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Abstract: To achieve the high-value utilization of byproducts from the testes of Takifigu flavidus, we used testes of these fish as raw
material and adopted enzymatic hydrolysis technology to prepare protamine peptides (TFPPs). Process parameters were optimized based
on single-factor experiments combined with response surface methodology, and antioxidant activity and potential anti-fatigue mechanisms
were systematically investigated. Papain was selected for enzymatic hydrolysis, for which the established optimal conditions were as follows:
hydrolysis time, 4 h; temperature, 55 ‘C ; enzyme dosage, 10 000 U-g"'; and liquid-to-solid ratio, 15:1 (mL-g™"). Under these conditions, a
42.31% hydrolysis was achieved. Ultrafiltration membranes with different molecular weight cutoffs were used for fractionation and
purification, resulting in three ultrafiltration fractions. /n vitro antioxidant experiments revealed that the TFPP-1 fraction (<1 kDa)
was characterized by the strongest antioxidant activity, with ICy, values of 8.94, 12.15, and 7.58 mg-mL"" for the rates of DPPH,
hydroxyl, and superoxide anion radical scavenging, respectively. Further identification of TFPP-1 using liquid chromatography—
mass spectrometry/mass spectrometry yielded 2,085 peptide sequences. Key proteins associated with antioxidant and anti-fatigue
activities, such as kelch-like ECH-associated protein 1 (Keapl), lactate dehydrogenase (LDH), and creatine kinase (CK), were
selected as targets. Computer-aided virtual screening and molecular docking techniques were employed to examine the anti-fatigue
peptides, with the results indicating that four peptides (DD6, DK6, FR6, and FD7) were characterized by strong binding to target
proteins via hydrogen bonding and hydrophobic interactions; binding energies ranged from —9.5 to —6.7 kcal-mol ™', which are all
less than —5 kcal-mol ™. It was hypothesized that these peptides have anti-fatigue effects by regulating the Keap1/Nrf2 antioxidant
pathway, inhibiting LDH activity to reduce lactate accumulation, and modulating CK activity to optimize energy metabolism. In
conclusion, the findings of this study will provide technical support and a theoretical basis for the high-value utilization of pufferfish

testes and the development of testis-derived anti-fatigue peptides.
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1.2 LIk

12,1 HEAFlHE LR

Z K IR EP G B, RIGE H AR
JrtAE g, BRI EE T 20 COKFEMAA & H. K
6 W B AR P 4 o AR R B, R IR R K R
R, TERR TG, EREBMEAMAL, PidsH.
122 A& A7l LR % ey 4] &

P I8 — 5 VOB LU ¥ 18 4 KORD T Ak B S R 26 5 2R 7
i} SLEAT 219K 2 min, HAS AW I —E &=
EEAM A IRS), 1 mol-L" ) NaOH 8¢ HCL ¥ 15
pH {H, B T8 A8 5 & I e /K 40 B — 2
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Table 1 Parameters for enzymatic hydrolysis of Zakifiigu flavidus testis

el Bafg ks BEES A Bfit
G BE/C pH/A  /(U-gh  (mL-g') B/

ARNEGOE 55 6.5 6.0x10° 20:1 5
M By 45 80  25x10° 20:1 5
&6 B 37 20  1.0x10° 20:1 5

PREGHE 50 70 6.0x10° 20:1 5

BEEaBE 50 9.5 6.0 x 10° 20:1 5
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Table 2 Factors and levels of the response surface design
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o EAPMEAR. MEEAE. BEAE. KR
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Fig.1 Effects of different proteases on the degree of hydrolysis
of Takifugu flavidus testis
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221 A EERRTOTRER
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0] (A, BEARIEE (B). MNEEE (C) Mkt
(D), CAZKAAFE e L8, SR FH i o T v 1 2 IR 3R
P ERAGRES, 5 7E A R 3R 58 AR H XS TFPPs i
RN, e Rt T 2AE. AR
VU PR 2 =K1 e 7 TR 7 58, S B e v 5 56 I AR 7K
iR FEE DN 5 6 SR 3% 3 TR . L S e B kAT £
JC IR ENATLE b, BSLKAREE (YY) 5B R
(A). TR (B). INEEE (O, Wkt (D) Z
A R EE R, AR R
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Table 3 Experimental design and results of response surface

