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 E: A2 A& ARiLd %8 %K (White kidney bean polypeptides, WKBPs) &9 75 ik 947 AR SN L A AL &
MW, AEBUaEe&aNBA, KR HE O EF IR HE AR & WKBPs, i@id ¥ R & fevh o &K e
HERBEIZLAHK, AN L ALRARFMTSTRESH, AARERRTHEHGZEHRBITHRS
#H, MERBASGRANEN, sFEERIFASHTRAMEL-FREFKA (LC-MS/MS) A&, FA| K B L i
., ST HBERRESFTHAFEDETIKRBOBERENEHE, R ET: H-BWEEH & WKBPs R1ELZ
BB A REBERE 370 °C, KBERE 48.0 h, A& 5.0%, & T4 DPPH A & A A% E A 76.12%+0.36%, %
MRAF EH 17.59%+0.16%; WKBPs ¥ 3K A LB, AEALARABEALRLSEHEKSG, »5H 21.932%.
11.331% #7 20.583%; #axtHFREHH £ 2 E P& 3kDa AT, ABIEL R % Mw<3 kDa #9285 B A BI4F 69 H &
&t (DPPH A @1 A A% E, ABTS'a A FmERzadAAnE) , AFWHKE (IC) B MA
0.307. 0.310 #2 0.361 mg/mL; &4 A s (FRAP) £ 1 mg/mL #9K & T T VAL %] 0.66+0.0018 mmol Fe*'/g; id
iF B 0% AR LC-MS/MS % % 89 6364 &0k 5 7] b 138 3 £ AN Sk (FGWGP, FGHPEW # FGPYF) , #F
St R AW RGBT A RRAKBEERS L Keapl £46H mAa g 69 £ 64, A3 Keapl-Nrf2 i 54 X 4%
REANRER: 2T HFHEMEY, FGWGP. FGHPEW #= FGPYF T A 5 Keapl % FLLH mAA L M H. KE
AL HROWRAET A Z 2 RANK T B R RER KA F R IZH KL,
KB OF 2 LK, B-BER, BIE, RAAEE, 5Tt
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Abstract: In this study, white kidney bean protein was utilized as a primary material to produce antioxidant peptides
through a combined approach involving Bacillus subtilis fermentation and neutral protease treatment. The optimal
processing conditions for peptide production were determined using single-factor experiments and response surface
methodology, and the amino acid composition and the molecular weight distribution of the peptides were analyzed.
Ultrafiltration was employed to isolate specific peptide fractions, and their antioxidant properties were assessed. The most
promising antioxidant peptides were identified through liquid chromatography-tandem mass spectrometry (LC-MS/MS).
Further investigation into the peptide's potential antioxidative properties was conducted through virtual screening, molecular
docking, and molecular dynamics simulation. Results indicated that the ideal conditions for peptide formation were a
fermentation temperature of 37.0 °C, a fermentation period of 48.0 h, and an inoculum level of 5.0%. Under these
conditions, the DPPH radical scavenging ability reached 76.12%+0.36%, and the peptide yield was 17.59%+0.16%. In
WKBPs, the content of hydrophobic, basic, and acidic amino acids was relatively high, at 21.932%, 11.331%, and 20.583%
respectively. The molecular weight distribution was predominantly below 3 kDa, and ultrafiltration showed that peptides
with molecular weights under 3 kDa exhibited substantial antioxidant activity, as indicated by their DPPH, ABTS", and
hydroxyl radical scavenging rates, with ICy, values of 0.307, 0.310, and 0.361 mg/mL, respectively. The total antioxidant
capacity was measured at 0.66+0.0018 mmol Fe?'/g at a concentration of 1 mg/mL. Among the 6364 peptide sequences
analyzed, three active pentapeptides (FGWGP, FGHPEW and FGPYF) were identified, each forming a stable complex with
Keap1 protein through hydrogen bonds and hydrophobic interactions. Molecular dynamics simulations indicated that these
peptides could bind tightly to Keapl, forming stable conformations. This study provides both a technical guide and a
theoretical foundation for further exploration and development of white kidney bean proteins and antioxidant peptide-based

products.
Key words: white kidney bean polypeptide; bacteria-enzyme synergy; ultrafiltration; antioxidant activity; molecular

docking
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AL ORI PN — T A3 I e A7 (RS,
FH AR SZ B BT 5457 TR A2, 2= At /ey H
FH FEA A S ANV IO N, 1 A A T 1 DNA 465
38, BENT5 | A — ZR AP, WO PRIA | O LA F
JEERE FT . ARG A PTG ESOR W2, (B
A B EE RIE FH A A AR A el R ) T JH s A,
I, FHRFRARE PR AR R EE . Pl
FRAE R — T B e SR, B OEG  2 n p AeA s
PE. Z MG TR, 28 T ) 2 SR
WEFE" . 2= 5 (Phaseolus vulgaris L.) J=—F & &
PSR 0 G 2E800R, 2SS B A & AR
BT A AR, LSRR AR S RN T RS, 2
— il A A i T R A G S AR A AL T

P ARk, B FITSUAE ) R ik 2 TR
YRR S, (B R ARl 2 7 A R LA,
e BRI T IE RS T RETE O, itk AR R
e R RS . P 2k oA By das i) A Tap st
38 3 A - R R il S R AR SS A, VT LASEER
FH KD, T SR B S R D) E AR B AR g iR

