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ZE: &M A(reactive oxygen species, ROS)ZXME T XM B EFIMERANETEZNFHEZ
—. WA PRH K S-4£4% B4 (glutathione S-transferase, GST). #8 &L 35 LB 1 (superoxide dismutase 1,
SOD 1) A3 I IR AM) A% 44 Bk &40 BACEE 7T A A& AT ROS i . ¥ 2 I BMBES—F 5 AR & B &4
B-2/9 &4 X PR A IS IEIK RO @265, 13369 kb1 8L B GST-SOD1-X-R9 (GS1XR)#5JEH N AT 7
00 B8 A TN, i RIAT EF e fed brdr. R, FEAIR GST &9 R T aeEA Sa Rtk
R, HffkiX—FR, KAFRAR L EBAMES AR GST AR ERESIK, ATEAR
GST AR e9%4, #tmk X fesbil T # A 35K &L A ALEE GSIR #= GSIXR. &, vA GSI A af
B&, 4E#H A GSIR A= GSIXR 3t Hy0, 3% 569 L-02 i BALR15 69 PR P46 A . 3h 4 R R0, HH A
GS1XR #) GST tbiE M 5 ik 3T & @ R — 2, 12 SOD teiEMA AT 5. 200 pmol/L H,0, 7T 42 % i
EHE T -4 4m it 2-48 X B T 2 (nuclear factor-erythroid 2-related factor 2, Nrf2)id #%, &K, 24 h &%
ERLREG, FHMRE ) T ZE 48.4%. GSIR F= GSIXR T iR IL A ROS, kM 8 b5i1s

FRE N2 AMIMFERAABI, @i EHh WA ZEFKTE, EAERPEREL. 482
T, RZ AL A6 GSTALELF RSN ROS, R¥FMRA MR, 2 LA, 2R3 A sk oL 8ALBs 12
Ap ROS A49 7 0 L BALH MG 7 & ¥ BRI RATOY L AT, RBRR A H A8 XAR R 09 2 —
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Abstract: Reactive oxygen species (ROS) are major contributors to radiation therapy-induced
side effects in cancer patients. A fusion antioxidant enzyme comprising glutathione
S-transferase (GST), superoxide dismutase 1 (SODI1), and a transmembrane peptide has been
shown to effectively mitigate ROS-induced damage. To enhance its targeting capability, the
fusion protein was further modified by incorporating a matrix metalloproteinase-2/9 substrate
peptide (X) and the transmembrane peptide R9, yielding the antioxidant enzyme
GST-SOD1-X-R9 (GS1XR). This modification reduced its transmembrane ability in tumor
cells, thereby selectively protecting normal cells from oxidative stress. However, the use of
non-human GST poses potential immunogenicity risks. In this study, we employed seamless
cloning technology to construct an expression vector containing the human GST gene to replace
the non-human GST gene, and then expressed and purified novel fusion antioxidant enzymes
GSIR and GS1XR. The protective effects of newly constructed GSIR and GS1XR against
hydrogen peroxide (H202)-induced oxidative damage in L-02 cells were then evaluated using
GS1 as a control. Enzymatic activity assays revealed that the specific activity of GST in GS1XR
remained unchanged compared to the unmodified protein, while SOD activity was enhanced.
Exposure to 200 umol/L H2O: transiently activated the nuclear factor-erythroid 2-related factor
2 (Nrf2) pathway; however, this activation diminished after 24 h, reducing cell viability to
48.4%. Both GSIR and GSIXR effectively scavenged intracellular ROS, directly counteracting
oxidative stress and promoting Nrf2 nuclear translocation, thereby activating antioxidant pathways
and restoring cell viability to normal levels. The two enzymes showed comparable efficacy. In
contrast, GS1, lacking transmembrane capability, was restricted to scavenging extracellular ROS
and provided only limited protection. In conclusion, both novel fusion antioxidant enzymes
demonstrated significant potential in safeguarding normal cells from ROS-mediated oxidative
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damage. The findings provide a foundation for further investigation in related field.
Keywords: fusion antioxidant enzymes; hydrogen peroxide (H202); hepatocyte; oxidative damage

