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Human epidermal growth factor (hEGF) is a small, mitotic growth polypeptide that promotes the proliferation of various cells and
is widely applied in clinical practices. However, high efficient expression of native hEGF in Escherichia coli has not been successful,
since three disulfide bonds in monomer hEGF made it unable to fold into correct 3D structure using in vivo system. To tackle this
problem, we fused Mxe GyrA intein (Mxe) at the C-terminal of hEGF followed by small ubiquitin-related modifier (SUMO) and
10x His-tag to construct a chimeric protein hEGF-Mxe-SUMO-H

10
. The fusion protein was highly expressed at the concentration

of 281mg/L and up to 59.5% of the total cellular soluble proteins. The fusion protein was purified by affinity chromatography
and 29.4mg/L of native hEGF can be released by thiol induced N-terminal cleavage without any proteases. The mitotic activity in
Balb/c 3T3 cells is proliferated by commercial and recombinant hEGFmeasuredwithmethylthiazolyldiphenyl-tetrazoliumbromide
(MTT) assay which indicated that recombinant hEGF protein stimulates the cell proliferation similar to commercial protein. This
study significantly improved the yield and reduced the cost of hEGF in the recombinant E. coli system and could be a better strategy
to produce native hEGF for pharmaceutical development.

1. Introduction

hEGF, a polypeptide hormone in human body, is widely
used inmedicine and cosmetics industry [1].The polypeptide
not only stimulates cell proliferation, differentiation, and
migration, but also plays an extremely important role in
wound healing, organ generation, and cell signal transduc-
tion [2]. hEGF gene has been successfully expressed in
various heterologous expression systems. E. coli, one of the
preferred organisms for heterologous protein expression, is
regarded as the simplest and cheapest system to produce
the commercial recombinant hEGF. However, with three
intramolecular disulfide bonds, native hEGF (without addi-
tional amino acid residues) is impossible to fold correctly
and be expressed solubly in prokaryotic expression system.
Various tag protein fusion systems, for instance, 6x Histidine,
thioredoxin, and glutathione-S-transferase, have been used

to express and purify recombinant hEGF; however these
procedures were not efficient in soluble expression, tag
cleavage, and purification [3]. Extracellular expression of
bioactive hEGF was studied in E. coli with the aid of the
signal peptides [4, 5] and in several eukaryotic systems such
as Saccharomyces cerevisiae [6], Yarrowia lipolytica [7], and
Hansenula polymorpha [8], which significantly decreased the
yield of hEGF compared to that with intracellular expres-
sion strategy. With intense interest to hEGF, studies on
biosynthesis of hEGF have never been stopped. In order to
solve the above-mentioned problems, especially inefficient
soluble expression, Su et al. adopted an effective SUMO
fusion strategy [9] which has been widely applied for soluble
expression of target proteins to produce and purify hEGF
fused with His-tag [10]. However, SUMO and affinity tag
based expression system require the SUMOprotease to cleave
the SUMO tag in the purification of interested proteins [11].
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This protease addition not only is costly, but also requires
an extra step to separate protease from the purified hEGF
protein. In this paper, native hEGF was expressed as a soluble
form in E. coli by protein fusion strategy. The activity of
recombinant hEGF was identified by the MTT assay.

The inteins are internal protein-splicing elements that
self-excise themselves from precursor proteins and catalyze
ligation of the flanking peptides together [12]. Based on this
special mechanism, many intein-mediated applications were
developed in protein refolding [13], purification [14], and
ligation [15]. Zhang et al. developed Ssp dnaB intein fusion
system to produce and purify hEGF, but the hEGF expressed
as inclusion bodies and uncontrolled cleavage induced by pH
presents major problems [16]. To overcome those problems, a
novel purification procedure using Mxe GyrA intein instead
of Ssp dnaB intein has been set up for preventing self-cleavage
in vivo [17]. The Mxe GyrA intein system consisting of 198
amino acids was first reported as in-frame insertion for
protein splicing nearly 20 years ago [18]. This self-chimeric
system is capable of producing a native target protein with
an unmodified C-terminal thioester and facilitating the
expression and purification of interested proteins [19, 20].

