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Abstract Small ubiquitin-related modifier (SUMO)
fusion system has been shown to be efficient for enhancing
expression and preventing degradation of the target protein.
We showed herein that SUMO fusion to human keratino-
cyte growth factor 2 (hKGF-2) gene was feasible and it
significantly enhanced protein expression and its effi-
ciency. The fusion DNA fragment composed of SUMO
gene, which was fused to hexahistidine tag, and hKGF-2
gene was amplified by PCR and inserted into the expres-
sion vector pET28a to construct the recombinant plasmid,
pET28a-SUMO-hKGF-2. The plasmid was then trans-
formed into Escherichia coli Rosetta M2(DE3), and the
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recombinant fusion protein SUMO-hKGF-2 was expressed
at 30°C for 6 h, with the induction of IPTG at the final
concentration of 0.4 mM. The expression level of the
fusion protein was up to 30% of the total cellular protein.
The fusion protein was purified by Ni-NTA affinity chro-
matography. After desalting by Sephadex G-25 size
exclusion chromatography, the hexahistidine-SUMO-
hKGF-2 was digested by SUMO proteases. The recombi-
nant hKGF-2 was purified again with Ni-NTA column and
the purity was about 95% with a total yield of 13.9 mg/l
culture. The result of mitogenicity assay suggests that the
recombinant hKGF-2 can significantly promote the prolif-
eration of normal rat kidney epithelial (NRK-52E) cells.
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Small ubiquitin-related modifier - Fusion protein -
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Introduction

Keratinocyte growth factor 2 (KGF-2), also known as
fibroblast growth factor 10 (FGF-10), is a member of the
fibroblast growth factor family, which includes a minimum
of 23 related peptides. The protein sequence and biological
function of KGF-2 are similar to that of KGF-1, or fibro-
blast growth factor 7 (FGF-7) [1]. KGF-2 is produced by
fibroblasts of the dermis, the granulation tissue, and the
intraepithelial ydT cells; it acts specifically on cells of
epithelial origin, including skin keratinocytes, and intesti-
nal epithelial cells, by binding to FGF receptor 2-IIIb
(FGFR2-IIIb) [2, 3]. The accelerating effect of KGF-2 on
the rate of re-epithelialization in various animal models has
been demonstrated [4—6]. Furthermore, KGF-2’s protective
properties against radiation and oxidative stress have also
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been demonstrated in recent studies [7, 8]. These pre-
liminary data undeniably suggests KGF-2 as a promising
candidate for the treatment of epithelial damage. Currently,
KGF-2 is already being used in clinical trials for the
treatment of venous ulcers [9] and oral mucositis, a severe
oral ulceration induced by chemotherapy and/or radio-
therapy. Large scale production of this promising
therapeutic protein is demanded.

Nevertheless, high quality therapeutic proteins require
rapid and efficient strategies for protein expression and
purification. Currently, fusion protein technology is an
effective way to achieve the goal by enhancing expression,
decreasing the proteolytic degradation, improving solubil-
ity, and facilitating purification of the recombinant proteins
[10, 11]. Despite the current advancements in fusion pro-
tein technology, it is still burdened with flaws. Most of the
fusion systems produce non-native N-terminal amino acids
during the cleavage process of the fusion tag, which may
lead to serious effects on the biological activities of many
proteins. Small ubiquitin-related modifier (SUMO) family
proteins are present in all eukaryotes but absent from
prokaryotes. Sumoylation has crucial roles in regulation of
gene expression, control of nucleocytoplasmic signaling,
and faithful replication of a large and complex genome [12,
13]. SUMO fusion system could overcome the problems
described above, and has been used to facilitate efficient
expression and purification of several proteins in E. coli
[14, 15]. The relative ease of maturation of SUMO fusions
allows the target protein to be isolated using a standardized
purification procedure; and the properties of the SUMO
hydrolase, which recognizes the tertiary structure of the
SUMO tag, allow the target protein to be produced with a
completely native sequence. Butt et al. [16] have observed
that 100 SUMO fusions have been isolated without
cleavage within the partner protein. SUMO fusion system
has also been successfully applied to some difficult-to-
express proteins including matrix —metalloprotease
(MMP13), and SARS-CoV proteins [14, 15].

