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Abstract: Antioxidant enzymes fused with cell-penetrating peptides could enter cells and protect cells from
irradiation damage. However, the unselective transmembrane ability of cell-penetrating peptide may also
bring antioxidant enzymes into tumor cells, thus protecting tumor cells and consequently reducing the
efficacy of radiotherapy. There are active matrix metalloproteinase (MMP)-2 or MMP-9 in most tumor
cellular microenvironments. Therefore, a fusion protein containing an MMP-2/9 cleavable substrate peptide
X, a cell-penetrating peptide R9, a glutathione S-transferase (GST), and a human Cu, Zn superoxide
dismutase (SODI1), was designed and named GST-SODI1-X-R9. In the tumor microenvironment,
GST-SOD1-X-R9 would lose its cell-penetrating peptide and could not enter tumor cells due to the cleavage
of substrate X by active MMP-2/9, thereby achieving selected entering normal cells. The complete
nucleotide sequence of SOD1-X-R9 was synthesized and inserted into the prokaryotic expression vector
pGEX-4T-1. The pGEX4T-1-SOD1-X-R9 recombinant plasmid was obtained, and soluble expression of the
fusion protein was achieved. GST-SOD1-X-R9 was purified by ammonium sulfate precipitation and GST
affinity chromatography. The molecular weight of the fusion protein was approximately 47 kDa, consistent
with the theoretical value. The SOD and GST activities were 2 954 U/mg and 328 U/mg, respectively.
Stability test suggested that almost no change in either SOD activity or GST activity of GST-SOD1-X-R9
was observed under physiological conditions. The fusion protein could be partially digested by collagenase

IV in solution. Subsequently, the effect of MMP-2/9 activity on transmembrane ability of the fusion protein
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was tested using 2D and 3D cultured HepG2 cells. Little extracellular MMP-2 activity of HepG2 cells was
observed under 2D culture condition. While under the 3D culture model, the size and the MMP-2 activity of

the HepG2 tumor spheroid increased daily. GST-SOD1-R9 proteins showed the same transmembrane
efficiency in 2D cultured HepG2 cells, but the transmembrane efficiency of GST-SOD1-X-R9 in 3D cultured
HepG2 spheres was reduced remarkably. This study provided a basis for further investigating the selectively

protective effect of GST-SOD1-X-R9 against oxidative damage in normal cells.

Keywords: antioxidant enzyme; MMP-2/9 sensitive; cell permeable; expression in Escherichia coli;

purification; stability

Redundant reactive oxygen species (ROS)
encompass oxygen free radicals, and non-radical
oxidants can cause lipid peroxidation, DNA
damage, and protein denaturation, potentially
inducing pathology. The primary and most
abundant ROS is the superoxide anion radical,
with a comparatively high oxidative capacity. The
enzyme superoxide dismutase (SOD, EC 1.15.1.1)
alternately catalyzes the dismutation of the
superoxide (O, ) radicals into molecular oxygen
and hydrogen peroxide (H,O,). Then, the H,O, is
enzymatically converted by catalase and
glutathione peroxidase into molecular oxygen and
H,0. In mammals, three SOD isoforms are found
in living cells, including CuZn-SOD (SOD1) in
the cytosol'’, Mn-SOD (SOD2) in the
mitochondrial matrix'¥, and EC-SOD (SOD3) in
the extracellular space™. As the only natural
enzymes that eliminate superoxide anions, SODs
play a critical role in cellular defenses against
oxidative damage!*!. However, it is less effective
against intracellular ROS, as it is too large to
enter cells freely.