In this study, hEGF gene was used in conjunction with
intein, SUMO, and Histidine affinity tag to achieve soluble
expression in E. coli followed by efficient purification and
activity assay. The recombinant plasmid hEGF-Mxe-SUMO-
His
10

was transformed into BL21(DE3). About 29.4mg/L of
bioactive hEGFwas obtained after C-terminal intein cleavage
induced by 20mM DTT. This novel method significantly
improved the expression level of hEGF in the soluble fraction
in E. coli in vivo system, making it easier to be purified and
produce native and bioactive recombinant hEGF containing
multiple intramolecular disulfide bonds in reduction system.

2. Materials and Methods

2.1. Strains, Plasmids, Enzymes, and Reagents. Competent E.
coli cells DH5𝛼 and BL21(DE3) were purchased from TIAN-
GEN Biotech (Beijing, China). Plasmids pTWIN1, pET28a-
SUMO, and pET21a were preserved by our own laboratory.
Restriction endonucleases Nde I and Xho I were purchased
from Thermo Fisher Scientific Co., Ltd. (Shanghai, China).
Prime STAR HS (Premix) LA Taq, DNA ladder Marker, and
kits for DNA manipulation were purchased from TAKARA
Biotechnology Co., Ltd. (Dalian, China). Protein ladder
marker was obtained from Thermo Fisher Scientific (CA,
USA). Pfu DNA polymerase was purchased from Promega
(Madison, USA). hEGF coding region was synthesized by
Huada Genomics Institute Co., Ltd. (Shenzhen, China).
Commercial recombinant hEGF was purchased from Pepro-
tech Co., Ltd. (Rocky Hill, USA). Mouse fibroblast Balb/c
3T3 cells were kindly given by Professor Yadong Huang from
Jinan University. All chemicals used in this study were of
analytical grade.

2.2. Construction of Expression Vector. The 165 bp hEGF
coding region was chemically synthesized. The 594 bp
Mxe GyrA gene and 297 bp SUMO gene were cloned from
plasmid pTWIN1 and pET28a-SUMO, respectively. The

coding regions using Prime STARHS DNA Polymerase were
amplified with the following primers: the forward prim-
er used for hEGF was 5-GGAATTCCATATGAATAGT-
GACTCTGAATGTCC-3; the reverse primer for hEGF
was 5-CCCTCGAGAGGCGCAGTTCCCACCACTT-3.
Restriction sites Nde I and Xho I used for subsequent ampli-
fication are shown in bold and underline. The restricted PCR
products were inserted into modified vector pET21a yielding
the plasmid pET-hEGF with a C-terminal poly(His)

10
tag.

For the restriction free cloning, the standard strategy was
performed to construct fusion gene in pET-hEGF-SUMO-
H
10

using the forward primer: 5-TGAAGTGGTGGG-
AACTGCGCTCGGACTCAGAAGTCAATCA-3 and the
reverse primer: 5-TGGTGGTGGTGGTGCTCGAGACCT-
CCAATCTGTTCGCGGT-3, but in the final expression
vector pET-hEGF-Mxe-SUMO-H

10
using the forward

primer: 5-CTGAAGTGGTGGGAACTGCGCTGCATC-
ACGGGAGATGCACTA-3 and the reverse primer:
5-CTTGATTGACTTCTGAGTCCGAAGCGTGGCTGA-
CGAACCCGTT-3. The positive clones were identified by
colony PCR and confirmed by DNA sequence analysis.

2.3. Expression and Analysis of Recombinant Fusion Protein
hEGF-Mxe-SUMO-H10 in Shake Flasks. Plasmid pET-hEGF-
Mxe-SUMO-H

10
was transformed into E. coli BL21(DE3)

(Novagen, Madison, WI, USA). The recombinant bacteria
were induced to express recombinant hEGF-Mxe-SUMO-
H
10
by adding isopropyl-𝛽-D-thiogalactopyranoside (IPTG)

at a final concentration of 1mM to a culture with OD
600

of approximately 0.6–0.8 and incubating at 37∘C for 4 h.
Cell culture (1 L) was separated by centrifugation at 5000×g
for 20min. The cell pellets were resuspended in 35mL
of binding buffer (20mM Tris-HCl, 500mM NaCl, 20%
Glycerin, 20mM imidazole, pH 8.0) and lysed with 450
sonication pulses (400W, 3 s with a 5 s interval) cooled in
ice water bath. The suspension was centrifuged (11,000×g at
4∘C for 30min) and passed through a 0.22 𝜇mfilter following
by applied to a 1 mL HiTrap� Chelating HP column (GE
Healthcare, Piscataway, NJ, USA). The fusion protein hEGF-
Mxe-SUMO-H

