 lM), (h) EGF (2 lM) (i) Quantitative analysis of
neovascularization from the photographs. Results are presented as mean ± SD of three assays; �means significant difference in comparison to control group, p < 0.05.
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The CCD model in this study was then proved to predict the opti-
mization of periplasmic expression for recombinant VEGFR2 D3
in E. coli Rosetta-gami (DE3)/pET22b adequately, and the yield
was improved by 60%. It is well-known that various by-products
and toxicity usually accumulate by the time going. Plus, research-
ers also reported that the over-high level of nutrients will cause
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chance in the percents between different products [22]. Based on
these, we proposed that this result was derived from a balance be-
tween taking nutrient and producing sundry by-products for E. coli.

Furthermore, the other six other factors also proved to be able
to influence the periplasmic expression by PBD. For the post-induc-
tion temperature, inducing the expression of VEGFR2 D3 at 16 �C
increased the yield in our study. Hernandez et al. also reported that
lower temperature after induction increased the solubility of re-
combinant protein, which expressed in the periplasmic space of
E. coli [27]. The possible reason may lie in that high-temperature
could increase hydrophobic interaction and influence the aggrega-
tion reaction. Then, adding the ammonium sulfate did not increase
the yield of periplasmic expression of VEGFR2 D3. In a contract to
our result, Nidhi Pareek et al. proved that ammonium sulfate ben-
efited in the expression of SAEM-51[11]. The possible reason lies in
the limitation of periplasmic space, which also decides the yield of
periplasmic expression. Plus, when IPTG was used at the concen-
tration of 0.05 mM, the yield of target protein was enhanced.
Unlike our result, lots of researchers reported that higher concen-
tration of inducer will result in a higher protein yield. It is probably
due to the promoted folding rate of protein. The transportation rate
induced by high-level IPTG also leads to the formation of inclusion
body and the decrease of the soluble and active protein [31]. The
result also showed that glycerin can promote the accumulation
of protein in the periplasmic protein, the same as Cofre et al. re-
ported [32]. E. coli generates acetic acid as the by-produce, which
has several negative influences on protein expression. Glycerin
can limit the acetate accumulation and adjust the redox rate
within the cytoplasma, increasing the productivity of periplasmic
protein. For the rotational speed after induction, the lower speed
enhanced the expression level of VEGFR2 D3. Claudia Hartmann
et al. also adopted the low rotational speed to enhance the yield
of recombinant membrane protein UncI in E. coli [28]. Faster speed
will bring more oxygen into the culture medium, accelerating the
progress of transcription.

Sunitinib (SU11248, Sutent�) is a VEGFR-targeting drug, which
inhibits several receptor tyrosine kinases (RTKs), such as VEGFR-1,
2, and 3. It is also known to exhibit a direct anti-proliferative effect
in vitro and in vivo against a variety of cells [33]. So, Sunitinib was
taken as the positive control in this paper for VEGF induced prolif-
eration assay and CAM assay. FGF and EGF, as well as VEGF, show
angiogenic activity both in vitro and in vivo [34,35].To demonstrate
the functional specificity of the recombinant VEGFR2 D3, FGF and
EGF were tested the combination with VEGFR2 D3 in ELISA assay,
proliferation assay and CAM assay.

The ligand binding activity of the target protein was tested by
ELISA. The data showed that the VEGFR2 D3 could bind to VEGF165

in a dose-dependent manner and could not combine with other
immobilized ligands, including BSA, EGF, FGF, TNF-a and IFN-c.
These results reflected the specific binding between VEGF165 and
recombinant VEGFR2 D3. Plus, the VEGF induced proliferation as-
say also illustrated that VEGFR2 D3 restrained the proliferation of
EA.hy926, showing a dose-depended tendency. The potential
explanation was VEGF could promote the proliferation of EA.hy926
by interacting with VEGFR2 on the surface of the cells and the re-
combinant VEGFR2 D3 could neutralize the free VEGF competi-
tively with natural VEGFR2. Therefore, increasing the
concentration of VEGFR2 D3 could possibly lead to the increase
of the interaction between VEGFR2 D3 and VEGF, which resulted
in a decrease of the proliferation-promotion function of VEGF to
the EA.hy926 cells. In addition, the grown inhibitory effect of re-
combinant VEGFR2 D3 was specifically related to VEGF, showing
no effect to other angiogenic factors such as FGF and EGF.

Furthermore, we proved the capability of VEGFR2 D3 to sup-
press new blood vessel formation in vivo, using the CAM assay as
an angiogenesis model. The conventional methods for studying
in vivo angiogenesis assay include the hamster check pouch, the
rabbit ear chamber, the rodent dorsal skin and air sac, the iris
and avascular cornea of the rodent eye, and the CAM assay em-
ployed in this study [36]. We settled on the CAM assay because
the chick embryo chorioallantoic membrane, as a densely vascular-
ized, extra-embryonic tissue model, is very fast and precise to get
the results. It is also able to provide a convenient platform to ana-
lyze and study both angiogenesis and anti-angiogenesis [37]. There
are different methods to quantify the CAM angiogenic response,
including the counting uptake of 3H thymidine into the whole
CAM, observing the distribution of the converging neo vessels, cal-
culating the length, the area and the density of the vessels. In the
recent years, counting the vessel branch points, which was adopted
in this study, has become a popular quantification method [38].
The results indicated that VEGFR2 D3 was capable of inhibiting
neo-vessel formation in vivo via combining with VEGF specially
rather than other angiogenic factors.

VEGF inhibitors are now in clinical practice and have shown
encouraging results, which is manageable and safe as well as active
anticancer agents. Compared to other inhibitors, the recombinant
VEGFR2 D3 has low molecular mass (15 kDa), which almost 10%
of normal antibody drugs in molecular weight. Small size means
lower immunologic response and better pharmacokinetics, which
can pass the renal filter rapidly, penetrate the tissue fast and clear
from blood quickly. However, this feature also stands for a shorter
half-life, corresponding to higher dose for usage. The recombinant
VEGFR2 D3 also products easily in prokaryotic expression system,
which makes the corresponding cost lower than other antibody
drugs. However, as one of the VEGF-related angiogenesis inhibitors,
VEGFR2 D3 is impossible to completely devoid of toxicity. The re-
ported side-effects of similar inhibitors contain: hypertension and
cardiovascular event, myelosuppression, perforations, bleeding,
voice changes, neurological complications, mucositis, gastrointesti-
nal, skin toxicity, transaminase elevation, fatigue and hand food
syndrome [39]. Fortunately, those side-effects share a recognizable
pattern. The reason lies in that the majority of those effects are
attributable to the inhibition of VEGF’s physiological activity.

In the next work, more assays in vitro and in vivo will be taken
to illustrate the angiogenic inhibition ability of VEGFR2 D3, such as
the dorsal skin fold chamber assay, flow cytometry assay, cell
adherence assay and so on.

In conclusion, we provide a novel antiangiogenic drug candidate
relating to VEGF-VEGFR2 pathway. Furthermore, we also estab-
lished an effective and reliable methodology to obtain the recom-
binant protein drug in a prokaryotic system.
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