KGFs have been expressed in different systems. Luo
et al. [17] have used GST-fusion technology and high
MgCl, concentration to improve expression level of KGF-1
in E. coli. Laird et al. [18] have observed that only the
trunked form of KGF-2 was robustly expressed in a pro-
tease-deficient E. coli host. Recently, Wang et al. [19]
demonstrated that recombinant human KGF-2 could be
expressed in a yeast strain Pichia pastoris. However, the
targeted protein with a molecular weight of 19.3 kDa had a
significantly lower expression in the supernatant of trans-
formants, induced in normal conditions, than a peptide with
molecular weight of 17 kDa, which is speculated to be the
degraded product of recombinant human KGF-2. This
result suggests that the recombinant human KGF-2 may be
susceptible to proteolytic degradation. Therefore, here we

attempt to use a hexahistidine-SUMO fusion strategy for
expression and purification of recombinant human KGF-2
in E. coli, aiming at decreasing the chance of proteolytic
degradation, enhancing expression and simplifying purifi-
cation of the target protein with Ni-NTA chromatography.

Experimental
Reagent

Pyrobest DNA Polymerase, restriction enzymes, polymer-
ase chain reaction (PCR) purification kit, gel extraction kit,
and plasmid miniprep kit were purchased from Takara
(Dalian, China). Ni-NTA agarose and Sephadex G-25 were
purchased from Invitrogen (Carlsbad, California, USA).
Monoclonal mouse anti-human KGF-2 antibody was pur-
chased from R&D systems (Minneapolis, MN, USA).
Methylthiazoletetrazolium (MTT) was from Sigma-—
Aldrich (St. Louis, MO, USA).

SUMO protease was produced in our laboratory. Normal
rat kidney epithelial (NRK-52E) cells was originated from
American Type Culture Collection (ATCC, Rockville,
MD, USA), and provided by Biopharmaceutical Research
and Development Center of Jinan University.

Construction of SUMO-hKGF-2 Fusion Protein
Expression Vector

Four primers were synthesized according to the DNA
sequences of SUMO (GenBank accession number U27233)
and hKGF-2 (GenBank accession number AB002097) (P1:
CGTGGGATCCTCGGACTCAGAAGTCAATCA, P2: CA
AGGGCTTGACCACCAATCTGTTCTCTGT, P3: GATT
GGTGGTCAAGCCCTTGGTCAGGACAT, P4: CACGCT
CGAGCTATGAGTGTACCACCATTG). Three-step poly-
merase chain reaction (PCR) was conducted to obtain
fusion gene of SUMO-hKGF-2. First, we amplified SUMO
gene fragment (F1) from a pET28a/SUMO-MT (con-
structed in our laboratory) plasmid, which contains
hexahistidine tag for purification, using P1 and P2 as the
forward primer and reverse primer. Second, hKGF-2 gene
fragment (F2) was obtained from pET3c/hKGF-2 (con-
structed in our laboratory) plasmid using P3 and P4 as the
primer pair. Finally, using F1 and F2 as the templates, the
full length fusion gene was amplified using P1 and P4 as
the forward primer and reverse primer. The product from
the last round of PCR was cut with BamH I and Xho I (the
restriction enzyme sites in the primers are indicated as
italic letters), then it was ligated into previously digested
vector pET28a to create the SUMO-hKGF-2 fusion protein
expression vector, pET28a/SUMO-hKGF-2. Automated
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DNA sequencing was performed to confirm the accuracy of
the inserted DNA segment.

Induction and Expression of SUMO-hKGF-2 Fusion
Protein

The recombinant plasmid pET28a/SUMO-hKGF-2 har-
boring the accurate sequence of SUMO-hKGF-2 fusion
gene was transferred into E. coli Rosetta™?2(DE3)
(Novagen). Each of the transformed colonies was grown in
4 ml Luria broth (LB) medium containing 50 pg/ml
kanamycin and 34 pg/ml chloromycetin at 37°C. When the
absorbance at 600 nm of the culture reached 0.6, the target
protein was induced by adding isopropyl-b-p-thiogalacto-
pyranoside (IPTG) to a final concentration of 1 mM. After
induction at 37°C for 4 h, samples were prepared for
expression analysis by SDS-PAGE. The colony with the
highest expression level determined by SDS-PAGE was
selected as seed strain in the subsequent scale-up culture.