10
was purified using the standard nickel affin-

ity chromatography procedure and washed with 5 column
volumes each of 50mM, 100mM, 150mM, and 200mM
imidazole in column buffer (20mMTris-HCl, 500mMNaCl,
20% glycerol, pH 8.0).The target protein was then eluted with
column buffer supplemented with 500mM imidazole using
an ÄKTA purifier system (Amersham Pharmacia Biotech,
Sweden) at flow rates of 5mL/min.The purity of the proteins
was evaluated using SDS-PAGE and Western blot and the
concentration was determined by a BCA Protein Assay Kit
(Sangon, Shanghai, China). For SDS gel analysis, protein
samples were dissolved in SDS sample buffer and loaded
on 15% (w/v) Tris glycine SDS-PAGE gels and stained with
Coomassie Blue. For Western blot analysis, the proteins were
transferred to a 0.45 m polyvinylidene difluoride (PVDF)
membrane (Millipore) by wet Western blot for 30min at
100V. Membranes were blocked for 2 h at room temperature
(RT) in the blocking buffer containing TBST buffer (150mM
NaCl, 10mM Tris-HCl in H

2
O, pH 7.6, and 0.1% Tween 20)

and 5% skimmilk powder (Fluka, Sigma).Themembranewas
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blocked in 50mL of TBST buffer with 2.5 g of milk powder
overnight at 4∘C, washed three times at RT with 25mL of
TBST buffer, and incubated with the primary antibody to
penta-His (Qiagen, Germany) at 1 : 2000 dilution at 4∘C. The
membranewaswashed three timeswith 25mLofTBSTbuffer
at RT. The membrane was further incubated with the sec-
ondary antibody goat anti-mouse IgGhorseradish peroxidase
conjugate (Sigma, St. Louis, MI, USA) at a 1 : 5000 dilution
in TBST buffer for 1.5 h at RT. The membrane was washed
three times subsequently with TBST buffer at RT. Finally, the
blots were analyzed by Chemiluminescence Imaging System
ChemiScope 3600 (CliNX Science Instruments, Shanghai,
China).

2.4. Cleavage of hEGF-Mxe-SUMO-H10 and Purification of
Native hEGF. The purified hEGF-Mxe-SUMO-H

10
was dia-

lyzed in Binding Buffer (0.003M KCl, 1.5mM KH
2
PO
4
,

8mM Na
2
HPO
4
, 500mM NaCl, and 20mM imidazole, pH

7.4) overnight at 4∘C and transferred to Cleavage Buffer
(0.003M KCl, 1.5mM KH

2
PO
4
, 8mM Na

2
HPO
4
, 500mM

NaCl, and 20mM imidazole and 20mM dithiothreitol
(DTT), pH 7.4) by ultrafiltration. After incubation at RT for
12 h, protein hEGF-Mxe-SUMO-H

10
was dialyzed in Binding

Buffer with 1 kDMWCOMilliporemembrane (Bedford,MA,
USA) generating native hEGF and Mxe-SUMO-H

10
. The

cleaved sample was loaded on Ni-NTA resin to obtain native
hEGF which was further concentrated employing ultrafilter
with 1 kDMWCOmembrane at 4∘C.The immunogenic activ-
ity of recombinant native hEGF was confirmed by Western
blot as described above. The concentration of recombinant
native hEGF was calculated by Bradford method. The Mxe-
SUMO-H

10
protein bound to the Ni-NTA resin was eluted as

described above.

2.5. Native hEGF Biological Activity Assay. MTT assay was
performed to test the bioactivity of hEGF promoting prolifer-
ation of Balb/c 3T3 cell grownonmedium 1640 supplemented
with 100 𝜇g/mL streptomycin, 100U/mL ampicillin, and 10%
fetal bovine serum. Balb/c 3T3 cell at a density of 1 ×
105 cells/mL was seeded in basal media on sterile 96-well
tissue culture plate (Corning, NY, USA) incubated with
100 𝜇L/well at 37∘C and 5% CO

2
for 36 h. When the culture

achieved the mid-logarithm phase, cells were transferred
to new 96-well plate (5 × 104 cells/mL) and incubated for
24 h in medium 1640 containing the above supplements
following by replacing medium 1640 with 0.4% fetal bovine
serum and the cells were incubated for 24 h. Balb/c 3T3
cells were supplemented with recombinant native hEGF or
commercial hEGF with different concentrations (from 0.39
to 25 𝜇g/mL) and incubated for 64∼72 h. After 20𝜇L/well
MTT solutions were added to cells, the plates were incubated
for additional 5 h at 37∘C and 5% CO