154 % (reactive oxygen species, ROS)Z 4
JRL PN 7 HE B e T PR AR P B, A R AR R T
(02 7). 1 A Ak & (H200) Fll 72 3 H /H 2& (-OH)
%5, ROS TEZRMIETE . T M E AL IR )i Fa s
RAFEEAEH, (Hid i ROS SRR, 51k
AL B, DTS B 2 Rl B (0 I A R
WAL ARZIRAT IR G A AN UR YT
Il PR 5 Y MRy 7k 22— o L B e A B T
HIEEHT DNA S0+, REUrFWiRisy
Sk, Rl oK o> AR A2 ROS, [H]
FUGE ARy T IR R AALNLI . O
R X SR TG Re L m Edmat, HS 3%
DNA #5111 2 30% 1 EIEAE ISR, M2 70%
BRI A SP . Wi, ETriEsn
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o RARVUEMFMGELER C. 4R E. K
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BEE, [FEHR R AR A TE D R
FH, RbG B IR 05T A AL BEFE R T IE H 40 i
BZH 2R R B AT 45 0 O TR TR SR Bt A Ak
g FIBTOR ARV TIOON, Be Ak, il G 3T A A A 2
BT —dra b, R0, o TEERE=
PR, ER 0 AT IR A AL B BE 8 AR
i, A —E R RIER . R, DR i
) FH 22 50 e 240 I A R I 46 T A 11 i -2/9
(matrix metalloproteinase-2/9, MMP-2/9)J% 71 it)4F
P, IS AT B MMP-2/9 Z4fiRAY X KU1 B
HREPERE TSI Y RO BEFEAR . Cu/Zn-#E S8 AL PIE AL,
fif(Cu/Zn-superoxide dismutase, Cu/Zn-SOD, X F{
SOD1) 5 & It H JIk S- # % B (glutathione
S-transferases, GST), #J# T GST-SODI1-R9
(GSIR)!'"IF1 GST-SOD1-X-R9 (GS1XR)!Igh &
PrEALEE, FFUESE GSIXR 7E s 4 i v i 5
BERE T S 4 MMP-2/9 1EPES fAHSEMT, H
X TE R S A 1 R 2 L 5L AR B 4 O

SR, BUA RGP b BORL B A Y AR
N GST A AT B 5 | & G It S g o Sy fidf e
XA, AW IR GST i [ Ak
W) GST BRI, HA T 20 Ak B vy 1 28 185
A Bl A LEF GSIR Il GSIXR, %F ROS
FORHT 51 A& B M O ) SR R, T Ho O,
J& ROS MyULRIUER, AWFTEE T Ho0x 9 3
A AN RS, LIS T i B v ROS 51 &
P, HE TR B 2 ol 2L Al AP A Ll
X H20, IR BT RO, LA
b — 22 IS FIG R AL SR 2%

i R

1.1 B, paR EER 5
pGEX4TI-SIR/S1XR ki, pET30a(+)-G Jii
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¥ . pGL4.37[4xARE-miniP-Fluc2P/SV40-Rluc]
kL. KIBFFE DHSa. KGFFE BL21(DE3)
BRA S B R AF s N IE B JH-20 B L-02 28 i bk
FH A A e s e 2 Bk PR ORI & A
Qiagen /> A ; Phanta Max Super-Fidelity DNA
R4 . ClonExpress® Ultra One Step Cloning
Kit fll Duo-Lite Luciferase Assay System &7 &
WA H R L ME R A D B R A BR A E 5 Tag
fig)l) H TaKaRa /A H]; DNA marker i H RIRA:
R LA RA R IR R KX IPTG 1
FAETAY TR BROARA R SOD A
GST 1 Sy & 0 8 r st itk ) LA E
FEHT; 30% HoO, W H [E 2545 Ak 2= 1200 A BR 2
F 5 WE I % (methylthiazolyldiphenyl-tetrazolium
bromide, MTT) Ml 2,7- ~ @A %K — LR TR
(2',7"-dichlorodihydrofluorescein diacetate, DCFH-
DA}l [ Sigma-Aldrich /A ] ; &4 DMEM .
RPMI-1640, 1007 5 5 /B8 R G410
. H1 marker Al ECL fh2fk ey H
ThermoFisher Scientific 23] ; 0.25%f# i EDTA
VAW A E R A R BB A A R ]
BCA f FI B E 1500 & . RIPA SR A 24 i
8 B S R A PR R & X B R
BRAEVFEARGIRA ] A T-LL400 2-HHC
[Al 2 (nuclear factor-erythroid 2-related factor 2,
Nrf2)fl Lamin B1 S salEhiikle B R =84
Y ARG R /A ] ; Lipofectamine 3000 1 HRP 45
ICHEYTR 1gG ZHi(H+L)IG H Invitrogen 2%
w3 FHL marker W EHEHERGAE P BE 25 RHECATBR
O8] s BUT HEXT AR U (tert-Butylhydroquinone,
tBHQ) Ff MCE A ],
1.2 ZHAEIEST