Y=39.76+1.70A+1.12B+0.718 2C+4.98D-1.88AB
+0.257 0AC+0.770 9AD+0.085 6BC+3.14BD+0.678 6CD
-5.34A-2.74B’-6.42C"-5.04D’

ZEAGTEH T EE#HR S L2 B R HAZH
YE X TEPPs /K i FE (R RE MR, N e 2 L2540
AT A8 EAE A A R AR L2 AR A SR R R
AR A SR

x4 EEARBFENT
Table 4 Regression model ANOVA

ERR AWE FHiA HHFZE FME PA REH

KA Ah B/C CAU-g") DimL-g') HKIEEE/%

1 -1 -1 0 0 24.95
2 1 -1 0 0 33.86
3 -1 1 0 0 33.18
4 1 1 0 0 34.55
5 0 0 -1 -1 23.44
6 0 0 1 -1 22.97
7 0 0 -1 1 32.18
8 0 0 1 1 34.42
9 -1 0 0 -1 24.39
10 1 0 0 -1 25.34
11 -1 0 0 1 31.74
12 1 0 0 1 35.77
13 0 -1 -1 0 29.07
14 0 1 -1 0 29.41
15 0 -1 1 0 31.46
16 0 1 1 0 32.15
17 -1 0 -1 0 26.67
18 1 0 -1 0 28.72
19 -1 0 1 0 27.01
20 1 0 1 0 30.09
21 0 -1 0 -1 28.90
22 0 1 0 -1 24.40
23 0 -1 0 1 33.53
24 0 1 0 1 41.59
25 0 0 0 0 39.69
26 0 0 0 0 41.40
27 0 0 0 0 39.69
28 0 0 0 0 39.34
29 0 0 0 0 38.66

ARA 864.24 14 61.73 4132 <0.0001 23
A-BRfR BT R 34.68 1 34.68 2321 0.0003 ok
B-BafidiR A 15.17 1 1517 20.16 0.006 6 ok

C-imBeZ  6.19 1 6.19 4.14  0.0612
D-i#tte 298.01 1 298.01 199.49 <0.0001  **
AB 14.20 1 1420  9.51  0.008 1 ok
AC 0.264 1 1 02641 0.176 8 0.680 5
AD 2.38 1 2.38 1.59  0.2278
BC 0.029 3 1 0.0293 0.0196 0.890 6
BD 39.51 1 39.51 2645 0.000 1 ok

CD 1.84 1 1.84 123 02855
A’ 184.62 1 184.62 123.58 <0.0001  **
B’ 48.66 1 48.66  32.57 <0.0001  **
c’? 29726 1 29726 17890 <0.0001  **
D’ 16446 1 164.46 110.09 <0.0001  **

R E 2091 14 1.49
AWA 1683 10 1.68 165 03332 X2
4R £ 4.09 4 1.02

Bt 885.15 28

R 09764 R 09527 CV.% 3.86

E e ZFMEFE, P<0.01; * £2F52F, P<0.05.

R R RN T AR R R T B AR ] (A T
IR (B). MNEFE (C). WHRE (D) 44T 5
IKAREE (ARAE YD Z AR EELM R R, RiE—B5%
TR B AT SE 1 J % DR 52 e BB, B A 7 R EAT
ZEoHT, BARGERINER 4 P, % R ENEBEE F
H941.32, P<<0.000 1, RUFZER G EE, AR
HR ST E5KREZ MK R AR BN P
EI/NT 005, FE—PUFSE TR Grit-2% B 3 1k

3 E A R P bR HE AR 81 ) R D,
Bff 72 4 AR 56 2K A FEE P 2 i e P59 38 55 4K 2 D
GREHE > A (EEFETHED >B (BEIRE ) >C (Infg
), HAOR e s A, R
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B KVE. [ AC By D& 3 AT, BRI A
SRR TR (AB). BEFRIE 5006 1
ZHAEH (BD), LAKEEARET 0 00 (AD. Hfig
REEI ORI (B Il i kI (CH. Rk
(0 YR I (DP X6 WS T 5 B R (P <<0.01) 5
C LHAWAZ HAEH (AC. BC. CD) X 7K fift & (1) 5 i
AEZE (P>0.05), X570 3R S50 N B &
o A R KR B R T A BRI 45 R — 2L