2
. After discarding the

medium, 100 𝜇L dimethyl sulfoxide was added to each well.
The plate was kept at RT for 20min. The absorbance was
measured immediately at a wavelength of 570 nm using an
Infinite� M200 pro microplate reader (Tecan, Männedorf,
Switzerland). The curve of absorbance values on 𝑦-axis
and the concentrations of growth factor on 𝑥-axis were
plotted.

3. Results

3.1. Cloning of hEGF-H10, hEGF-SUMO-H10, and hEGF-
Mxe-SUMO-H10. Bands corresponding to hEGF-H10, hEGF-
SUMO-H10, and hEGF-Mxe-SUMO-H10 were detected on
1.5% (w/v) agarose gel by colony PCR of recombinant
plasmids (Figure 1), demonstrating that hEGF-H10, hEGF-
SUMO-H10, and hEGF-Mxe-SUMO-H10 genes were success-
fully inserted into pET21a vectors, respectively.

3.2. Expression of Recombinant Proteins hEGF-SUMO-H10 and
hEGF-Mxe-SUMO-H10. After OD600 of culture reachedmid-
logarithm time, E. coli cells containing recombinant proteins
SUMO-hEGF-H

10
or hEGF-Mxe-SUMO-H

10
were induced

by the addition of 0.6mmol/L IPTG. The hEGF-SUMO-H
10

or hEGF-Mxe-SUMO-H
10

was expressed as C-terminal 10x
His-tag fusion proteins in BL21(DE3). Both proteins could
be detected by Coomassie Blue staining as a prominent band
with an apparentmolecularmass of 19 kDa for hEGF-SUMO-
H
10

and 40 kDa for hEGF-Mxe-SUMO-H
10

after separation
by SDS-PAGE (Figure 2). The yields were estimated for
hEGF-SUMO-H

10
to ∼136mg/L but for the part of hEGF-

SUMO-H
10

in hEGF-Mxe-SUMO-H
10

to ∼281mg/L which
indicated that Mxe GryA intein could obviously increase
the expression level of the fusion hEGF-SUMO-H

10
protein

in E. coli (Figure 2). The soluble fraction of hEGF-SUMO-
H
10

in whole cell lysate was 19.4% at 37∘C, while that of
hEGF-Mxe-SUMO-H

10
was 75.6% at the same temperature

which demonstrated that Mxe GryA intein could effectively
facilitate the soluble expression of the fusion protein hEGF-
Mxe-SUMO-H

10
in E. coli (Figure 2).

3.3. Purification of Recombinant Protein hEGF-Mxe-SUMO-
H10. The fusion protein hEGF-Mxe-SUMO-H

10
containing

C-terminal poly(His)
10

purification tag in the supernatant
fraction of cell lysate by ultrasonic disruption was loaded
to Ni-NTA column purified by affinity chromatography.
Apparent pure protein sample was obtained after one step
affinity purification (Figure 3). The final yield of the purified
proteins was ∼281mg/L and the total purity of hEGF-Mxe-
SUMO-H

10
prepared using thismethodwas>90% (Figure 3).

3.4. Cleavage of Recombinant Protein hEGF-Mxe-SUMO-H10
and Purification of Native hEGF. Fusion protein hEGF-Mxe-
SUMO-H

10
was successfully expressed in E. coli BL21(DE3).

The Mxe GyrA intein in the purified fusion protein was
hydrolyzed by thiol-induced cleavage to generate the product
native hEGF from recombinant protein hEGF-Mxe-SUMO-
H
10
. Efficient splicing was observed after induction with

20mM DTT at RT for 4 h and the Mxe-SUMO-H
10

protein
with a C-terminal poly(His)

10
tag was binding to Ni-NTA

resin. The native hEGF corresponding a clear band to 6 kDa
in the flow through fractions was observed by Tricine-SDS-
PAGE analysis and indicated with black arrow (Figure 4).
The final yield of native hEGF is ∼29.4mg/L and the purified
protein could be preservedwithout remarkable loss of activity
at 80∘C for months.