The HIV-1 Tat protein transduction domain,
TAT (YGRKKRRQRRR), was shown to carry
large molecules, such as full-length proteins,
across cellular membranes in both in vitro and in
vivo models?® !, Previously, we constructed a
cell membrane permeable SOD with the fusion of
hCuZn-SOD (SOD1) and the cell-penetrating
peptide TAT. The fusion protein SOD1-TAT was
purified and crystallized, proving effective in
preventing and treating the damage caused by
single-dose UVB radiation on guinea pig
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skinst!'13

I and radiation-induced lung injury in
mice!'. As superoxide anion radicals are not the
only ROS that can cause oxidative damage, we
constructed a bifunctional antioxidant enzyme by
fusing glutathione S-transferase (GST), SODI,
and TAT, namely, GST-TAT-SODI1. GST is an
antioxidant enzyme that links toxic compounds
with glutathione (GSH), thus forming less
reactive compounds. In addition, the GST fusion
could enhance the expression of soluble
bifunctional antioxidant enzymes and simplify its
purification. The bifunctional antioxidant enzyme
has a better radioprotective effect than that of
SODI1-TAT in vitro!'. It was safe and provided
good protection in mice exposed to whole-body
jonizing irradiation"'®’. Then, we enhanced the
transduction efficiency of the bifunctional
antioxidant enzyme by replacing the TAT peptide
with a more efficient TAT derivative R9, a
polyarginine with nine arginines, and named the
resulting fusion protein GST-SOD1-R9!'7,
Although the bifunctional antioxidant
enzyme can enter cells freely, its application in
cancer therapy 1is limited because of the
non-selective transmembrane effect of TAT or the
RO peptide!™. Therefore, we further improved the
bifunctional antioxidant enzyme according to the
characteristics of the tumor microenvironment.
Matrix metalloproteinases (MMPs) are proteases
that hydrolyze components of the extracellular
matrix. MMP-2, or MMP-9, or both, is expressed
or overexpressed in almost all types of tumors
and thus are a marker of malignancy!'”). Tsien’s
group proposed an MMP-2/9 cleavable linker
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peptide X (PLGLAG) and constructed activatable
cell-penetrating peptides (ACPPs) containing an
anionic peptide domain (D9), the linker peptide X,
and the cell permeating peptide R9 for
tumor-specific delivery of cargo. The ACPPs
have been successfully used as molecular imaging
probes in tumor detection and intraoperative
guidance!?"?.

Since the linker peptide X is recognized and
hydrolyzed by MMP-2/9, we weakened the tumor
cell-permeable ability of GST-SODI-R9 by
modifying the protein with an insert of the linker
peptide X before R9 and named this construct
GST-SOD1-X-R9. Here we report the
construction and expression of the
multifunctional antioxidant enzyme, GST-SOD1-
X-R9. Additionally, we report the purification,
stability, cell permeability and enzymatic-
triggered cleavage of GST-SODI1-X-R9 to gain
basic knowledge for the use of the fusion protein
in future studies and applications.

novel

1 Materials and methods

1.1 Materials

Escherichia coli (E. coli) DH5a competent
cells and B27 were purchased from Invitrogen
(Carlsbad, CA). The E. coli expression strain,
BL21 (DE3), was purchased from Novagen (now
EMD Millipore, Billerica, MA). The pGEX-4T-1
plasmid was purchased from GE Healthcare
(USA). All restriction enzymes were purchased
from Promega (USA). A GST affinity
chromatography resin was purchased from Sangon
Biotech (Shanghai, China). The SOD and GST
reagent kits were purchased from Nanjing
Jiancheng Bioengineering (Jiangsu, China).
Micro BCA™ Protein Assay Kit was purchased
(USA). FITC,
collagenase IV, aminophenylmercuric acetate
(APMA), and gelatin were purchased from Sigma
(USA). DMEM and fetal bovine serum (FBS)
were purchased from HyClone (USA) and PAN
(Germany), respectively. Antibiotic-antimycotic
and DME/F12 were purchased from Life

from  Thermo Scientific
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Technologies (USA). All other chemicals were of
analytical purity. The Human hepatocellular
carcinoma HepG2 was received from the
Shanghai Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences (SIBCB,
CAS, China). bFGF and EGF were purchased
from PeproTech (USA). Matrigel matrix was
purchased from BD Biosciences (San Jose, CA,
USA).
1.2 Methods
1.2.1 Synthesis of the SOD1-X-R9 gene