L-02 4 fE7E & A 10%J16 /- L3 . 100 U/mL
T 55 2 M 100 pg/mL 4575 R 1) RPMI-1640 K+
SRR
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1.3 HEREMENENMESRIE

M GenBank HPEFifIFRAS AN GST FYFER ¥4
CE 5. NM_000852.4))5, MR KHF# ik
B AR - L S - R T Ak, R A A
Ui GST F Bz(630 bp)H4fi A pET30a(+)Zk & LA
G EESSUUE

BtsIER 1), 25ILk pGEXA4TI-SIR,
pGEX4T1-S1XR & pET30a(+)-G Ji ki AR,
i# ik Phanta Max Super-Fidelity DNA & fiff
PCR 4734, WeWikss H 2R 7 B SIR.
SIXR DA AR B2, il ClonExpress® Ultra
One Step Cloning Kit il 1 TG 4% va B H AR 7 511K
SIR F1 SIXR B A Bl 28] pET30a(+)-G
Ak, 183 pET30a(+)-GSIR F1 pET30a(+)-
GS1XR 5 41 Jiohr J5 43 i H HL A% Ak 28w B TR R OK
WAkT A DHSa JEEZ 4. Bk A RIS
RPUMEM A TE RS, LW T PCR RF(T7 &
T7T 519))5 $& BUSTR T .

W I - 45 SR L A 1) FE 2 R B Ak R AT
W R IAF M BL21(DE3)ERZ ST . $iIESC
BR[LSTAO AT IPTG RS, 40 I 3308 5 784
EHiEALTE GSIR FIl GSIXR, 4 M [R]FE 1y )7 vk
HE15 5] pET30a(+)-GS1 T4 Tk #i5 GS1 1
Xt R .

5 A N & DNA I A= T4
Yy T AR (W) IRy A BR A w7
=1 XARFASIY
Table 1  Primers used in this study

Primer name Primer sequence (5'—3")

pET30a-G-F TCCCTGAAAATACAGGTTTTCCTGTTT
ACC

pET30a-G-R AAGCTTTGAGCGGCCG

S1R/S1XR-F CTGTATTTTCAGGGAGCTACCAAAGC

TGTTTGCGTTC

S1R/S1XR-R GGCCGCTCAAAGCTTTCAGTCAGTCA
CGATGCGG

T7 TAATACGACTCACTATAGGG

T7T TGCTAGTTATTGCTCAGCGG
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1.4 #HEMEMEILEEREWL

Fie BESCRR[ 151 89 77 125 43 30l 2 Ak B il 5 e
AACEE, JEUEfT R uEHe4E E . A SDS-
PAGE (12.5%) %@ HrF & 54i%F, AR5
BCA il &WE &AW E, L SOD #l GST i
I8 5 0 5 Al Ak J5 A 1 #Y SOD M GST i ) .
1.5 ZHRaIE SN

DL 1x10% A /FL A 25 K X0 2504 4 A L-02 4
MuseFh ) 96 FLAR , FEALBE S AFAT, WBERE
24 ho XTANMGEATAC BRI , R A0 SR,
i MTT Y 4 h, 28551 DMSO #&% 10 min,
KBRS AL 570 nm ZbAYWEOGE, 2
MRS (D)4 B T

YHMLE T1(%) =

L4 ODME — = 1 410DME 100 (1)

Xf i ZHODME — 7% 4 41 OD1E.