3.5. Mitotic Activity of Native hEGF. The mitotic activity
of native hEGF cleaved from hEGF-Mxe-SUMO-H

10
fusion
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Figure 1: Identification of recombinant plasmids by colony PCR. M: 2 kb ladder marker; (a) lanes 1–3: hEGF-H10 fragment; (b) lanes 1–3:
hEGF-SUMO-H10 fragment; (c) lanes 1–3: hEGF-Mxe-SUMO-H10 fragment.
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Figure 2: Expression of recombinant hEGF-SUMO-H
10
and hEGF-Mxe-SUMO-H

10
. M: protein laddermarker shown in kDa on the left sides

of panels, (a) SDS-PAGE analysis of the recombinant hEGF-SUMO-H
10
produced in BL21(DE3), lane 1: whole cell sample after induction

for 4 h, lane 2: supernatant sample after induction for 4 h; (b) SDS-PAGE analysis of the recombinant hEGF-Mxe-SUMO-H
10
produced in

BL21(DE3), lane 1: whole cell sample after induction for 4 h, lane 2: supernatant sample after induction for 4 h; (c) Western blot analysis of
recombinant hEGF-Mxe-SUMO-H

10
produced in BL21(DE3), lane 1: supernatant sample after induction for 4 h.

protein was in contrast to that of the commercial hEGF
(Figure 5). Biological activity of the hEGF proteins was
detected to assess its effectiveness in promoting Balb/c 3T3
cell proliferation.MTT assay has shown that cell proliferation
enhanced after treatment with different concentrations of
hEGF. The rate of cell proliferation is 1.32, 1.3, 1.43, and 1.62
times higher than that of the negative control from 0.39
to 25 𝜇g/mL of native hEGF, respectively, with 𝑃 value <
0.05. Our result of mitotic assay indicated that hEGF protein
produced by this procedure stimulates the cell proliferation
similar to the commercial protein.

4. Discussion

hEGF is an effective stimulator to promote proliferation of
a wide range of cell types, such as endothelial cell, epithelial

cell, and fibroblast cell resulting in a prospective cut healing
agent for various corneal and skinwounds [21].Therefore, the
market demand of hEGF has become huge and booming in
recent years. E. coli is considered to be the preferred host for
industrial production of recombinant proteins, since it has
many advantages among various expression platforms, for
example, robust growth rate, low cost, technical simplicity,
ease of scale-up, and high capacity for heterologous protein
expression [22]. However, hEGF with three disulfide bridges
cannot be produced as soluble, active, and correctly folded
protein in intracellular environment ofE. coli, even fusedwith
various protein partners which have been developed to pro-
mote the production of properly folded recombinant hEGF
[3]. Since SUMO acts as a solubility enhancer, it has been
frequently employed as an effective fusion partner for pre-
venting degradation and promoting refolding of recombinant
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Figure 3: SDS-PAGE analysis of recombinant hEGF-Mxe-SUMO-
H
10
purified by one-step affinity chromatography. M: protein ladder

marker shown in kDa on the left side of the panel; lane 1: supernatant
sample after induction for 4 h; lane 2: precipitate sample after
induction for 4 h; lane 3: flow through solution; lanes 4–8: five
different elution buffer with 50mM, 100mM, 150mM, 200mM, and
500mM imidazole buffer, respectively.
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Figure 4: Tricine-SDS-PAGE analysis of purified recombinant
hEGF prepared by self-cleavage treated with thiol DTT and one-step
affinity chromatography.M: protein laddermarker shown in kDa on
the left side of the panel; lane 1: supernatant solution after treatment
in 20mM DTT for 12 h; lane 2: the purified hEGF in flow through
solution of theNi-NTA column; lane 3: eluted solutionwith 500mM
imidazole.

proteins [10]. SUMO can promote the translocation of part-
ner proteins from the cytosol to the nucleus, thereby reducing
the concentration of the target proteins in the protease-rich
cytosol to protect against proteolytic degradation [23]. Due to
the highly hydrophilic surface and hydrophobic core, SUMO
acts as a nucleation site to enhance the solubility of the target
protein and exert detergent-like effect on insoluble proteins
[24]. Several valuable and hard-to-express proteins have been
expressed successfully in E. coli using SUMO fusion system
[25]. However, this system requires proteolytic cleavage to
remove the tag, which leads problems encountered with low
yield, precipitation of the target protein, expense of proteases,
labor-cost optimization of cleavage and proteases removal
conditions, and failure to recover active, intact protein [26].
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0
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Figure 5:The stimulation effect of recombinant hEGF and commer-
cial hEGF on Balb/c 3T3 cells.