The effects of IPTG concentration, temperature, and
induction time on the expression level of target protein
were studied to determine the optimal induction conditions.
The culture was first induced at 0.2, 0.4, 0.6, 0.8, and
1 mM of IPTG concentration, respectively, at 37°C for 4 h
to select the optimal IPTG concentrations. Then the
induction was performed at optimal IPTG concentration at
37°C for 3, 4, 5, 6, 7, and 8 h, at 30°C for 4, 6, 8, 10, and
12 h, and at 20°C for 12, 14, 16, 18, 20, 22, and 24 h,
respectively.

We further analyzed the expression of target protein at
the selected optimal induction conditions. Briefly, cells
were collected by centrifugation after induction and the cell
pellets were resuspended in 20 mM PBS buffer supple-
mented with lysozyme. The suspensions were freeze—
thawed for three times and centrifuged at 16,000 rpm
(31,554g) for 20 min at 4°C. Samples obtained from the
supernatant and pellets were loaded on SDS-PAGE gels for
target protein expression analysis.

Purification of SUMO-hKGF-2 Fusion Protein

The cell extract was applied to a Ni-NTA agarose column
equilibrated with 20 mM PBS buffer (pH 8.0). The resin
was washed with 50 ml PBS (pH 8.0). The contaminated
proteins were eluted in succession with PBS containing
30 mM imidazole (pH 8.0) and PBS containing 30 mM
imidazole (pH 6.0). Bound proteins were eluted with
20 mM PBS containing 300 mM imidazole (pH 8.0).
Fractions were pooled and further desalted with Sephadex
G-25 column. The purity of SUMO-hKGF-2 fusion protein
was assessed using SDS-PAGE, and the immunogenic
activity of the fusion protein was detected by Western
blotting.
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Cleavage of SUMO-hKGF-2 Fusion Protein
and Purification of hKGF-2

The purified fusion protein was mixed with SUMO prote-
ase at a molar ratio of 6,000:1. The mixture was incubated
at 30°C for 1.5 h. The cleaved sample was applied to the
Ni-NTA resin to separate the recombinant hKGF-2 from
the resin-bound proteins including SUMO-hkGF-2, SUMO
and SUMO protease. The immunogenic activity of hKGF-2
was also detected by western blotting. The concentration of
hKGF-2 was evaluated with enhanced BCA protein assay
Kit.

Bioassay of Mitogenic Activity of Recombinant
hKGF-2

NRK-52E cells were grown in DMEM supplemented with
10% fetal bovine serum, 100 U/ml ampicillin and 100 U/
ml streptomycin. When the culture reached the mid-loga-
rithm time, cells were transferred to a 96-well plate and
incubated at 37°C for 24 h. The medium was replaced with
DMEM supplemented with 0.4% fetal bovine serum and
the cells were cultured for 24 h. The cells were treated with
recombinant hKGF-2 and SUMO-hKGF-2 diluted with
serum free DMEM to a serial of concentrations ranged
from 0.01 to 100 ng/ml, and incubated for 48 h. The
number of viable cells was determined by adding 20 pl
methylthiazoleterazolium (MTT) (5 mg/ml) to each well
and incubated for 4 h. After removal of the medium,
150 pl dimethyl sulfoxide (DMSO) was added to each
well. The plate was kept at room temperature for 30 min.
The absorbance was measured at 570 nm immediately.

Results
Expression of sSUMO-hKGF-2 Fusion Protein

Three steps of PCR were performed to obtain the DNA
fragment coding fusion protein composed of SUMO and
hKGF-2 (Fig. 1). The product from the last round PCR was
digested with BamH 1 and Xho I, and inserted in the
expression vector pET-28a to create the recombinant
plasmid pET28a/SUMO-hKGF-2, which was confirmed by
automated DNA sequencing and transformed into E. coli
Rosetta’™2(DE3).

After induction with 1 mM IPTG at 37°C for 4 h, a
protein band with molecular weight of approximately
38 kDa corresponding to the predicted size of SUMO-
hKGF-2 fusion protein was obtained (Fig. 2 lane 4). The
expression level of target protein induced at 0.4 mM of
IPTG was comparable to that induced at 0.6, 0.8 and
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Fig. 1 PCR strategy for making the SUMO-hKGF2 fusion gene.
Three-step PCR was conducted to obtain fusion gene of SUMO-
hKGF-2 as described in Experimental
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Fig. 2 SDS-PAGE analysis of SUMO-hKGF-2 expression. M low
molecular protein marker; 1 Rosseta™2(DE3)/pET28a before induc-
tion; 2 RossetaTMZ(DE3)/pET28a after induction; 3 Rosseta™2(DE3)/
pET28a/SUMO-hKGF-2 before induction; 4 RossetaTMZ(DE3)/
pET28a/SUMO-hKGF-2 after induction