(51 Loy NG e s e e R N N DD TN RN S R
T R 2L S R e IR B, T DA 2 HLAS
WP /NG KUY ORUTT R1) e A 28 2 3 Tt A
Y5 AR S0 o LI PR R T b IR] i A RS AR 1) T 8
s TR IR, 28 TR - T DI ] 1 i A5 1) 2 Vi T
K FRAP AR A TE 4.65 1i5; Ty 204 Fil J AR
L ZE AT TR AN B 1 i I S O T A A%k
HEHMERK, ZKE KX F) 26.35£1.29 mg/g; Fan
SN S 35 VAR N TE R T AR IS U T A B R 2 AT R
FRZENEZLAT B . BRI P LA B 25 BRI AR 2 Tt vhll #5232
2K, 45 A UH - TR PR RIEA i A B2 22 Ik LE s —
b A 15 i 5 1) Z2 IR LA T8I 9 ACE DG 1E . LA
IR EE R, - PRER AT LA S S v 22 R
Fe AN

Fiti 5 A A5 SR A G R R, TR AR
EPUEALK AT e TP B T AT U, sk
ZEUT AL T AR TN S AU AR T A
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ML G 0 TR I SR R e R Y — PO P AR K
(KFGW), WF5E .78 KFGW Al i i S5 Ay fire 4
HAEH G Keapl 10 Nrf2 455 15 K A 808505
Keapl-Nrf2-HO-1 iE . LI FAFFREE R, 43X
AR O it SR B2 T 5, I HAE
Sy F AR LR T HiE AR IR S AR A A1 E AL

H AT, B R s HE 1 25 W 22 KT [ 1
FE. P S5 T 1w g A i B HAE R L, (HA 56
SRH R - T R A 25 2 IR A Hp T A b T D
S TR IR EL . DRI, ARSI DA 25 5 R k),
38 A TR -l PR IR e 4 WKBPs, I b H T 2250,
DIAFAS i vk . A5 3R A0 WKBPs,  [RIRT, i i 2
LR BT AHR ST BS54 . MR 532
HPTEALTT I E 45 TF-BE, X WKBPs YRR
PUEAL T PEEA TP o AN, R LC-MS/MSS i
B2 K BN L A REFOL0T 356 RN 40 X AR PEA IR EE
PV FEDTSAARTE P, DA R 125 SR = S ) T 2 4
T A4 S
1 MRERE
1.1 MRS

FIZ50 ARGON, 7 B BRI TIAR s Al 2R AT
B (Bacillus subtilis) 7 [E TV A= 9 B Fh AR ¢ 7
s LB RIVZIGFRE. Bils IR A BR A H;
H P8R A (50 U/mg)  JE5T Solarbio A= ¥R A
FRONE]; —G LR, Ve B va kAR AT R
F 5 2,2 -BR G- XL -3- L HEAE T HEEIbR-6-fifi iR (ABTS)
2,4,6- =NMBEFL =B (TPTZ), 1,1- KR 2- =R
Bt (DPPH) | Gly-Gly-Gly( 189 Da) . Gly-Gly-Tyr-
Arg(451 Da) . #FFH k(1423 Da). £ 2 (5778 Da) .
APt 2 C(12384 Da) ZE[FE Sigma 23 7l XUAEIR
K (AB &) . RFR W42k (FeSO,) . /Kimfe iR
B R A BR A

CHRIST E.&5 % R T4 L F8E Christ 24 #];
YXQ-100G =il B KA R 7 A L
A PR T DL-CL-2ND #i§ TAES M RBHE T
FARA RS F]; DNP-9052 {HiR 7548 BIG722 58
BTSN H] HZQ-A THIRFRIR WAL 5256
AT RS A]; U-2910 2540 A] DLA 6T H A
Hitachi 23 Fl; GL2 IM EH B0l Wi IE
BN H]; LABOSO A i 4= H s FLf oA 7 I
T AT B Al CF72-8 YW BfFER G 2e A6
1 FAG IR BRAER A RN &) Waters 1525 =580
FEFEAL 32 FE Waters 23 F]; Q Exactive Plius JBiji
X EEFER CHIREBRA T
1.2 EWHE
1.2.1 HIZETEANTES SRS S ik
IRV, 235 60 C MET 58, 13 80 H
5, A W BOREHE 10 mL/g BEAE 5 75 2 s
ZERLM, KA P12 SR FHZE IR K LA EE 10 mL/g
B LR A, P87 pH £ 8.5 7, 50 °C 1k 1 h, 2.0

(4000 r/min, 10 min), B3 WIHTT pH 2 4.4,4 °C
$iEdE 2 h J5 5.0 (4000 r/min, 10 min) YAETTEE, B
TSR A ZEEE AR (4N 89%, —80 °C A4#4F) -
1.2.2 PEPPIE P FRHIE SRR A s 2R
FFP PR 1 mL 6328 LB AR E: 3238 p E R 1y 557
(37 °C, 24 h), JFRIZEA LB [E{ARE: 23 P E IR B,
FE(37 °C, 24 h) , (L HF /b PRE— IR IR
% LB \IARIEFEETPEIRIE IR (37 °C, 24 h), 1539
EEFEIAS B 2R TR PR R, PR B RO
BEIEECH 1.0<107 CFU/mL TR 525,

1.2.3 HZER 2N HEFREUHZSEE 50 g
I 100.0 mL Z5BF7/KEf#, ¥ 3000 U/g HraE
H§T 53 °C. pH i 7 554 N HGf# 2 h, 121 °C KA
KB 15 min AT S LE R . DA 5% il B 2F I
FFEE A FW, 37 °C T A% 48 h, K565 )5 550
(4000 r/min, 15 min) A _LVERR R T, 1558 H 2%
TR