Another main problem associated with the cleavage of fusion
proteins is the production of nonnative target proteins which
contain an N-terminal proline [27].

The intein fusion system with the inducible self-cleavage
activity was used to generate free target protein which was
expressed as insoluble inclusion bodies; thus it often requires
protein solubilization and refolding to obtain active protein
[28].Thewidely used pTWINvector contains two engineered
mini-inteins: SspDnaB intein undergoes C-terminal cleavage
while Mxe GyrA intein allows N-terminal cleavage [29].
The disadvantages to Ssp DnaB intein are the low cleavage
efficiency and specificity which are influenced by the second
and third amino acid residues at the N-terminus of the target
protein and the deviations of pH value in host intracellular
environment [30]. In the presence of thiol nucleophile, for
instance, 𝛽-mercaptoethanol, cysteine, or DTT, the intein
Mxe GyrA fused directly to the N-terminus of the target
protein conducts specific self-cleavage resulting in producing
the target protein without any extra nonnative residues
[31]. The reasons for Mxe GyrA intein fusion system to
enhance expression of hEGF are not known since it is the
first time to find this system could increase the yield of
target protein. We speculated thatMxe GyrA intein is highly
stable and resistant to heat and proteolysis in vivo system as
the Mxe GyrA intein is complete absence of endonuclease
domain [32]. Attachment of a highly stable structure in
fusion protein helps to stabilize and increase the production
of recombinant protein. In addition, the inner core of Mxe
GyrA intein is unusual hydrophobic while the outer surface
is comparatively hydrophilic. This hypothesis may explain
whyMxe GyrA intein helps to increase yield of recombinant
proteins in E. coli.

In the present study, we successfully extendedC-terminus
of hEGF with intein Mxe GryA and His-tagged SUMO,
leading to a significant increase in solubility and expression
level of hEGF protein. Proteins without His-tag in cell lysate
were removed from Ni-NTA affinity column. Since the Mxe-
SUMO-H

10
fusion protein bears a C-terminal poly(His)

10
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tag, the cleaved mixed proteins could be reloaded to the
Ni-NTA resin to obtain purified native hEGF from cleaved
Mxe-SUMO-H

10
fusion protein and the uncleaved fusion

protein, whose purity was higher than 97%. The outcomes
of the expression and mitotic activity demonstrated that
the C-terminal SUMO fused with Mxe GyrA intein could
significantly improve the expression level and efficiently
facilitate the correct folding of hEGF. The final yield of
recombinant native hEGF is 29.4mg/L, which is much higher
than previous published strategies. For instance, Oka et al.
produced 2.4mg/L hEGF secreted from E. coli [4].The yields
of fusion hEGF expressed in intracellular environment of E.
coli are less than 17mg/L [3, 9]. Heo et al. showed a yield
of 0.57mg/L from Eukaryotic expression system Hansenula
polymorpha [8].Therefore, this new approachmay be applied
to industrial-scale production of commercial hEGF protein.
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[12] S. Elleuche and S. Pöggeler, “Inteins, valuable genetic elements
in molecular biology and biotechnology,” Applied Microbiology
and Biotechnology, vol. 87, no. 2, pp. 479–489, 2010.

[13] M. M. Bastings, I. Baal, E. W. Meijer et al., “One-step refolding
and purification of disulfide-containing proteins with aC-term-
inal MESNA thioester,” BMC-Biotechnology, vol. 8, article 76,
2008.

[14] M. R. Banki, T. U. Gerngross, and D.W.Wood, “Novel and eco-
nomical purification of recombinant proteins: intein-mediated
protein purification using in vivo polyhydroxybutyrate (PHB)
matrix association,” Protein Science, vol. 14, no. 6, pp. 1387–1395,
2005.

[15] A. Charalambous, M. Andreou, and P. A. Skourides, “Intein-
mediated site-specific conjugation ofQuantumDots to proteins
in vivo,” Journal of Nanobiotechnology, vol. 7, article 9, 2009.

[16] Y. Zhang, K. Zhang, Y. Wan et al., “A pH-induced, intein-med-
iated expression and purification of recombinant human epid-
ermal growth factor in Escherichia coli,” Biotechnology Progress,
vol. 31, no. 3, pp. 758–764, 2015.