Ubah, BERRPIIUR R (P>0.05), KB
RTEAE RIS BB e 2% R°=0.976 4, 5iHH
ZA A O] R RE 97.64% 1M RLE AR S, T RE IS R
FERLT, FONME 5 S E 2 (0 B = B A o, B
% RIF W I EE 71, 25 E, R Box-Behnken
M 7 TR 56 BE T RE 2 A B, R R [l VR T
AR TR T3 T AR 5 RS S5 2 Ik AR T 2 iRk,
Nl I O T2 ST TFPPs /K il B4R 4t T 1%
LG S HOE AR
222 REMRAMT

N B WL 7S - R 18] (958 LA P 6F 7K A FEE D 5 T
U, TR REVAER, fERE e HAR 2 A
TP RIS TR, 22 DR 1 = 4k i 7 18T P
Kt R (B 2), @t s S S m LR
HE LAk 23 HT R (R (22 BN . FH P 2a ) 3D i
T P T e, TR AR S O R A S, %
R E I 56 30 1) P A7 7615 7K A8 P2k 81 g K 1) 38 HLAE
M ST, R (A RIBIEME (Ef
— 4L BAGEE B E N TERRE (B i, H
M . THT 6 T AP T 10 408 FBF P B0 P B ok, X — IR A,
TEFIE IAE EAE R A, B AR 1) %o 7K A R PO 5 i B i,
5575 22 43 M rb AR N 6] S 0 ik B AR T B ARR 1)
b3, B 2b SmgkESain TIRE, R\
6] 5 i & 2 (R A8 BAE A 2.3 (P <<0.05). Wi
T [FIRE S BUTT LU RRAE, 55 o 2R W B A ) 8] 77 17
B AR, TR 1) PR K s T
TN 7 1 R AR A 2%, BRI Eh BN . X TR
TR AR T ) S 7K BE P R ) S S5 s TN o, E P8
E T R o R A S K K B T TR PR F R
e B 2c MBI TR, RUIBEARE 5
WRNE Z I BAEAA R (P>0.05), {HMHTH
RSB R EERE, WORE T ) f T A B BE,
B AR AR 2R TR, U B BORE LU X K A B2 ) ST 5 T
RJE R T R (], 5 UORE A d B R i ]
T ISR B 2d BN R, SRk R
DA - R K el PR B AR B T, T AR R, P 7 1 1)
Ptk AR e B3, MR E R B NG
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ARG L B P [ 3G 0, KRR R Se T JE FEAIK,  HLER
i FEE AR A X K A P WA A B RS IR BE R . X R
BILEP B A AR, AR BE (R 38 5 3248
TN R R A RS . [ 2e R, SRR MY AN
BT, 4560 Z0HE R (P<0.05), FSZHEARE T
ORI AT TE R B A TR s W VBORE LG 7 1) 1D B0 € o
JEE A Al S e 7e PR T AR BE g I, T E VUK B 4
JE P 305 5 R U, U0 R RORE LG TE P 1928 ELAE FH Hh o6t
IK AR REA BE 58, 2128 FAR R P A% O TR T
B 2f (155 m 2 IR TR, 3% B NG & ARk L 1Y)
THAERAREZE (P>0.05) ; (H N ERCREE 7 5
(I BN 3 4 25 K T NG = ), e e AR AL B B
5, 3P EIIE T ORH EL X AR AR FR ST R i 5 R
e i[5

gr b =dEm NS S m Ao e R, &
TK AR FEE (9 500 558 P O N - WRORHEG (D) > iR T (1]
(A) >R (B)>MigE (C), X5 ZEM
FEAFSER—8. ERTFRZEERITH, B
(B) 5kt (D) MR BN N R, HREF
A2 AR R, %8855 Z0+ “BD
Witk % (P<0.0D) 7 MEREEME. LiRairAk
IE WAL T R 7 I8 A8 B, S — DI T
PSR A 3 ST S, e sk T2 S50
e A T B -