1.2.4 BARZESE @R IR RIS
T B 45 WKBPs, L2 ik715-3%f1 DPPH [ FH
FAEBRRNTRIR, 430 B R BRRE . KB | 22
FhiEESh 37 °C. 48 h. 5%, HES R IR (23, 30, 37,
44,51 °C), KHRFE] (12, 24 36, 48, 60 h), $Efpig
(1% 3%. 5%. 7%. 9% % Tl £s WKBPs FUF4I
1.2.5 Wa iy HE S AR 45 Box-Behnken B¢ 1 R HH,
SEE AR RSO EE I, YRR R (A) . R IR TR
(B) FdZEF i (C)3 NEFE I = HFE = KPR, LA
LEAE (YY) M N AH, W JH Design-Expert 13.0.5 #
AT, £ ZACE IR 1.

T KBRS WKBPs Wi 5 [ 56 K 22 7K -
Table 1 Response surface test factors and levels of WKBPs
prepared from fermented enzymatic solution

K M
KT
A REAREE(C) B & [A] (h) C & (%)
-1 30 36 3
0 37 48 5
1 44 60 7

1.2.6 IwiE3ns  7ERfbFMFFESE 3 kI, e
Z A3 F1 DPPH A H 7GR, LIRS0 58
SARIHES T E SRR ETE

127 Z KBTI E S X500 0 7k,
B 2 mL WKBPs MHEZW A 2 mL 10% — 5 4R
(TCA) JZ V. 10 min J5 5.0> (4000 r/min, 10 min), -
IEWARFE 10 55 B 1 mL BBk 5 4 mL X8 IR
FIVR-E 5], IR N 30 min, M iE 540 nm 4 OD
{H., VL Gly-Gly-Tyr-Arg DU K A 5 v i 22 ) A5 4 Bl
28, 152 B )T 7 L N y=0.0626x+0.0526, R’>=0.999.,
Xof FEARAE R TR LI Th I 2 IR & &, #2AC
()4 WKBPs U535,
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C:]V £ (D
FUH I Z BRI (mg/mL) ; V—I8 LR
AR (mL); m—HZEEE AR E (mg) .
1.2.8 DPPH H HEIERFEIE =% Sun P J7
¥, B WKBPs M2 5 0.1 mmol/L DPPH-Z. 5%
W 1:1 IRE TG M )% (25 °C, 30 min), £E 517 nm
AEMIRE OD 1H, MRHEAZN(2)

B (%) = x 100

A (2

A-A
P(%):(l - IA J))(100

. P—H B EE RS A—FE5h 5 DPPH %
WA IO s A—HEA- S5 TOK LB IR SR
I O\ EE s A, —DPPH W 5 JC/K S BEE WIR G R
ARG
1.2.9 ZiBEIA K2 AR5 DPPH A i 3E
B3R B 4 AR UEAE A 0~1 (Al —{H . —HAE
¥k 50%, I3—1H OD 3 UNAR(3), ZEAE(Y) 1T
A4,

D, - D,
Dy —D

K D—YATEESE; D, — RS2 50 /)
B D, —TFIZH S0 P fR R B .

Y = 0D, x50% + 0D, X 50% X @D

o OD,—Z k45 % )4 —{H; OD,—DPPH H
FH ARSI —H .

1.2.10 ZHEHEINE AP GB 5009.124-2016KE 5
SAELBR I RE D, 15 FHET —EREL I E WKBPs AYTFES
FAEIR & i, DL L2 2l N AndEdh, £xdilbrifih £k .
1.2.11 AHXVSrFIRESAT SR ERER Jrik
FEVEMERR . (S RORAHEE RS B B 1515 (GPC) 47
7T WKBPs 1Y 43 F BT & 43 17, 435 4 2 TSKgel-
G2000SWXL (300 nmx7.8 nm), {#ii# & 0.3 mL/min,
FEIR M 25 °C, #F KN 220 nm, FSHHH Y 20% 2
4+ 80% BT 7K +0.1% —IZMR, KM Gly-Gly-
Gly. Gly-Gly-Tyr-Arg. FFE K. 25 R FAaifg oz
C WA IERRHES,, B GPC 84X (i e ot 4 7 A B,
1158 WKBPs [AHXS 50T BT S AN AR s O

1.2.12 g FAARFEFEIERL(3 kDa. 5 kDa) i 1E
BT HA I 45 19 WKBPs M RKIEA T 53 5385, Fi 53
T & K/N4r 8 WKBPs1( Mw>5 kDa) . WKBPs2
(3 kDa<Mw<5 kDa) . WKBPs3(Mw<3 kDa) ={~%H
53, B =AW ER M 4B IV R T8, 221K B2 4 T
B 1 mg/mL, 38 I8 AR ST S A i e 0 58 B A
oy

1.2.13 P AbiE TN 2

1.2.13.1 DPPH H HEIERR  #2 1.2.8 i Jrixy
1 mg/mL WKBPsl, WKBPs2, WKBPs3 ¥ & 7
M S

OD = = (3

min

1.2.13.2 ABTS ' HHEERE S EwE Jy
7%, B 1.4 mL FB)5 i ABTS TAER 3145 0.1 mL
1 mg/mL WKBPsl. WKBPs2, WKBPs3 A K IR 5],
#EYG R W (25 °C, 6 min), JWE 734 nm &k OD 1H, i1
FanA=(2).