[17] R. S. Esipov, V. N. Stepanenko, L. A. Chupova, U. A. Boyarskikh,
M. L. Filipenko, and A. I. Miroshnikov, “Production of recom-
binant human epidermal growth factor using Ssp dnaB mini-
intein system,” Protein Expression and Purification, vol. 61, no. 1,
pp. 1–6, 2008.

[18] A. Telenti, M. Southworth, F. Alcaide, S. Daugelat, W. R. Jacobs
Jr., and F. B. Perler, “The Mycobacterium xenopi GyrA protein
splicing element: characterization of a minimal intein,” Journal
of Bacteriology, vol. 179, no. 20, pp. 6378–6382, 1997.

[19] P. L. Starokadomskyy, O. V. Okunev, D. M. Irodov, and V. A.
Kordium, “Utilization of protein splicing for purification of the
human growth hormone,”Molecular Biology, vol. 42, no. 6, pp.
966–972, 2008.

[20] L. E. Smith, J. Yang, L. Goodman et al., “High yield expression
and purification of recombinant human apolipoprotein A-II in
Escherichia coli,” Journal of Lipid Research, vol. 53, no. 8, pp.
1708–1715, 2012.

[21] M. D. Leonida and I. Kumar, “Wound healing and skin regen-
eration,” in Bionanomaterials for Skin Regeneration, pp. 17–25,
Springer, 2016.



BioMed Research International 7

[22] R. Chen, “Bacterial expression systems for recombinant protein
production:E. coli and beyond,”BiotechnologyAdvances, vol. 30,
no. 5, pp. 1102–1107, 2012.

[23] A. Kishi, T. Nakamura, Y. Nishio, H. Maegawa, and A. Kashi-
wagi, “Sumoylation of Pdx1 is associated with its nuclear locali-
zation and insulin gene activation,” American Journal of Physio-
logy—Endocrinology and Metabolism, vol. 284, no. 4, pp. E830–
E840, 2003.

[24] S. Khorasanizadeh, L. D. Peters, and H. Roder, “Evidence for
a three-state model of protein folding from kinetic analysis of
ubiquitin variants with altered core residues,” Nature Structural
Biology, vol. 3, no. 2, pp. 193–205, 1996.

[25] M. P.Malakhov,M. R.Mattern, O. A.Malakhova,M.Drinker, S.
D. Weeks, and T. R. Butt, “SUMO fusions and SUMO-specific
protease for efficient expression and purification of proteins,”
Journal of Structural and Functional Genomics, vol. 5, no. 1-2,
pp. 75–86, 2004.

[26] F. Baneyx, “Recombinant protein expression in Escherichia coli,”
Current Opinion in Biotechnology, vol. 10, no. 5, pp. 411–421,
1999.

[27] D. Reverter and C. D. Lima, “A basis for SUMO protease speci-
ficity provided by analysis of human Senp2 and a Senp2-SUMO
complex,” Structure, vol. 12, no. 8, pp. 1519–1531, 2004.

[28] J. R. Sydor, M. Mariano, S. Sideris, and S. Nock, “Establishment
of intein-mediated protein ligation under denaturing condi-
tions: C-terminal labeling of a single-chain antibody for biochip
screening,” Bioconjugate Chemistry, vol. 13, no. 4, pp. 707–712,
2002.

[29] T. C. Evans Jr. and M.-Q. Xu, “Intein-mediated protein ligation:
harnessing nature’s escape artists,”Biopolymers, vol. 51, no. 5, pp.
333–342, 1999.

[30] Z. Sun, J. Chen, H. Yao et al., “Use of Ssp dnaB derived mini-
intein as a fusion partner for production of recombinant human
brain natriuretic peptide in Escherichia coli,” Protein Expression
and Purification, vol. 43, no. 1, pp. 26–32, 2005.

[31] S. Chong, F. B. Mersha, D. G. Comb et al., “Single-column puri-
fication of free recombinant proteins using a self-cleavable affi-
nity tag derived from a protein splicing element,”Gene, vol. 192,
no. 2, pp. 271–281, 1997.

[32] T. Klabunde, S. Sharma, A. Telenti,W. R. Jacobs Jr., and J. C. Sac-
chettini, “Crystal structure of GyrA intein fromMycobacterium
xenopi reveals structural basis of protein splicing,”Nature Struc-
tural Biology, vol. 5, no. 1, pp. 31–36, 1998.