A: BRI / h

b

1261847 E130] 3]

32l
1161847
1061847
(4136
3

[§)

961847

C: nfht / (U-g")

861847

[32]
[30
s

2]
0]
761847, 28]

4.0 4.5 0

761847 3.0

C: st/ (U-g") A: BRI / h A: BEfRI ] /h

IKIRIE | %

50 55
A: BRI / h

D: #EHE (mL-g ") A: BRI /B



R ERBHX

Modern Food Science and Technology

2026, Vol.42, No.6

d 1261847

1161847 =
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a
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50 55
B: ML / C

Ryl
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Fig.2 Interaction response surface and contour plots
223 BAGEIE

DRy B8 AF Ve N THT ] U 455 28 f ) T 5 K R AL T
SSHI PR AAT I, T BRI (YY) 5% E
FIA ) R B AR A, R ] Design-Expert 11 %1 {4 %
g f B () CAD. BEMRIELE (B). B & (OO WE
te (D) 4 AN KBS HOEAT I . a5 R EoR,
WE R Rl T ES80y: B E 4.11 h, B
fif 5 B 55.62 'C. fn i B 10 224.09 U-g'. ¥ K} e
14.74:1, fEWSHAEGT, BTN K i FE 3w
HN 41.91% . 75 58 B S b AR 77 o A RS B A 4 A A
R, a0 B S 8T TR, RAHER
SRR ATERAE T2 SHON: BERRT[R] 4 h R AR BE 55 °C.
IR 10000 U-g 'y #okRHEE 15:1 (mL-g Do AIGIEL
WG LESHMA R IR EE, /£ BB SbR
SHOFA T AT 3 P AT B AR S5, DIAS K AR FE 24
BN 42.31%, X “BBITNME (41.91%) 7 5 “5¢
Brill & 46 (42.31%) 7 AT BRI 3R 7 Z 08, 45
RERHHELEEEESR (P>0.05), R ERH
LT B AR B A R (4 R S TR R, TR
J&i B T 8B H0nT Herfy S B B 4 1, LA S PR
Fr A .

D: WRHE (mL-g') C: it/ (U-g")

0 A A 7E T

TR B A S — P v 35 o B BRIz M S T AR
Vs M ROK R P20 00 oy R aiAk,  FoAZ O SR 3R AR 4 43
TR ZE TSI H bR R 85, 20 3R 4HF
SE Sy TR YA L 2 B Ay . 4 7 R R /N IR B
O DR 5 A R B ) 5 R e M AN T R T L B A R
AEWE . ARSI DA B AR 7 SRS S5O IR R E 9T 0)
%R, GHBEHAES TREEZER > ERE 3N RA
4%, %% W42 N TFPPs-1. TFPPs-2 Al TFPPs-3, Jf il
iT DPPH [ H12E75 R . HREHE COH) ik
LI M BEBE T EBE (0, EHREK, RGW
M RELME B 25 8 IR AL 53 (AR A e A TE 1, 25 R 3
fic. HER &, Fra KA s BRI E —ENita
tbiditE, H TFPPs %414 %f DPPH H HZE. I HH
BEAER EUT RS E EH AR (075 B 2R A B R i o B IR FE Y
Fhmm R E G, SRR RIE - AR EAE SR R
(P<0.05). ZFOP TR, Z4R40)5 1 GCP
BA AW RS LA S M AR T RIS B R
FHEAE AR AR

U 57 AL S PUAATEYE B VAR OC, A3 PR
AL PR AR RE &, TE BRI & E B, SRk A A
DA SR AR 77, IS 2 M E S R R L 55 1R
FARY . s ga o R B, R A KT DU Nrf2/Keapl 15
5 P AE OC B SRR AR LAR SE AR, AT G2 R
55 5 Lin 5P % B ik AT LAyl /b S8 Ak B, i O
AMPK I HO-1 $2FHiZEhii 75 W 02500 R Bl 44
kT IR R I (AMPKD. %
A BEAR G TS 32K 9- 3OS R T 1-a (PGC-1a)
FE PR S B B 55 BAE L, JF$R7R Nrf2/Keapl-ARE
WRIEFA o