1.2.13.3 R HHBHIEGERRE SHEELZEP I
2, % 1 mg/mL WKBPsl, WKBPs2, WKBPs3 &
5335 FeSO, 7H,0 # ¥ (6 mmol/L) Fil H,O, #
(6 mmolVL)#% 1:1:1 MR LLIR 5] s I i (37 “°C,
10 min), H M NARZFHIA 1| mL /KGR SR
(6 mmol/L), I-Fe/MR G, A& & (37 °C, 30 min),
M5 510 nm &b OD 18, IE U =0(2) .

1.2.13.4 FRAP PLEfLAES) S T ERLT PO Jy
¥, BL0.1mL 1 mg/mL WKBPs1., WKBPs2, WKBPs3
VWA 0.5 mL FRAP IXFR G515, 37 C A
10 min, M 5E 595 nm 4t OD {8, £k & T-if 5L HE F1 LA
FeqO, X1 K78 o FegO, b 1 il £k M1 5 J5 #2 2y -
vy=0.219x—0.0008, R*>=0.9995 ,

1.2.14 HZE IR 5 I 43 % e
Bt

1.2.14.1 LC-MS/MS Jiisr#r iz FHH B EASY-
nanoLC 1200 4 Orbitrap Q-Exactive Plus J5i i {¥ X}
WKBPs3 JFHH A TR E . {8 Acclaim PepMap
C18(75 um=25 cm) (i, FAEEN 1 pL P65
Sy, (AR AL EA B 300 nL/min, HEE A 40 °C,
BTSSR 2 kV, £l 1< 220 nm. WshAH: A 2
0.1% HR; B N 80% LJIE+0.1% W R . 6 B2 B -
B AH7E 47 min LLIE LR PERL JE T+ = 35%, ¥E 1 min
N ETFE] 100%, F-4E3F 12 min, —Z 5. F0
[l (m/z) AbF 200~2000, 53 3E35K 70000, AG. target
A 3e6, T RIEAREI A 50 ms; 2 JHi%: 53RN
17500, AG. target 4 1e5, Hx KT ARE]A 45 ms, filf
FERER S35 28%. 35%. 48%, BHASHERRRTE] 30 s,
il i PEAKS Studio version 10.6( Bioinformatics
Solutions Inc, Waterloo, Canada) X 5t 1% ¥t & 3+ 47
S3HT o

1.2.14.2 PrEEfbiR L E o LC-MS/MS 4
FE A5 2 1 BK B3l i 7 28 T. 2 PeptideRanker(http://
distilldeep.ucd.ie/PeptideRanker/ ) FE4 T AE A= P75 M
T PF-43, PF43 8k i A 2 T 30l Bk n] 58 HAT i 2B
7 P s, JF SR FHAE LR 1. B ToxinPred(http://crdd.
osdd.net/raghava/toxinpred/) T ik Be 3¢ 4 o >R H
AnOxPePred %4 3% J&£ ( https://services.healthtech.dtu.
dk/services/AnOxPePred-1.0/) il ik B A4 A B &7
BRAEST .

1.2.14.3 43 F%HE M RCSB FEZE(www.resb.org)
FIFREL Keapl & FAMIRIR MAL5H4(PDB ID: 2FLU),
K AutoDocktools #EAT N . 155 5 oy &5 T Ak 4,
{5 Chemdraw A4 HIZ AR 3D 2544, FH-E1THEE
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fitk, A PyRx(https://pyrx.sourceforge.io) 411
FEXTHERE, VRO E R T 2s & 148 P 25 S RB AR
FOXT AR I A BB, SR FH AutoDock Vinal.1.2
BEATXIE, T Vina PPAME I FNAK S Keapl 455G
FYEFT T (LA keal/mol 31580, 2R Pymol2.1 ZR A%
IREEFI Keapl AL SAEFHPTL
1.2.14.4 453 Fsh F12E8EHL {8 A Gromacs 2022
XF 45 A W AT 100 ns MD B4, & 1 E SR
CHARMM 36 115284, Bl FFE5H4 H GAFF2 J)
Yz Bk adt . SRR B4R, K R A T - AR
BEWCEAES T &b . SR TIP3P /KAELEE /K 53
FIHFTEN G T, EASEHA R 1.2 nm K&
& FHRL T 4% Ewald(PME ) 1 Verlet 5354551 Ab 3
WA EAEH . BEJSUEFT 100000 251045 R 4545 22
ZFOV A RN AS TR A5 R R 25l , RS W 80CH 0.1 ps, FF
LRI A 100 ps ARl YEAEARFNZE AR BAE A
FH 1.0 nm W#EIEEHE . 5, REEE SR
(310 K)FEE(1 bar) A Gromacs 2022 #4743
Tl A
1.3 HEIE

>k JH Origin 2022 X 4} # 47 il &l A2 Design-
Expert 13.0.5.0 %14l Box-Behnken i3 J5 #4511
MR N T Ae 38T . A1) IBM SPSS statistics 21.0 4%
{Fi3E1T ANOVA WEMEHT. R FESLIIM 3 4 F
AT, GRS BHEEARER 220
2 HBRESH
2.1 BERFLWHER

DPPH J&—Fhfase & huo A i3, Prafeiin
ST CnE st | Fi3k) p it &/ R, 7T
AR R A 3k, 2k A i e NP sk,
DPPH H B EIERFEA w e tEAn R gy, T
55 T AL FBREALPS, BRI A PR B S TE P 1)
o FEbr. B 1A FTLUE S, B & B i T,
Z AR SIS RS R N
37 °C 0, Z K%M DPPH [ i 375 R 5, ik
F] 17.73%+0.27% Fll 76.58%+0.41%, Wi, b IR
BER TR, Z MR 2 R (P<0.05) . XA HE&H
THER TR D, 3 VR R A R 2R AT e i A
KB, BN T 5300, AP 5 i 2555 ) BRI AR 174
AR, PRI, e R RIS 37 °C TR SRS .