1 mM, and higher than that induced at 0.2 mM (data not
shown). Therefore, 0.4 mM of IPTG was selected for fur-
ther experiments. Time- and temperature-dependent
induction was also investigated. The expression level of the
fusion protein reached maximum when induced at 37°C for
4 h, at 30°C for 6 h, and at 20°C for 12 h, respectively.
Analysis of expression of target protein at the above con-
ditions indicated that the soluble expression level of
SUMO-hKGF-2 fusion protein was 26.9% at 37°C for 4 h,
31.3% at 30°C for 6 h, and 31.6% at 20°C for 12 h,
respectively (Fig. 3). Based on these results, the optimal
expression condition was selected as induction with
0.4 mM IPTG in culture medium at 30°C for 6 h.

Purification of SUMO-hKGF-2 Fusion Protein

After induction, the cell pellet was sonicated and the
supernatant was applied to an affinity column. Proteins
without His tag was first removed from the Ni-NTA resin
by washing with PBS containing low concentration of
imidazole, and the fusion protein with His tag was then
eluted with PBS containing high concentration of imidaz-
ole. The eluted fraction was further desalted by applying to
a Sephadex G-25 column. Detected by SDS-PAGE, the
purity of SUMO-hKGF-2 after desalting was 94% (Fig. 4.
Panel A, lane 1).

Cleavage of SUMO-hKGF-2 and Purification
of hKGF-2

The purified SUMO-hKGF-2 fusion protein was cleaved
with SUMO protease to release hKGF-2. The result of
SDS-PAGE showed that most of fusion protein was
cleaved within 1.5 h at 30°C (Fig. 4. Panel A, lane 4). The
reaction mixture was then reloaded onto the Ni-NTA resin
for purification. The relieved hKGF-2 was obtained in the
flow-through, whereas the His-containing uncleaved fusion
protein and His-SUMO tag were retained by the resin. The
purity of hKGF-2 determined by optic density scanning in
SDS-PAGE gel was about 95% (Fig. 4. Panel A, lane 5).
The summary of purification is presented in Table 1. The
final yield of purified recombinant hKGF-2 was about
13 mg/1 culture. Further characterization using western blot
showed that both of the purified recombinant hKGF-2 and
SUMO-hKGF-2 fusion protein could be recognized by an
anti-human KGF-2 antibody (Fig. 4. Panel B).

Mitogenic Activity of Recombinant hKGF-2

The result of mitogenic assay showed that hKGF-2 cleaved
from SUMO-hKGF-2 fusion protein could significantly
stimulate the proliferation of NRK-52E cells. The result
was similar with what was reported by Igarashi et al. [1],
who assessed the mitogenic activity of recombinant hKGF-
2 using mouse epidermal keratinocytes (Balb/MK) in the
presence of 1 pg/ml heparin. Although NRK-52E cell
proliferation was also stimulated by SUMO-hKGF-2, the
mitogenic activity was markedly lower than that of hKGF-
2, presumably due to the conformation change or shielding
of the hKGF-2 active sites by SUMO (Fig. 5).

Discussion
hKGF-2 is one of the major mitogens and cytoprotectors of

epithelial cells that has therapeutic potential in healing
wound, curing ulcer and colitis. Increasing clinical interests
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Fig. 3 Temperature effect on
expression of SUMO-hKGF-2
fusion protein. M low molecular
protein marker; 1, 4, 7
Rosseta™2(DE3)/pET28a/
SUMO-hKGEF-2 before
induction; 2, 5, 8 supernatant of
Rosseta™2(DE3)/pET28a/
SUMO-hKGF-2 after induction;
3, 6, 9 sediment of
Rosseta™2(DE3)/pET28a/
SUMO-hKGEF-2 after induction