AL FE T

(1) H0x 455250 . 42 AN RV HL0,
A3 24 h 5, RIS A4k

(2) 7 ALl A T A Ak T A TS ) Y 52
Wl . SR 3 MRS T 240 5, K
W& 717484k

(3) MBI A P AL BT HaO0 #5145 5250
NS 0.75 mgmL 1Y 3 FESEARE
3h, A H0, 408 24 h 5, KTE f1754k
1.6 ROS &N

DL Sx10% AL 2 EEHE L-02 AHHa o $d K
WNFEFI S 24 LM, B4 3 AL, MhRER:
F%24 he AMEALERS, I PBSTEWE 1 K. RIGH
fLINA 5 pmol/L i) DCFH-DA 54, 1ERDEEM
TH¥HE 30 min, PBS ¥HYE3 K, MIA 250 pL 3¢
R RN, 2% S5, =T 1200 t/min 2
O 2 min, BBV k2 0068 B bR
(Bio-Tek 24 vl )X FEASE G i 47 7 A
[ BCA a5 & e AE A BV 1 3

Z&: 010-64807509

SRy T AR A ) 2R P U B 25 S S50 25 R R
e, R AR AR DA (0 9 't 5 32 o3k L X iz Fy
BT RCA pg i), MRS bR 2R
JEME A TR 825007 o

At A 3y T

(1) Hy0, 1537742 ROS 528 . 24 A ]
W HaOo AbBE 2.5 h i, K2 s i Ax 1k .

(2) BrAsELG B E ARG B Ha00 15 %k
1) ROS 5555 : 455 0.75 mg/mL 58 H
WEE 3 h, BlJG A H02 403 2.5 h i, A=t
S AR
1.7 ARE-Nrf2 & 8MiK

T 15 K G E Bf(firefly luciferase, Fluc)
I 986 2 Bfi(renilla luciferase, Rluc) B4R &
FE R R GG HaO0 X L-02 211 i Nrf2 5 % 114 52
Wi, SERAIRUNT - K5 L-02 40 A 6 #i Ak K 400)
DL Ix10* AL R 2 96 LR, A4 3 4>
SEATFL, MEEERRFE 24 h, i Lipofectamine
3000 ¥ pGL4.37[4x ARE-miniP-Fluc2P/SV40-Rluc]
FRI G Y N YR BE SR 24 h, A RILOR
[ HoO0 AL FRANG 24 h, =LA 200 pmol/L
H,O, (BRI ], SEB045 )5, $4H8 Duo-Lite
Luciferase Assay System if il & ) E2/E 1 BH K6
M HAMME Flue 3% 71, IFLL Rlue {&PEXT Flue
A AR AL
1.8 Western blotting &

11t Western blotting (WB)All L-02 4 fitd
B Nef2 2 i, PR B A b AL T
25 HO, AbFHIR) L-02 4 Nref2 S B% A0 . 5000
LR . BOTEAERIA L-02 4HHELL 3x10°4~/4L
WA 6 fLbk, H4 3 VAT, MEERE
24 h, 4I5S 0.75 mg/mL (1) 3 RS & S
3 ha¥ 50 pmol/L tBHQ 4L P 24 h, FH 200 pmol/L
HOo 2B 24 h, SRIEWSFANMERGFRIK, PBS 1HUE
3, MMAPBS HHEHI TN, #5.0:(1 200 t/min,
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Z i, 5min), WEEANMETTIE. L RIPA Z#HK
ZAMEARAEL, DL MOAZ B S A0 R AR 4k
ME A pEn S5%ER, B BCA
G R R L KR B A R A (T AL
20 pg Ze47) kAT SDS-PAGE -4 [l 2 il i 21 4k
b, 7 TBST BEHM P 5%/ NS H5H £ H4]
1 h, FEERES 515 1:1 000 FikH Nrf2 5%
Lamin B1 Hi{A T 4 °CiFF 7%, IF/H TBST ¥k
W3, B, BIES HT(1:5 000 FE)
S H 2 h 5 1 TBST e 31k, &/, fiI/H ECL
it B &kt W AE £ T RE 1R R 4t (Carestream
Health A ®)H B IFAM, A Image) FAF:
Xif 2T Y 5 BE R AT € B 40 #, JFLL Lamin B1
HAThRIELL
1.9 BEXEBESHIUTFESH
Fr A B8 Y meantSEM £ n, K
Microsoft Excel 365 F1 GraphPad Prism {4 it
B BBy . S R 3 AT, £
HB G Z B By 2 F ST 7R one-way
ANOVA i, DL P<0.05 £/n2ZmA 5817 Lo
A bp M 1 2 3 bp
10 000
7000