The nucleotide sequence of human SODI
(GenBank: X02317.1), fused with the MMPs
cleavable linker peptide X (PLGLAG) and the R9
cell-penetrating peptides (RRRRRRRRR), was
synthesized by Sangon Biotech (Shanghai, China)
according to the preferred codon usage of E. coli
to increase the final protein expression yield.
1.2.2 Construction of the prokaryotic expression
vector pGEX-4T-1-SOD1-X-R9

Double restriction endonuclease digestion
using ECOR I and Xho [ was performed on the
pGEX-4T-1 expression vector and the target gene
followed by digested product purification using a
QIAquick Gel Extraction kit (Qiagen, Germany).
The plasmid and digested target fragment were
ligated at 16 °C for 4 h with T4 DNA ligase
(Promega, USA) and transformed into an E. coli
(DHS5a) bacterial strain by heat shock at 42 °C for
60 s. The colonies grown on agar plates were
selected and seeded separately in fresh culture
tubes. Then, single clones from each transformation
were incubated with shaking (220 r/min) at 37 °C
overnight. Subsequently, plasmid purification
was performed using a QIAprep Spin Miniprep
kit (Qiagen, Germany). The resulting plasmid,
pGEX-4T-1-SOD1-X-R9, was verified by both
EcoR [ and Xho I double restriction endonuclease
digestions and subsequent sequencing (Sangon,
China).
1.2.3 Expression of GST-SOD1-X-R9

The recombinant plasmid was transformed
into E. coli strain BL21(DE3) to express
GST-SOD1-X-R9. Cells were cultured in LB
medium supplemented with 50 mg/mL ampicillin
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at 37 °C at 200 r/min When the ODg, of the culture
reached a value of 0.6-0.8, CuSO, and ZnSO, were
added at a final concentration of 0.5 mmol/L
and 0.1 mmol/L, respectively. Then, isopropyl
B-D-1-thiogalactopyranoside (IPTG) was added to
a final concentration of 0.2 mmol/L to induce
protein expression. Different induction conditions,
including induction times from 0-12 h and
temperatures from 16-37 °C, were conducted to
optimize the heterologous protein expression in
E. coli.

After induction, the recombinant protein
expression was terminated by centrifuging the
solution at 10 000 r/min at 4 °C for 5 min to
collect the cells. Then, the harvested cells were
resuspended in phosphate-buffered saline (PBS)
and lysed by ultrasonication (VC-750, Sonic
Solutions Co., USA), and the lysate was
centrifuged at 12 000 r/min, at 4 °C for 20 min.
The supernatant of the lysate and unlysed cells
were analyzed by 12.5% SDS-polyacrylamide gel
electrophoresis (PAGE).

1.2.4 Purification using affinity chromatography

Bacteria were washed in PBS and lysed in
buffer A (10 mmol/L Na,HPO,, 1.8 mmol/L
KH,POy4, 2.7 mmol/L KCI, pH 7.3) using a cell
disrupter (VC-750, Sonic Solutions Co., USA).
The supernatant (crude extract) was collected
after centrifugation of the lysate for 20 min at
12 000 r/min in a HITACHI RX series himac
CF15RX rotor at 4 °C. The supernatant containing
GST-SOD1-X-R9 was precipitated by incubation
with 56.1 g ammonium sulfate per 100 mL at
4 °C. For purification of GST-SOD1-X-R9, the
precipitate was resuspended in 20 mmol/L PBS,
pH 7.4, and purified by a GST affinity
chromatography resin  according to the
manufacturer’s instructions. After binding and
washing, the bound protein was eluted with
50 mmol/L Tris-HC1 containing 0.01 mol/L
glutathione, pH 8.0. The concentration of the
purified protein was determined by a BCA™
protein assay kit using BSA as a standard protein.
The SOD activity and GST activity of the purified
protein were assayed with SOD and GST reagent