Fig. 4 Panel A purification and
digestion of SUMO-hKGF-2
(Coomassie blue staining). M
low molecular protein marker; 1
SUMO-hKGF-2 fusion protein
after Ni-NTA affinity
chromatography and desalted by
Sephadex G-25
chromatography; 2 SUMO-
hKGF-2 fusion protein after Ni-
NTA affinity chromatography. 3
SUMO-hKGF-2 before
digestion; 4 SUMO-hKGF-2
protein after digestion at 30°C
for 1.5 h; 5 purified hKGF-2.
Panel B western blots of
SUMO-hKGF-2 and hKGF-2. 1
purified SUMO-hKGF-2; 2
purified hKGF-2
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Table 1 Summary of the purification of SUMO-hKGF-2 and hKGF-2

Purification step Volume (ml) Total Interest Purity (%) Yield
protein (mg) protein (mg) (mg/I culture)
SUMO-hKGF-2 Cell lysate 80 31.3
Ni-NTA 106 196 155.6 79.4 77.8
Sephadex G-25 243 87.5 82.3 94.0 40.2
hKGF-2 Ni-NTA 140 29.5 27.8 94.4 13.9

The start culture was 2 1 in a shake flask. The purity was estimated by densitometry analysis of the protein bands in SDS-PAGE gel

have been shown in producing high quantity and quality
recombinant hKGF-2. Expression of hKGF-2 in E. coli
without tag obtained only 10-15% of aim product of total
protein [20]. Jang [21] used GST-fusion to produce KGF-2,
but without description of expression level. Other studies
used various expression vectors and hosts obtained only
4-20% expression levels [22]. Low expression level due to
susceptibility to proteolytic degradation and complicated
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purification procedure prevented the efficient production of
functional hKGF-2 with high purity.

The lack of efficient methods for protein expression
manifested the need to use a different approach. Recently,
SUMO was found to have the abilities of enhancing protein
expression level, improving protein folding, and protecting
the protein from degradation by functioning as a chaperone
and a nucleation site for protein folding. Some difficult-to-
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Fig. 5 Effects of hKGF-2 and SUMO-hKGF-2 on the proliferation of
NRK-52E cells. *P < 0.05 vs. SUMO-hKGF-2, Student #-test

express proteins have been successfully expressed using
SUMO as a novel fusion partner. The goal of this study is
to express recombinant hKGF-2 with SUMO fusion in
E. coli.

Different host strains including BL21(DE3),
BL21(DE3)pLyS, and RosettaTMZ(DE3) were used to
express SUMO-hKGF-2 fusion protein. The corresponding
expression level was approximately 12, 14, and 30% of the
total cellular proteins, respectively. Accumulating evidence
suggests that an excess of rare codons decrease expression
level of heterologous proteins in E. coli. Moreover,
sequence analysis of SUMO-hKGF-2 fusion gene showed
that it contained up to 20% of codons rarely used in E. coli,
suggesting that rare codons may restrict the expression of
fusion protein. To overcome this problem, Rosetta™
2(DE3) host strain which is a BL21 derivative was
designed to enhance the expression of eukaryotic proteins
that contain codons rarely used in E. coli by supplying
tRNAs for seven rare codons (AGA, AGG, AUA, CUA,
GGA, CCC, and CGG) on a compatible chloramphenicol-
resistant plasmid. The results showed that Rosetta™
2(DE3) strain is suitable for high-level expression of
SUMO-hKGF-2 fusion protein.

We also optimized expression conditions, including
IPTG concentration, temperature, and induction time, to
reach high-level soluble expression of SUMO-hKGF-2
fusion protein. As a His tag was fused at N-terminal of
SUMO-hKGF-2, one-step purification with Ni-NTA affin-
ity chromatography was used to purify fusion protein.
Moreover, since both SUMO fusion protein and SUMO
contained an N-terminal His tag, hKGF-2 could be readily
and rapidly purified from the cleaved SUMO-hKGF-2
samples by re-applying the cleaved samples to the Ni-NTA
column. Another important property of hKGF-2 expressed
by our SUMO fusion strategy is that it is biofunctional,
indicating its feasibility of further large scale production.

In summary, our studies demonstrated that fusion of
SUMO to the N-terminal of hKGF-2 enhanced expression.
Furthermore, this method also protects hKGF-2 from pro-
teolytic degradation in E. coli cells. Hexahistidine-tagged
SUMO-fusions facilitated rapid and efficient purification of
biological functional recombinant hKGF-2. These results
manifest the essentiality of SUMO-fusion proteins by
establishing a foundation for which large-scale production
of hKGF-2 could be made possible. The practicality of this
technique is very well worth considering for potential
clinical practices.
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