4 000
3 000

2000

5865

1 000

1 #FHERamELENEE
Figure 1

2 ERS594

2.1 FEREMEHENLE

43 3ILL pGEX4T1-SIR, pGEX4T1-S1XR LK%
pET30a(+)-G TR B, il = - B DNA R4
fig PCR 414 K i Il 545 H i 5L Be SIR
(537 bp). SIXR (555 bp)A Kz AHEZES 865 bp),
BRI R VKA I 5 FU R h—30 (& 1A). &4k
RT3 pET30a(+)-GS1R Fl pET30a(+)-GS1XR
H 20 TR 3 0 5 AL R AT DHSa J5, PRIBUR
VR AT T PCR %7€ (18 1B), £ 1 297 bp F
1 315 bp i & mDREEHI o — 5547, H -5
F/N—8, PCR % IEHRTRZ5S DNA Il
ST HI5E e —30, UFH SIR & SIXR #EHE
2 INE A pET30a(+)-G #if&, pET30a(+)-GSIR
1 pET30a(+)-GS1XR HE4H kit sh, LI
5 A A B BE AR 1 BURL pET30a(+)-GS 1,
22 #FHBRESMEAEBHRESE

¥ pET30a(+)-GS1 . pET30a(+)-GS1R Fi
pET30a(+)-GS1XR Jit #4351 % 1k 2= K #F v
BL21(DE3)", #&HESCHR[15]/) 7, R IPTG

B
bp M 1 2 bp

3000
2 000

(R dvS)

1 000
750

500

Construction of the novel fusion antioxidant enzymes. A: PCR amplification results of the target

gene and vector. Lane M: DNA marker; Lane 1: SOD1-R9; Lane 2: SOD1-X-R9; Lane 3: pET30a(+)-G
vector. B: Colony PCR results of the fusion antioxidant enzyme recombinant strains. Lane M: DNA marker;

Lane 1: GS1R; Lane 2: GS1XR.
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VR RIBIT, WO T A T30 A 75 R B A
Bl E A GST SEFUZ T4 Bl 4lifb 3 Fhog 1
PUEALRE, S5RAanE 2 Bin, 3 M TR
28 41 kDa, ZBETIE TCIH %6 F-80 °Cli
fEfi o 3 Fhyi & (LB SOD L& 43 5l
(3 371.7£121.7) U/mg. (3 487.7+460.4) U/mg Fil
(3 990.5+103.2) U/mg, GST HIHE42r51M(322.8+
11.4) U/mg. (373.7+4.6) U/mg F1(382.0+2.3) U/mg.,
2.3 H:0: %t L-02 {RRESE TR SN

WK 3 F s, HaOn % L-02 21 3% 7 i

kDa M 1 2 3

250 —
150 —

100 —

70 —
50 —
40 —
35

25 —

15 —
10 —

B2 #HEmMSMANLBHALER

Figure 2 Purification results of the novel fusion
antioxidant enzymes. Lane M: Protein Marker; Lane
1: GS1; Lane 2: GS1R; Lane 3: GS1XR.