: 010-64807509

kits, respectively.The purity of proteins was
analyzed by Image J software (NIH, Bethesda,
MD, USA) using a stained SDS-PAGE.
1.2.5 pH stability

The protein solution was aliquoted and
adjusted to different pH values using a series of
buffers (buffer contained 6.008 g citric acid,
3.893 g KH,PO,, 1.769 g boric acid, and 5.266 g
barbitone per liter and was titrated with 0.2 mol/L
NaOH from pH 4 to pH 9) at 4 °C for 30 min.
Then, the samples were brought back to room
temperature (25 °C) before use. Their residual
SOD activity and GST activity were subsequently
determined by the SOD and GST reagent Kkits,
respectively.
1.2.6 Thermal stability

The protein solution was aliquoted and
incubated at different temperatures (25-80 °C) in
20 mmol/L PB (0.02 mol/L phosphate buffer pH
7.0) for 30 min. Then, they were cooled to room
temperature (25 °C) before use. The residual SOD
activity and GST activity were determined by the
SOD and GST reagent kits, respectively.
1.2.7 Enzymatic-triggered cleavage of GST-
SOD1-X-R9 by MMPs

To analyze the enzymatic cleavage of the
MMP-2/9 sensitive linker peptide X, GST-SOD1-
X-R9 cleavage was studied in the presence of
collagenase IV (1.0 mg/mL). Firstly, 50 uL
collagenase IV was activated with 10 upL APMA
solution (10 mmol/L) for 1 h at 37 °C. Then,
50 uL GST-SOD1-X-R9 (1.2 mg/mL) was mixed
with an equivalent volume of PBS or activated
collagenase IV and incubated at 37 °C for 3 h.
The aliquots were subsequently analyzed using
12.5% SDS-PAGE.
1.2.8 MMP-2 activity of HepG2 cells in 2D or
3D culture

HepG2 cells were pre-cultured in DMEM
supplemented with 10% FBS and 1% antibiotic-
antimycotic at 37 °C in a CO,; incubator for 24 h.
After pre-culture, 100 pL of HepG2 cell
suspension (1.0x10* cells/mL) was applied to a
24-well flat-bottom plate (Corning, USA) for 2D
culture for 24 h. Three-dimensional spheroid cells

B<: cjb@im.ac.cn



ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

were cultured in ultra-low attachment 24-well
flat-bottom plates (Corning, USA) in DMEM/F12
supplemented with 20 ng/mL epidermal growth
factor, 20 ng/mL basic fibroblast growth factor,
2% B27, 2% Matrigel, and 1% antibiotic-
antimycotic. The cell concentration was the same
as that in the 2D culture and the cells were
cultured at 37 °C in a CO; incubator for 1-7 days.
The formation of HepG2 spheroid in 3D cultures
was monitored using the inverted microscope
(Axio Observer Al, Carl Zeiss, Germany).

The activity of MMP-9 and MMP-2 was
assessed by gelatin zymography. The 2D or 3D
culture supernatants of HepG2 cells without
serum from each sample were mixed with loading
buffer and subjected to SDS-PAGE containing
0.1% gelatin. Then gels were stained with
Coomasie brilliant blue R-250.

1.2.9 Translocation of GST-SOD1-X-R9 in vitro

The fusion proteins were labeled using
fluorescein isothiocyanate (FITC), according to
the method of our previous work!"’, The 2D or
3D cultured HepG2 cells were washed by PBS
3 times and incubated with 400 puL 0.25 mg/mL
fusion proteins for 3 h, subsequently. Then, the
cells were washed by PBS for 5 times and lysed
by cell lysis buffer (0.5% Triton X-100 and 0.1%
SDS). Finally, accumulation of the fluorescence
intensity in HepG2 cells was detected by a
Synergy H4 Hybrid Multi-Mode Microplate
Reader (BioTek Instruments, Winooski, VT, USA)
and used to confirm the cell-penetrating ability of
the fusion protein as described in ref. [15].
Following the manufacturer’s directions, the
protein was determined by a BCA™ protein assay
kit. The fluorescence intensity was corrected for
background signal, normalized for protein content,
and expressed as the fluorescence/mg of protein
to normalized fluorescence per cell.