= ol &H oM ANEE I E R K,
TFPPs-1 45 456 PrA IS TR B 0 T A AN
JEL oy FOHRE (P<<0.05), H.Xf DPPH H %, #&3
H HH AR B B B R R EOE B T SR IC,
2399 8.94 mg-mL™, 12.15 mg-mL™" 1 7.58 mg-mL",
IRIEINA F AR bt 4 3EF ) B DPPH 75 B
R AC) /T 10 mg-mL " I, A] )58 14 5 B A e
MRS AE,  F I R] L TEPPs-1 26 53 B 24 7 1
PrE LB Fy. Chi ZPVR B, AR 65 & 4 fh il A
VIR IE 2 B 0 7 p R4y &/ T 1 kDa BIIKBOGS
DPPH H HE MG W& @ T 0 TR E R4
g IXA]BEAE BTN TR B R A () A5 A BE R A )
TN, AMUBEH E IR 2 R AT,
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AT B i BE AR A AT, NI 55 B &R AR
AL 5 IR BB B ], (A R AR A O BE AR
SEMARTEEYI R, BRI H BB B 25 R e
BRAh, T2 5 I AR A 5 T K 4 T R AN
AP CR B i DPPH [ 3 AR I (5 el 3 0
BRR N S Bl oy b e s A REP R T R B
S FFUE/ANT 1 kDa fIKT 10 kDa (9% AE fafi A ALK
oy BA BRI PUAMIE T, /N R B i PR AR
A NRM . 25 LR, 456 5SS md A
RN 3R, B 20 7€ 16 5% TFPPs-1 45 AT )5
B (A% OV TENT B
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Fig.3 Antioxidant activity of the fractions after ultrafiltration
2.4 TFPPs-141 -5 R T 21 Y A 40 15 8.5 AT
KR 3 - B ECRHE (Liquid Chromatography

66

-Tandem Mass Spectrometry, LC-MS/MS) 3 R %} TFPPs-1
oy AT R AL P FIR I, FEEE1S 3 2 085 K 4r 57
PERRRE 510 o Ik B B 0 A R AR 0 A s, L A2 24k
HAE 3~10 SR TR R0 Bl N, 1K B X 1] Ik Bt
S Gl AR YR BRI, s R I AR R
Y. EILERA A M4 R, 1E S E Ak 51
SE M (Leucine, Leu). F==& R (Isoleucine, Ile).
47 A BZ (Valine, Val). K & & R (Aspartic Acid,
Asp) WIHIAZR m, Hd, Leu. Ilev Val fEN
B AR, SVERERB N EZRY, HAERKE
HENREE . FREshE 557 7 BAHFEH: &
i EBR KPR I o5 LU, U K MR, A
PUEMNIE T RS B IR b s, ALY
72 5B AN ) RARBUAEAL R, AT DAIR] B R HUR 551
Asp W BEE I 175 40 i N FAIE SR, RV IR TS
Bt H BK (Glutathione, GSH) 7K>F, #1153 ML A& i
AAEE ST, HERNSEAN T LR KX
BRI B RE R A GUK RIS B EAE
R E BAERRYIE HIW IR B 71, Bk S B R AH Ry
fE#R 7, TFPPs-1 275 (1) Ik 51 ] e [R] s 2 & B
57 SRS E TR DR .

NRGYZIE B AR S A Vs 7, R Z
YA AE B T HET R AT 40 7, 8 7 26 il
M~ & Peptide Ranker X T 4 5€ IK 7 51 24T A 1035
PEVESY, i bn dE B A IFE I >0.5 GZBE AT
NN AE AR P s VERR TR R I D, RZORBRF S
I 2~9AARs FI kP HI A s F BIRTHIESS B
LEVEYEIE 7 91 5 NAE 28 T E Innovagen Peptide Property
Calculator, X H 7K PERFAEHEAT BUI, 25 R 2o H A5
RRECIS B RUFHKIEYE, N5 SR SME I IE & i
AT RIEHE T AT AT A HE . FIH ToxinPred 7E £k 3K £
X E 5 PR R AT B P OO, 45 R W OR BT KB
TR PE S . AR E L Allergylab 7 & 347 B o
B, UESE HFRIEBOA H & B, b O EE T AR
RTIRENE S (42 41« fif B Expasy ProtParam .5
X P E T I TR 23 1 o B B A v AT T AR, AR
WSHEERINEK S s, RIEE B Ak T2
RS % B B A IKBR AL A T  T AR A
75 (Simplified Molecular-Input Line-Entry System,
SMILES) %3, [f£2% AdmetSAR 7£2k &40, X3
NN EW S (Human Intestinal Absorption, HIA ). Ifil
Ji%i 5Ef# (Blood-Brain Barrier, BBB) ZFiFEfE /1. i fh
% P450 (Cytochrome P450, CYP) [ 1E K 2tk
HAR# P (Acute Oral Toxicity) HEAT T, HAKZAR
N1 B IR IR 6 B
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Table 5 The allergenicity, toxicity and physicochemical properties of peptides