120 —

100

80

60

40

Cell viability (%)

20

| | |
0 200 400 600 800
Dose (umol/L)

3 H:0: % L-02 4AAf15E 1R %20
Figure 3 Effect of H,O, on the viability of L-02
cells. n=5.
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FEEE 5 IEAH DG . £E 0-200 umol/L HI 7T
BN, L-02 4G Iy bl HoO0 7713 35 ik
WA 40%7Z5 47, 7E 200800 pumol/L [ &3
RPN, L-02 4HMIE J) T B R, & dn i
TG JIHAR TR
2.4 H,0:F[iH% L-02 4R ROS FAE

DCFH-DA i VE & DGR EAE y—Fh 4 4k
NEAE /R, FTLLE gl A0, 2F A 40
J 2 A M PN Y TR K A R 27,7 - R A Ok
%(2’,7’—dichlorodihydroﬂuorescein, DCFH), &
ZEERETIRE T A AE M . AN ROS AT LLUAE
DCFH 4 A %61 2/, 7'- A5 %, Hodk
5 55 ROS M it E L o

mE 4 Fras, 5ER% H,0, 4-HE )40 i AH
b, HoO, AbFHAT SEAMIA ROS 7 it A [ 2
FEHBIE AN, 7E 0-200 pmol/L ¥ HoO, ¥k J3 3t [l
N, ZABRANAY I ROS KF-5 H0, #k ¥
SIEAIZE, 200 pmol/L AY H.0, 4l il ROS
KB T 107.9% (P<0.01). 4 H,0, ¥
FEMLE 200 pmol/L B, 28 A0 3 240 itg %) JfL 4
ROS 7KF-Hg A T B

ok

[

ok

= 400 — ] o
2 l |
2 %
Q‘
86 300 -
g
5 T
& __
I
% 200
E .
8
=
8 100 +
5]
1)
=
23
0

0 50 100 200 400 800
Dose (umol/L)

4 HO0, LEXTHAAEA ROS & 2N

Figure 4 Effect of H>O, treatment on intracellular

ROS levels. n=3. **: P<0.01.
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2.5 H20: %t L-02 4HBE S AL B R A 520

Nrf2 & —FiE ]+, BRI ZFiiiA
LArAE- Tl iR SN R T =R A N W [
Mo B, TEEALRIHARIETS , Nef2 B0E
AR, BJESHUEA IR G 3 XA B4R
Ak )2 v TG4 (antioxidant response element, ARE)
G54, PEFFIX SRR B A sk, DT S 5 240 )
PraAbae U7, AR B SER) R A 2 A R A i
FEIR kL pGL4.37[4x ARE-miniP-Fluc2P/SV40-
Rluc], AL T 404 Nrf2-ARE
BRSO . I BORAL S i 41 ARE JTfF
Al /N 8 F (miniP) 8K 30 19 = i 45 2 A Fluc,
DL SV40 Ja 3l F 3K 3l P 2 218 Rluc.,

iR 5A s, H5RE H,0, AbFEZ
(0 umol/L ZH)HHEL, 50 umol/L AY H,O, fiiAb
Xt 40 M Fluc/Rlue o {H 3 A % H 52 W
100 umol/L 5% 200 pumol/L {4 HoO, FitAb B4 AT fifi
40 Ml Fluc/Rlue M fH & % JF & 29 42.0%
(P<0.05). 418 5B fr~, 200 umol/L H,O, X
L-02 4 i iy 75 A B 4 e 25 52 i 32 Ak 34 440 iy
Fluc/Rluc HAH . HARZ H0, 4EFE41(0 h 4H)HH
Fo, H.0, ZbHE 6 h A] 4 Fluc/Rluc HLAE T+
105.7%; AbFE 12 h AJ {40 Fluc/Rluc HE K
W#E FTF718.7% (P<0.000 1), #Xifi, Bz Ha0,
Qb PR R] A AR 22 B, 4R Flue/Rluc FL{ETFIR
g [l 9%, S0 12 h AXFH, ABFE 24 h ZH AN
36 h 4400l Fluc/ Rluc HAEAM I & FFET
50.5% (P<0.01)H1 73.7% (P<0.001).
2.6 FERESMELEAEI L-02 4
RaEH

=R A G P E LB XT L-02 S )
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Figure 5 Effect of H,O, on ARE-luciferase enzyme
activity in L-02 cells. A: Effects of different doses of
H,O, after 24 h; B: Effects of 200 umol/L H,O, at
different time durations. n=3. *: P<0.05; **:
P<0.01; ***: P<0.001; ****: P<0.000 1.
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Figure 9 Effect of the novel fusion antioxidant

enzymes on Nrf2 nuclear translocation in
H>0s-mediated L-02 cells.
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