1.2.10 Statistical analyses

Statistical analysis of all data was performed
using Excel or prism. The results are reported as
means+SD. The P values were determined using
the Student Two-tailed t-test, and P<0.05 was
considered statistically significant.

http://journals.im.ac.cn/cjben

2 Results and discussion

2.1 Construction of the expression vector

The polypeptide sequence was optimized
according to E. coli codon usage and the
oligonucleotide was synthesized by Sangon
Biotech (China). Then, the synthesized target
DNA fragment was ligated into the pGEX-4T-1
vector to construct the expression vector
pGEX-4T-1-SOD1-X-R9 (Figure 1). The newly
generated plasmid was then digested with the
restriction endonucleases, ECOR I and Xho 1.
Gel electrophoresis (Figure 2) showed the cleavage
by ECOR [ and Xho I generated a target fragment
consistent with the size of the expected gene
fragment (510 bp). The endonuclease cleavage
fragment was verified by sequencing, and the
sequencing results were consistent with the
SOD1-X-R9 sequence, indicating the successful
construction of the expression vector.
2.2 Expression of the GST-SOD1-X-R9
recombinant protein

After transforming the pGEX-4T-1-SODI-
X-R9 construct into E. coli BL21(DE3), protein
expression was induced by IPTG. To improve the

EcoR | Xho 1

GBT roremmnznnnes GAATTC- SOD1-X-R9-CTCGAG

pGEX4T-1-SODI1-X-R9

1 pGEX-4T-1-SOD1-X-R9 Z R KA AR
EE

Figure 1  Schematic map of the recombinant
expression vector pGEX-4T-1-SOD1-X-R9. The
SOD1-X-R9 gene was cloned into pGEX-4T-1
using EcoR [ and Xho I
materials and methods.

sites as described in the
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Figure 2 Gel electrophoresis of the recombinant
plasmid following EcoR I and Xho I double

enzymatic digestion. M: marker; 1: pGEX4T-1-
SOD1-X-R9; 2: double digested fragment.

expression of the soluble recombinant
GST-SOD1-X-R9, we investigated the effects of
various parameters, such as induction time and
growth temperatures.

Optimal incubation time can vary depending
on the target protein and the choice of the
expression system. To establish an optimum

A Introduction time (h)

kDa MO 1 2456789101112
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18.4 — .-
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induction time for GST-SOD1-X-R9 expression,
aliquots of induced cultures were taken at regular
intervals  post-induction and analyzed by
SDS-PAGE. As shown in Figure 3, the expression
of GST-SODI1-X-R9 increased with induction
time, and the soluble expression of GST-SODI-
X-R9 reached the highest at 6 h.

To identify an ideal expression temperature
for GST-SODI1-X-R9, an initial culture of
GST-SOD1-X-R9 expressing cells was divided
into five aliquots immediately after induction and
grown for a further 6 h at 16 °C, 20 °C, 25 °C,
30 °C, and 37 °C. SDS-PAGE analysis (Figure 4)
showed that all these temperatures suited
GST-SOD1-X-R9 expression. Nevertheless, 25 °C
was the best temperature for soluble GST-SOD1-
X-R9 production, as the expression of GST-
SOD1-X-R9 was the highest at this temperature.
Induction with 0.2 mmol/L IPTG at 25 °C for 6 h
resulted in the most abundant expression of
soluble protein.