HE 1(B)R]LAFE 1, Z2 k13250 DPPH H H %
TR I3 3 B 2 TR I ] () 346 im e ik 25 v (P<0.05) , 7E
48 h A FIE(H 17.09%+0.24% Fil 75.09%+0.39%, =
Ja B3 FRE(P<0.05) . AIRER THMER & A K
JREE, KB T Z IR0 A %, dke K e m] e 2> S5
Z KBl K i G B A R, M ZZ KA
[, H-SECHPTEALBE ST AIREAREY . DRI, 45 4 i
HF1E] R 48 h PEAT/ESE956 .

HE 1(C)RTLIEH, B[R EAE 5% (vv) BT Z
JkAS %% DPPH H HH 2RI BRFIA B A RAH 16.17%+

IR |, 45 TR-BE R Rl A8 2 ORI T 2R A M ARG T <211 -

A BOT o e —a 2k ] 20
;\? a
s 75 118
& S
m 70 be i 16 o
= =
I d N
= 65 {14
[=9
[a)

60 : ‘ ‘ 12

23 30 37 44 51
RIFEREE (°C)
80 20

—a— DPPHF HILIIRE —a— Zkig% |

B
g
W 75T 18
& a a >
ﬁg; b b a A& ‘§§—
ﬁ U 116 sé
e .
= d/ N
Z 65[ 114
=¥
(e}
60 - : : 12
12 24 36 48 60
RIERTTE] (h)
80 20

—=— DPPHE LIRS —a— ZIkiHR |

C
@ 75 ¢ 118
3 b ~
Hr a »
= %
70 l/*\C 116 oo
H A b \1 E
x P — 1 8
o) c [
= 65 14
=%}
@)

60 : : , 12

1 3 5 7 9
R (%)

Bl 1 R AT WKBPs S 5200
Fig.1 Effect of fermentation factors on the produceion
of white kidney bean peptides

T B AN [R5 B 2 7 2 18] 22 53 3% (P<0.05), &1 4, [ 5
IE]O

0.20% F1 75.32%+0.31%. B/, BEE R R,
HUAEALIEPE 35 FAR(P<0.05), T BE i B Wi 220
FE T B P I Z2 K, DA % 22 IRAS SR A R AR
K, iRl 5% AT R SRS % .

2.2 AEAEBRERH|E WKBPs lgN mA RIS R
2.2.1 A N T R AR 5 T 42 K g5 SR FH Design
Expert 13.0.5.0 # A4 XT3 2 014358 56 2088 o 47 150 15
Y4015, 19 2 A B 5325 & B #¢ WKBPs 11
LZFEE(Y)XT AL B, C A EBEFEATEW IREZI0MIE
J7 BN . Y=97.48—2.45A—2.49B—2.20C—14.38AB+
1.45AC—3.54BC—40.73A>-38.02B>*-23.06C>,

MFR 3ATEL, X TG E R UL, B F{E N
686.74(P<0.0001), VLB IZBE BRI 2, LI P=
0.3739>0.05 A~ 35, ULEARIA b fase, LG R
4. HH, R°=0.9989, UGB AN G EAH ST EEL
I, BTG IE R B0 R%adj=0.9974, i3d B2 T BE ML i
e 99.74% IS E P N AE A8 Tk . BR AC SRk
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Table 2 Response surface experimental design and test results Table 3  Analysis of regression and variance results
w5 A B C YEEAH(%) R PHAM AmE B FE Pl W
1 0 -1 -1 36.64 iR 18008.82 9 200098 686.74 <0.0001 MR
2 ! ! 0 0.00 A-BWERE  47.82 I 4782 1641 00049  **
3 0 0 0 97.57 .
4 | o 0 3439 B-ZMEMSIE] 49,65 1 49.65  17.04  0.0044  **
5 3 ) 0 568 C-#fhit 38.85 1 3885 1333 00082  **
6 | 0 I 28.98 AB 827.14 1 827.14 283.88 <0.0001  ***
. 0 ) 4 3938 AC 8.41 1 8.41 289 0.1331
EX3
g 0 0 0 96.77 BC 50.06 1 5006  17.18  0.0043
9 0 0 0 98.35 A2 6985.58 1 6985.58 2397.48 <0.0001  ***
10 -1 0 1 32.81 B’ 6087.76 1 6087.76 2089.34 <0.0001  **x
11 -1 0 -1 41.28 c? 2239.83 1 223983 76872 <0.0001  **x
12 -1 1 0 31.81 K2 20.40 7 2.91
13 0 0 0 99.44 Sl 1031 3 344 136 03739 AR
1 0 R ! 4047 iR 10.08 4 252
15 1 0 -1 31.65 -
16 0 1 1 29.06 = 18029.22 16
17 0 0 0 95.25 T e 2 R R, P<0.001; ** 2 5 B3, P<0.01; * 257 B3,