TREF 3 T R RLB B/ KR o E P 2F%/Da A
APDPNRMF 0.94 12.50 FEK o2 5.88 947.08 T HR
DHFLFD 0.80 50.00 FK p/o-2 4.20 792.85 T HR
DHKFDL 0.59 50.00 FK o3 521 773.84 AR
DWHFSK 0.74 16.67 FK por-2 6.74 818.89 T HR
FDEFFR 0.93 16.67 FEK poE-2 437 859.94 FETHR
FDFHPVD 0.65 42.86 FEK poE-2 4.20 875.94 I THR
FLFDKPV 0.65 42.86 FEK po-2 5.84 865.03 FETHR
GGDDSENTF 0.75 44.44 FEK xS 3.56 858.94 FTHR
IFRPDNF 0.79 28.57 FEK oS 5.84 908.02 ETHR
LIDDHFL 0.63 71.43 FEK Pt 4.20 871.99 FTHR

* 6 SR, &7, KRift, HettfnSH
Table 6 Peptide ADMET (Absorption, Distribution, Metabolism, Excretion, Toxicity)

B JF 71| BBB HIA CYP450 2C9 CYP450 2D6 CYP450 3A4 o R
APDPNRMF 0.99- 0.68+ 0.85 0.90 0.97 (1) 0.58
DHFLFD 0.84- 0.80+ 0.88 0.93 0.87 (1) 0.65
DHKFDL 0.92- 0.75+ 0.91 0.95 0.96 (1) 0.66
DWHFSK 0.77- 0.62+ 0.87 0.88 0.88 (1) 0.66
FDEFFR 0.57+ 0.72- 0.90 0.88 0.83 (1) 0.60
FDFHPVD 0.996~ 0.57+ 0.83 0.95 0.75 (1) 0.70
FLFDKPV 0.995- 0.65+ 0.89 0.93 0.77 (1) 0.65
GGDDSFENTF 0.89- 0.63+ 0.94 0.84 0.80 (1) 0.67
IFRPDNF 0.99- 0.82+ 0.82 0.90 0.79 (1) 0.60
LIDDHFL 0.87- 0.80+ 0.90 0.94 0.79 (1) 0.62

s2: (1) BBB+, Tm=Tdit, THLE M T PARMPZ %% ; BBB-, Tl Rapidid, “TaAA 80 T8 & FARSIVER . (2) HIA+, T
BB AF, THEES TR 2 HIA-, TR R R, THEES REFALRERLHER, (3) RIBELE EPA t947E, F
3% (1) &3 LDy 5K F 500 mg-kg' 42/ F 5000 mgkg ' 49454,

FREZHEEFEEDMEREINER, 2HER T
TFPPs-1 4153 F1 JIK 7 5 ) &5 M RRAIE & FE DI RE f 22 42
P, N JE SR X YRR I m v AR KB T ARSI
HE 36 UL S HE B L AE Th e 14 B i B PRfA & 40038 1 B2 FH $2
LT EEFR S,
25 T

TFPPs-1£05 7% P Ik 5 $eA7 8 @ 69 o F 3T A
3T XA E TSN B 259 ¥ 15 R $OL 0 a2k A
WIAZODEAR, RERE BN T EC AR 5 R AR B
175 (A 25 G A =0 S A TAE F RE, = U e R AR F= 4
BA AR RS SRR, NG SR A D) Re i