2.3 Purification and identification of the
GST-SOD1-X-R9 recombinant protein

After identifying the optimal conditions for
expression of the fusion protein, these conditions
were employed for growing larger cultures of the
recombinant strain. As is shown in Figure 5 and
Table 1, the fusion protein was purified by
ammonium sulfate precipitation and subsequent

Introduction time (h)

kDa M012456789101112
116.0 — -

662——
45.0 —.
35.0 — -
25.0 —==—=

3 FREIFESAIET GST-SOD1-X-R9 FikHI SDS-PAGE 43 #f
Figure 3 SDS-PAGE of GST-SOD1-X-R9 expression with different induction time. (A) Total protein. (B)
Soluble fractions. M: protein weight marker; «—: GST-SOD1-X-R9.
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Figure 4 SDS-PAGE of GST-SOD1-X-R9 expression under different induction temperature. (A) Total
protein. (B) Soluble fractions. M: protein weight marker; «: GST-SOD1-X-R9.

GST affinity chromatography. SDS-PAGE revealed
that the size of the purified protein was 47 kDa,
which almost matched its predicted size of 46 kDa
(Figure 5), with about 95% purity. After ultrafiltration
and dialysis, the final SOD activity and GST
activity of the purified protein were 2 954 U/mg and
328 U/mg, respectively. According to the correct

kDa M.l 2 3 45 6 % 9

5 GST-SOD1-X-R9 Fi&ERMLAK

Figure 5 Purification of the GST-SOD1-X-R9
fusion protein. 1: crude extract; 2: precipitation of
crude extract with 80% ammonium sulfate; 3:
flow-through of GST affinity chromatography resin;
4-9: elutions of GST affinity chromatography resin;
M: protein marker; «—: GST-SOD1-X-R9.
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molecular weight and the special antioxidant
activity, the purified fusion protein was confirmed
to be GST-SODI1-X-R9. The SOD and GST
activities of GST-SODI1-X-R9 were higher than
those of GST-SODI1-R9 with a SOD activity of
2 388 U/mg and GST activity of 227 U/mg"""). The
higher antioxidant activities of GST-SOD1-X-R9
may be due to the additionally inserted X linker
peptide, which reduced the adverse effect of the
R9 peptide in the structure of GST-SODI1.
2.4 pH stability

The pH stability of the antioxidant activities
of GST-SODI1-X-R9 was determined by
performing an assay in a series of buffers with
intervals of 1 pH unit at 4 °C for 30 min, as
shown in Figure 6. Results revealed that the
antioxidant activities of GST-SOD1-X-R9 were
stable between pH 5.0 and 9.0 and best stable at
pH 7.0. At that pH, 100% of the antioxidant
activities was retained. While at low pH (pH<5.0),
the antioxidant activities were reduced rapidly.

Compared with GST-SODI1-R9!"7! the
antioxidant activities of GST-SOD1-X-R9 were
stable at a more comprehensive pH range.
Moreover, the residual enzyme activity of the
latter was higher than that of the former under
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%1 GST-SOD1-X-R9 EH4ai{kLER

Table I Summary of the purification process of GST-SOD1-X-R9 protein

Steps Total  Total SOD Specific SOD SOD Total GST Specific GST GST Purity
protein activity activity yield (%) activity activity yield (%)
(mg) (units) (units/mg) (units) (units/mg) (%)

Crude extract 336 198 303 589 100 24 950 74 100 31

80% Ammonium sulfate 201 147 233 733 74 19 337 97 77 35

GST column (elutions) 72 83 623 1162 42 11955 166 48 95

From 5.37 g (wet weight) of cell pellet collected from 900 mL of bacterial culture.

alkaline conditions. The enhancement of the pH
stability of GST-SOD1-X-R9 may be due to the
addition of the X linker peptide.
2.5 Thermal stability