B i F K- (P<0.01), B =4~ EIZ X WKBPs 11
SREEIY A WS, PO, a2 Rk s A 5 AR AT LA

25 WL TR A2 1 T i MRS 25 S (EL B A5 R R AR A 1Y

pS/ICE

2.2.2 wa) N A BAE T R - P ) R e
WKBPs 54~ 2 22 8] 58 BAE FH X 2558 52 i 4n

Kl 2 7R, B 5 AL C PIPAE EAEFH 046 N 1] 35 A28
OB BE, S 2 MG IRIE , LA A B W55

Y: LR (%)

N wn
o] e

B: KT (h)

~
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2.2.3 IS X 560E SR Design-Expert
13.0.5 XA 53 HT, 155 WKBPs St 45 T.20
R REBFIREE 36.81 °C. KEERTH] 47.69 h, 7 &
4.91%, MEETEREAETRIME > 97.59%, DPPH [ i3k
IHEREN 75.68%, ZHRIFEN 17.46% .. MELEBREAE
PR RS 29505 T TR, o TR S A R ISR VRIHE SR R T
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Fig.2 Response surface curve of synthetic value of WKBPs prepared from fermented enzymatic solution



%478 %3

HIEDT , 45 B-REDIRIL G A 1 = TR AU A S TR s e A 213 -

IR 37 °C. KEEHTE] 48 h, M8 5%. 7Ect
T £t R 5, DPPH H FH 3L RN 76.12%+
0.36%, ZZK15%° 17.59%+0.16%
2.3 SEBRERR ST 7

SAILTR S AR W G P K B A 40 B By, IR
2R R S P AR DU AR TG PR R R YR R E P, AR
P32 4 WA, WKBPs Hepa iy 17 P2 SERR (2R
FHFRARK AN, PRI ARSI H 65 228 ) , He AR
FLRRAT 7 B, St i 21.959%, HiH g AT A
AT ISR . N R S A R, Bl 2 R
Trimsh 11.331%, A3 B F BRAEAAR N 1932 i Az i )
K PR LIRS T ik 21.932%, WFoE i, sk vk
SAFERR AR R B m b RIS R, TR AT
AESR AR MIEE PT PE TS AR & A, AT BE =55,
W4 1 H EEPY; AR, WKBPs il & —E B
His 1 Tyr &5 B FPERDIRE M LR, A 1] GEid L
5 B A E, RS S RlbrE bt f#E b, 5 Bk
BH, & S s K P R A A (1S WKBPs HAT 5
P E AT

4 HEERA LS5 (g/100 g)
Table 4 Analysis of amino acid composition (g/100 g)

HILRRFNS (%)
KA (Asp) 7.920+0.025
IR (Thr)* 2.583+0.009
2254 1% (Ser) 3.428+0.087
A4 (Glu) 12.663+0.010
HERR(Gly)" 2.673+0.012
AR (Ala)" 2.316+0.008
HisR (Va)™ 3.026+0.066
2R (Cys) 0.170+0.003
FE R (Met) 0.987+0.013
Soe iR (lle)™ 2.419+0.022
SR (Lew) 4.023+0.146
Fi% 22 (Tyr) 2.300+0.010
RN E R (Phe) 3.558+0.075
21 %% (His) 2.089+0.015
AR (Lys)® 5.363+0.005
AR (Arg) 3.879+0.018
Jiti &R (Pro)" 2.930+0.052
Wt B IR 21.959+0.123
K PR SR 21.932+0.096

TE: s BEER; " BUK R EER o

24 HEIDFRESH

WFFTEHH, /NGy KR 25 20 e W S 1) AR AV 1,
A & P A AL T MRS, WKBPs 43 F B4 A
T E AN K 3 TR, ROGEE (AU) WE(H L T AE 6.40~
15.02 min P, FEIELEZ) 10~11 min 4k, B WKBPs
WEPEIRE: R AR — I, 43 oA S B AR X
P e, HalifEdems . gk, 12.5~15 min H BRI/
VRN Bt — 2R R I S R R . 25 2H 47 TR
FENE 5, RYE GPC R /- P45 7T 21 Mw>

5 kDa B IKBE & 5 7.50%. 3 kDa<Mw<5 kDa FJ
JIK BE 2l 7.50% . Mw<3 kDa 19 Jik BE & B 5 ik
85.00%, K I WKBPs 53 & EZ AL TE 3 kDa LA
T, PEAL T 2~10 BRIEIATE AR RIR S B8R . 3
HIFFEFRM, 55 F R/ T 3 kDa BRI E A 5019
PUAEATETE, G TEREPIE 2 288 T TN, 5 5
ZEELSAHEAEAR . ZEBIREDS (i ss il 4
T/ 3 kDa M98 IREE S5 Ab e ) Bt o
I, HEMHI S WKBPs oA 8- bt &b B .