251

ISR AR HE R Rk o TR . fE TR U, &
AR LERHERCR (RPBUER/N), RN FRAE
BIBR R 125 (8] 3265 i JOME EAE FH s P b v, LT Ak
e EAYINIRE R . BT IR RS B 1 45 A Y
AR ) 4 RIETETE VERK, a1 4 BT : DHFLFD
(DD6). DWHFSK (DK6). FDEFFR (FR6)
F1 FDFHPVD (FD7). DK6 fll FD7 551t fif Sk A A
MWkl , HE i AR BIOPEP ¥ =", Wik
M Z LR P B A R I, R IR 2R A A 43 T8 2 Th e 1k
Zlk. 75 Keapl (PUéa i H ). LDH (f8
B 5% ML) & CK (LA RE A B me)
PR B ATUIE 55 HH O (1 S B BEAR 2R (1 HEAT 2 T X 2 40
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Mro RHELEREIR: 4 %G Keapl EEH S &
AT -9.5~-9.0 kecal-mol ' 2] ; 5 LDH & AM4: 4
AT -8.8~-6.7 keal-mol ' 2 [A]; 5 CK & H 45 &
T ~8.0~7.4 kcal'-mol ' Z ], #E/RIX 4 &KBIBES
bR R R AR g5 A, BRI TE R R A Y
.

APDPNRMF
DHFLFD
DHKFDL
DWHFSK
FDEFFR
FDFHPVD
FLFDKPV
GGDDSFNTF
IFRPDNF
LIDDHFL

Keapl LDH CK
fbrEEA
B 4 5 FIRESRERN
Fig.4 Molecular docking binding energy heatmap

PO R PT T 22 AL ] 470 ) 2 LA ) SR A 2
W, Horh Keapl/Nrf2 {5 5 18 B8 2 LA HR A8 S AL 452 05
% 0o 7 10388 % —— 1B AR BRAS T, Nif2 5 Keapl
GG IR T RIEIRES o HUASZ B E AL RLEOR BN
Keapl # % KA 04, Nrf2 it 55 5 it N0 A%, J5 3l
U E Y B RE 2 IDE o A S T AL
Bk, MR SR LA A RE M R, TR
JIK5 Keapl FHMZE & RE) LA G, PPl T
AAGIE T G R AR . TETEAR S Keapl &5 E 2014
g G A WK 5 frox, DD6 JIkfg# 5 Keapl &
P17 1 67 AT B R 7k S Ser555. Ser508. Arg483.
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Argd15. Gly362. Ser363. Asndl4. Asn382 £ il &
BEAH B E . 5 Tyr525. Phe577. Tyr572. Ala556
TE B KM BAE A ;s [R5 Ser363 i ik i & AH H.AF
M — B s g AR et (K 5a) 5 DK6 ik g i 58
&S Keapl 3iF AL 551 Val604. LeuS57. I1e559.
Argdl5. Ser555. GIn530. Argd83 45 & : 8 i &
KA HAE 5 Phe577. 454 i i A A0 HAE
H 5 Gly558 JE il % 4 f2 2 /E F (& 5b) 5 FR6 fE
% 5 Keapl 3F M 7 £ Y 1le416. Leu365. Ser555.
Arg415. Argd83. GIn530 & i A B AH E/EH, 5
Ala556 J¥ B s K A1 B AE s 5 Leu557. Gly509.
Gly462 Wi i i S A EAEH 45 & (B S5¢) ; FD7 #g
% 5 Keapl ¥ 1% 7 &5 B GIn530. Ser555. Argdls.
Asn414. Ser363 J¥ h & # A1 B /E Hl: 5 Ala556.
Tyr525. Tyr334. Phe577. Tyr572 &R /K AH EAF H ;
[i) i 3 o AR S ELAE S Arg380 £5 4, #E— b UL
SEWREr: (8 5.