The thermal stability of GST-SODI1-X-R9
were analyzed after pre-incubation of GST-SODI1-
X-R9 at different temperatures (25-80 °C) for
30 min. As shown in Figure 7, the GST activity of
the fusion protein was stable between 25 °C and
50 °C. The activity reduced at incubation temperatures
higher than 50 °C, and was almost zero after 30 min
incubation at 80 °C. These results indicated that
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Figure 6  Effect of pH on the stability of
GST-SOD1-X-R9. The purified protein was
aliquoted in buffers adjusted to different pH values
and incubated at 4 °C for 30 min. After incubation,
the samples were brought back to room temperature
(25 °C), and relative reagent kits determined the
remaining activities. Data are XtS from three
replications.
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the GST activity of the fusion protein exhibited
moderate thermal stability. The SOD activity
decreased slowly with increased temperature until
60 °C, and dropped rapidly at temperatures higher
than 60 °C, and only less than 10% of the activity
remained at 80 °C.

Compared with GST-SOD1-R9!"", the residual
SOD activity of GST-SOD1-X-R9 was slightly
lower at incubation temperatures between 25 °C
and 50 °C. Higher residual SOD activity of the
latter was observed at temperatures exceeding
50 °C. Unlike SOD activity, the residual GST
activity of GST-SOD1-X-R9 was slightly higher
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=
> 80
2
S 60
=
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Figure 7 Effect of temperature on the stability of
GST-SOD1-X-R9. The purified protein was
aliquoted and incubated at 25-80 °C for 30 min.
After incubation, the samples were cooled to room
temperature (25 °C), and the remaining activities
was determined by relevant reagent kits. Data are
Xts from three replications.
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than that of GST-SODI-R9!'" at incubation
temperatures between 25 °C and 50 °C. The two
fusion proteins shared the same trends at higher
thermal treatment temperatures. These results hint
at the complicated effect of the X linker peptide
on the fusion protein structure.
2.6 Enzymatic-triggered cleavage of GST-
SOD1-X-R9

GST-SOD1-X-R9 contains an MMP-2/9-
sensitive linker peptide X. Subsequently, the
triggered cleavage study was performed through
an enzymatic digestion experiment for 3 h, and
the results are shown in Figure 8. GST-SODI1-
X-R9 had no change when simply mixed with
PBS (lane 3) or incubated in PBS at 37 °C for 3 h
(lane 4) without activated collagenase IV. In
contrast, the reduction in the molecular weight of
GST-SOD1-X-R9 was observed in lane 5 when
the fusion protein was incubated with activated
collagenase IV at 37 °C for 3 h. The result of lane
5 reflected partial degradation of the fusion
protein which partly proved that MMP-2/9 could
cleave GST-SOD1-X-R9.

kDa M 1 2 3 4 5
116.0 —
66.2 — - -
45.0 — = B Sew
35.0 — - ! - -
250— == SR W=

=
18.4—:.’ -

8 GST-SODI1-X-R9 HIEGE 7K i

Figure 8§ Enzymatic-triggered cleavage of
GST-SOD1-X-R9. M: protein marker; 1:
Inactivated collagenase IV; 2: Activated collagenase
IV; 3: GST-SODI1-X-R9 mixed with PBS; 4:
GST-SOD1-X-R9 incubated in PBS at 37 °C for 3 h;
5: GST-SODI-X-R9 incubated with activated
collagenase IV at 37 °C for 3 h; «: enzymatic
hydrolysate of GST-SOD1-X-R9.
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The components of collagenase IV were not
only MMP-2/9, which may influence it to act as
purified MMP-2/9. The in vitro enzymatic-
triggered cleavage may not reflect the real state of
the fusion protein in the tumor microenvironment.
Therefore, a hepatoma carcinoma cell-expressed
low level of MMP-2, HepG2, was selected to
further examine whether the transduction of
GST-SOD1-X-R9 is sensitive to the MMP-2
activity of the tumor microenvironment.