1.44
1.2+
1.0
0.8+
0.6
0.4+
0.21
0.
-0.2

AU

0 5 10 15 20 25 30
PREFIRE] (min)
3 WKBPs BIARA 71T A

Fig.3 Relative molecular weight distribution of WKBPs

#5 WKBPs 7 F s s R
Table 5 Results of molecular mass distribution of WKBPs

4 F it (Da) {2 B4 B5f 8] (min) HHXT 4 (%)
>5000 6.40~8.00 7.50

3000~5000 8.01~8.46 7.50
<3000 8.46~15.02 85.00

25 BEESNERHMSWEENE

A SR 43 d R/ N R P LA AR
KRR Z —, BNV TR GE B 8 E
WEPER HBUEE—Fh R 13RS B AR, AT LKEK
R/ 10 & = @7 B 150 MW W 2 L2 E 0w B N M
¥ WKBPs &8 U8 5 $# 50F 5 RK/NG3R 3 -4 47,
LA 1 mg/mL ¥R B S THT S ARG M, a5 R an &l 4
B, £ Iavrafeimive, BarFaag ik Sht
E AP I AH S, WKBPs3 4H 433t E AL AE
B T HIE 4H 4y (P<0.05), DPPH [ H BETH R 3 .
ABTS " H TG . B H B IE R R LSRR
1k 68 1 4> B A 79.05%+0.43%. 91.82%=+0.19%.
94.30%:+0.78%. 0.7192+0.0053 mmol Fe*/g, 45 % 5
RIGAGAEE S5 AEAT, AT SRR b TR R
VST B JE Sy T HE /T 3 kDa 4 /b A bim vk
i, X A RS AR T/ N A 2
WPESEH S At 3 AR ROV AR A S B e e
M I, P A0 [ i SRTERRBE D, I HLAT LA
P Z LT, A TR TR 25 5 45 5 i
P, R WIRIE T2/ 3 kDa YLl
MR Srbi b RE T i o PRI, 255 5 B PE
WKBPs3 17 /522505,
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Fig.4 Antioxidant activity of the fractions
after ultrafiltration

2.6 {RIMRELTEMSEDHT

W R AR a2 sl AR B T LR E AN 2
S A F A, 38k [l R AR TR N U
R, ARAFFELL 0.1 g/mL V. A BEPE X B8, 38 ik i
52 DPPH [ 375 B3 . ABTS I I BETE R . &
F B B AR P TAALRE 1T WKBPs3 fHT4
TRy, 455 5 R . El 5(A~C) T LLE Y,
K& WKBPs3 ¥ EEAYIE N, H A s ERAE 1 5 b
Thkadh, BB Wiizin Ve M3 RS, okl ok 22
(IC5,) tN5% 6, DPPH [ HH 3L B3 . ABTS' [ H 3k

K5 AFEWEE WKBPs3 $i A (LG
Fig.5 Antioxidant activity of different concentrations
of WKBPs3

TR R H BRI BRR ICs, 43 9312h 0.307. 0.310
Fi1 0.361 mg/mL, 45530 WKBPs HA %49 H
FEBRAE ), X —45 R S5 Bl R SR A B
FEBRAR 142, X AT HESE T WKBPs3 /7R
i PR BRI R AL, PR EALIR I LA, Sy H R R
RALH ) B AR, AN 5(D) AT BLE Y,
WKBPs3 ££ 0.2~1.0 mg/mL ¥ EIE BN, APrEfl
HEJIPE WKBPs3 ¥ B p38 Inmidg in, 76 1 mg/mL /9
e B R A LS E] 0.66+£0.0018 mmol Fe?'/g, BEAK T
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6 ARFWSE WKBPs3 [ HIETERRRA 1C,,
Table 6 ICs of free radical clearance of WKBPs at different

F 2= GIRZIRF A, H— s I an i 6 . ik
B E AR 3~18 DR FEMRFRIL W], T HIHC

concentrations JELT 3~10 U 4186 2%, Lk 65.78%, 8 Ak tbfx
#51 £12 5 £k (mg/mL) Z A 10%. Hoop, BREEHE&a KW E MR . G
DPPH H H L35 % 0307 MR . RPN 2R S5 b /K P I M O A T g, e
ABTS" [ 3 g 0310 HA RAFmpiE ks vk
¥ B BT RR 0.361

Ve, BRI AP AL ITRE JT, 5 Cao FEH7 XFLLF K
SBPTEALRE I BOWFSR A RARMLL, AT RER th T 1%
/INBIRBEH S R BHA N, B 55 5 4w s T alic (o2

2.7.2 MERARE 54X 4E R A A AR TE
PeptideRanker P it WP 33147 e A= 9008 PR 0000 355,
e AR5 KT 0.7 KBS 677 4%, Ja it —22k
JH PyRx A% H R 47 W) 20 0 1, XF 4545 e/ T
—10 kecal/mol JRBGHATEEM: . F FH JEIE BRIE M Fu,

G, Al G B T2 G BE R, A S5 R
W] WKBPs3 HARBAF b Tm M, HA2 B0 7 5
AP

2.7 B=EZIMEWIRRTFER 5 FrHETunE R HLH
2.7.1 LC-MS/MS %5t £ LC-MS/MS 24 5t
BR 7 F A, M. WKBPs3 2143 b 3L %52 H 6364 4%

FRZAFH) 10 SRAREL, 255Uk 7 Wi .