Uk 4k, it Keapl B A 5 05 4 K 0 3R T 45 &
B (B S g, iEMEIK T Re s 4 kN Keapl
HAPEEAL, —HTFNENRE RS, THE
RALRE, D IE T SRS B . A
FRMY, BiKEAEER Z4EFF Keapl-Nrf2 E &M 4 &
FIAZ O AVER J1oRIE, R0 & Keapl 25 AW D8R H)
Tyr334. Arg380. Arg415. Argd483. Asn382. Tyr525
A Tyrs572 2552, HS 5 5EAA S T M5 KH
HERARABES. XuZYWM AR, EHEEE
1R BE 0 1 R b5 KEAPL 2 (A 136 AL s AR B4R,
Z 0% AT AT R G Bk FE Arg415. Phe478. Arg4d83.
Phe577. Tyr572. Tyr334. Tyr525 4l . DD6. DK6.
FR6. FD7 ZiE MK RE 5 1 Id S5 ik 5 T2 j A 7 1
FHEAER, #F— PR H A& % Keapl/Nif2 5
Tl B E AR A R AR BT TE YR )

Interactions

= Conventional Hydrogen Bond = Pi-Pi T-shaped
= Carbon Hydrogen Bond = Pi-Alkyl

= Pi-Pi Stacked
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Interactions

= Conventional Hydrogen Bond = Pi-Pi T-shaped
= Carbon Hydrogen Bond =Pi-Alkyl

= Unfavorable Donor-Donor

= Conventional Hydrogen Bond = Alkyl
= Carbon Hydrogen Bond

Interactions

= Conventional Hydrogen Bond = Pj-Pi T-shaped
= Carbon Hydrogen Bond = Pi-Alkyl

= Pi-Pi Stacked

54 &iE MRS 515 Keap1 ( PDB ID:4IQK ) iE& AL R E(ERAA 3D 2D #X E
Fig.5 3D and 2D mode maps of the four active peptides interacting with the active site of Keap1 (PDB ID: 41QK)

252 TFPPs-14A5 % MK 5LDHE & 94 F & A
IR B A AT

LR I S B A D I A AR T 08 A2 1) O B B T g
HoAZ 0o D RE A& A T R RO S LR, A1 Pl SR I i
Jlg g — A% FHEE (NADH) 4L A NAD™Y, 4H| ik
b F v R R IS B BB ECIRAS I, LDH i T R S B
HARENNAL P RERR, J1KNIA pH E TP
Wi R RS, A FEUR T u, HIHE LDH &
P2 T IE PO 57 1 M 43 1 B LA A

Bk g EOR, i — P 43 i DD6. DKe6.

FR6. FD7 % 4 Z%i& Ik 5 LDH A4 &80, W
6 FT7n, 4 2% 7% P K 1 6 A% vk # 17) LDH & A (135
PEOAS X, S, S B A s K AE AR
RN A BEAE T Sda e E &Y, RARE A RAE
1N : DD6 ks 5 LDH 8 [ i P A7 o5 2 3 1R ik
Argl72. Arg259. Arg270. Asnl65. Argl70. Ser238
o & 8 A EAE ;5 Prol83. Alal69. Tyrl73.
Ala252. 11e242. Asp259 JE B KAH EAEH ;. FIW 5
Ser256 il I B EAH ILAE R G e (B 6a) ; DK6
Jik A8 15 5 LDH & 1175 P4 47 55 10 20 5 1R 7% J: Ser238.
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Argl70. Asp259. Asnl65. Met258 & RS BEAH HAF T ;
LBEY lysd43. Tyrl73. Alal69. Leu255 ki /K AHH B
PER, J8 I B K M SRR IR I B 1) A 46 g it — B IR
HEMEER (E 6b) ; FR6 IKAERS 5 LDH & [ i &4
g5 A 1 YA AN Ser238. Argl70. Asnl65. Arg270-.
Val271 ; 5 Argl72. Prol83. Alal69. Leu255 JEii
KA EAER, HANS Ser256 2 Rl b EAH HLAF FH 3t —
BT T di et (B 6c) ;s FD7 kAt 5 LDH &
A& % R % 2 Asnl65. Argl70. Arg270. Argl72
TERE BN ; 5 Alal69. Leu255. Prol83
B AKAE FAE R, 30 o e i TRk 0 5 P b 7K HE AR
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Fig.6 3D and 2D mode maps of the four active peptides interacting with the active site of LDH (PDB ID:7EPM)
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Fig.7 3D and 2D mode maps of the four active peptides interacting with the active site of CK(PDB ID:3B6R)
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