2.7 MMP-2 activity of HepG2 cells in 2D
or 3D cultures

As shown in Figure 9, there was no MMP-9
activity but little MMP-2 activity in 2D culture
medium of HepG2 (Figure 9A). However, when

the HepG2 cells were cultured in a 3D culture
condition, they were suspensible in the medium
as single-cell suspension on the 1st day and began
to assemble into tumor spheroid on the 3rd day.
The size of HepG2 tumorspheres was increased
gradually with the culture time (Figure 9C).
Consequently, the MMP-2 activity of HepG2
spheroid was progressively increased with the
culture time (Figure 9B).
2.8 Translocation of recombination protein
GST-SOD1-X-R9Y in vitro

To estimate the MMP-2/9 sensitive transduction
of GST-SOD1-X-R9, three fusion proteins were
labeled with FITC, respectively, internalized into
cultured cells, and quantified by a fluorescence
microplate reader. As shown in Figure 10,
compared with untreated cells, the fluorescence
intensity of GST-SODI treated cells did not
considerably increase after incubation for 3 h, both
in 2D or 3D cultures. GST-SOD1-R9 and GST-
SOD1-X-R9 can enter 2D cultured HepG2 cells
efficiently without significant difference. Two
fusion proteins showed a marked differentiation
in 3D cultured HepG2 spheroid cells. GST-
SOD1-R9 translocated into the HepG2 spheroid
cells as efficiently as the 2D cultured cells
(P<0.000 1) did. However, the 3D cell-permeability
of GST-SOD1-X-R9 remarkably decreased
compared with that of GST-SOD1-R9 (P<0.000 1).
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Figure 9 The MMP-2 activity of HepG2 cells in 2D (A) or 3D (B) cultures and the formation of tumor

spheroid (C).
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Figure 10 Translocation of the GST-SOD1-X-R9 fusion protein in 2D (A) or 3D (B) cultured HepG?2 cells.
The bars indicate the X*S. (n=3, compared with Untr group, ***: P<0.001, ****: P<0.000 1; compared

with GS1 group, ####: P<0.000 1).

This indicated the increased MMP-2 activity of
3D cultured tumor spheroid cells effectively
weakened the 3D  cell-permeability  of
GST-SOD1-X-R9.

GST-SOD-X-R9 can enter normal cells
freely due to the transduction activities of the R9
peptide. However, GST-SOD-X-R9 would lose
the cell-permeating ability in the tumor
microenvironment as the R9 peptide was lost with
the cleavage of linker peptide X by MMP-2/9
excreted from tumor cells. As a marker of

: 010-64807509

malignancy, MMP-2/9 is essential for tumor

growth and overexpressed in almost all types of
[23]

tumors, including skin melanoma*”, lung
carcinomal®,  ovarian  carcinoma®!, brain
neoplasms®®, and breast carcinoma®”. Some

tumor cells seem to have less expression of
MMP-2/9, such as HepG2. In contrast, they
increased their MMP-2/9 expression during
forming tumor spheroid. Hence, as expected,
GST-SOD-X-R9 will be hard to permeate the
solid tumors. The selective cell-permeating
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ability and bifunctional antioxidant activity of
GST-SOD-X-R9 make it a potentially promising
protector as an adjuvant to radiotherapy or
chemotherapy for tumor treatment.

3 Conclusion

In summary, we have expressed the soluble
GST-SOD1-X-R9 fusion protein. Optimized
expression conditions can enhance the expression
quantity of the fusion protein. The fusion protein
was purified by GST affinity chromatography and
identified based on SDS-PAGE and antioxidant
activity analysis. The purified fusion protein was
stable under physiological conditions. Finally, the
GST-SOD1-X-R9 fusion protein can be cleaved
by MMPs, it had good cell-permeability in 2D
cultured cells, but poor cell-permeability in 3D
cultured tumor cells expressed MMP-2. The
present work lays the foundation for the future
application of GST-SOD1-X-R9 to be an adjuvant
of radiotherapy or chemotherapy for tumor
treatment.
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