Keapl 7& 12— BTB-Kelch iE ¥ %7 #2276 11,
AT Nrf2(—Fh bZIP 54 55N 1) 8% 57K SF LA
RFAEALE 10, YRR Keap1-Nrf2 18 g2 W ERAA Y
SEACN B R T REMLHICY . PR, 2 TR
ol IR BE S Keapl 2B AUEIT45 4, S0P H

100 22,69
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90

85

80 31.54

75 5.93
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65

60
255 3580 38,34

= 50 _ K 35:67] 4278 46.08

= 45 | 38.444) 11
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Fig.6 Total ion chromatogram of the WKBPs3

%7 WKBPs3 B SR R
Table 7 Virtual screening results of the peptide sequences identified by WKBPs3

JiRE TS RSy 5 fH(Da) 45458 (keal/mol) itk GRS 5 (%) F LT BRI 1T

FGWGP 0.9874 562.254 -10.9 Non 100 0.5852
FGHPEW 0.8623 771.334 -10.8 Non 67 0.5757
FGPYF 0.9905 629.2849 -10.7 Non 80 0.5810
LGPHW 0.9030 819.4028 -10.6 Non 80 0.5854
FSHPGDF 0.9182 805.3395 -10.3 Non 57 0.5327
FGALGHGL 0.7283 770.4075 -10.2 Non 87 0.5166
FEGNWGPL 0.8890 918.4235 -10.1 Non 75 0.5849
FYPFPHP 0.9506 903.4279 -10.0 Non 71 0.6363
PGPGY 0.8566 489.2223 -10.0 Non 40 0.5700
LGGGWPEM 0.7222 845.374 -10.0 Non 50 0.5892

TE: NonFm Joaith .
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MEAEH I A5G 55 R R R, 45 Ghgik
%, 5 ¥ bR 25 A AH B4R F R SR B, F1) ) PyMol
HAF*F FGWGP., FGHPEW F1 FGPYF 5 Keapl 4%
B HEAT AT ALAL B, 3D A1 2D 43 TAH E AR A E 7
iR, FGWGP Z IKEE 5 Keapl 5 UG A7 A&
Femg 5% KL Tyr334. Ser602. Tyr572 Fl GIn530 JE %
SAEF H AR, 5 Phed478 Fl Tyr525 2 albi /K AH H.
YEA, 55 Argd15 Fil Argda83 $RALER B /K AB AT
F IR 5l B Wl H A B s FGHPEW 2 KREWS
SRR AR L Argd83 . Ser555. Arg380. Arg4ls I
IESEAHHE AR, BEES Tyr572 Fi Tyr334 JEABK
A EAEH; FGPYF RN 5 T A 2 2 JE TR Arg483.
Argd15. Asn382., Arg380. Tyr525 Fll Tyr572 JERLA

FGWGP C

PHE-478 G0

:
f Gln6(A)
1. 38 “ryRs72
w‘ Te46100)
ARG-483
GLN-530

BEAHEAE, 5 Argd83 F1 Argd 15 JE BB T4 (Ek
), Ah, AT LS Tyr525 Fl Tyr572 JE % # H AR
HAEH . XS HAEHGEBE U EILIR S Keapl
HAZMPE B E N E S8, I BARRE 5 20K
T R E W ] R K S AR A . AT
F B, BiK 2 2518 /& Keapl-Nrf2 B 545 500 F
FDTHR, FRJE Keapl A Tyr334., Arg380. Argdl5,
Argd83. Asn382, Tyr525 Hl Tyr572%, X S5AHISE
h FGWGP. FGHPEW Hl1 FGPYF —4:£Jik5 Keapl
P FRTHEL IR —3. =22 KHIEE S Keapl &
P S LR SR SR WA B, T R /KA B AR
FH, AT el BB Keapl-Nrf2 Z-5¥nifaetk, dk—
YA Nrf2 (5538, AP ibEH.

D T

Sert02(X)
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%ﬂ.w,
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Fig.7 Molecular docking model of peptide segment FGWGP, FGHPEW, FGPYF interacting with Keapl (PDB ID: 2FLU)
TH: (A)EZ AW 3D 45485 (B) Z I Keapl MR ; (O ZSWITEA LG (D) Z KT Keapl Il HEALSAHEAR Y
2D &, 2D i R RUFIZL (4 F XA 1) 2 Ik AT Keapl 583
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2.8 BAZEHEMKS Keapl HEEAS FEhAH
AR

AW 5T 38 35 43 AT 2 7 AR e 22 (RMSD) | ¥
J7 MR 2 (RMSF) Fl [\ 7% > 4% (Rg) 1T 4ili FGPYF.
FGWGP #ll FGHPEW 5 Keapl &5 & 0 52 & M
RMSD J&5&2 G WA HAT A 7 B A bR £ 07
MRARZE, B R PTAY R Gekeoe M 28R, /N
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Fig.8 Keapl and antioxidant peptides FGWGP, FGHPEW,
FGPYF complex RMSD (A), RMSF (B), Rg (C),

and SASA (D) curves

RMSD {HFERRGEFEINFRED, WE 8(A) AN, 7
100 ns 4% #) i+ #2 1, FGPYF-Keapl #1 FGWGP-
Keapl Z-5¥)1 RMSD #Uil JL-FARA{LL, H RMSD (B
7E 0.1~0.16 nm Z [H]J% 3], 7E 0~10 ns FYASLLLASR] P,
H RMSD {H sk 2B L FHtad, b s 28 b st
FrEaE, RMSD {HAZ5EFE 0.13 nm 245, #E 0~20 ns,
FGHPEW-Keapl & &1 RMSD {H £ 3P 5+
Fadh, TEZ e iitas, H: RMSD {HEZAE 1.5 nm &
Gk sh, B4 BB, FGPYF-Keapl il FGWGP-
Keapl & &%) RMSD 1H I 33/, G5t e tETE
. B2 AW RMSD BkE(ETE-S VLR N, %
B AL, 3ok A2 T AR R v 25 52 5 W W 435 ) R ST 1Y .
Rg FHF B L IRER IL 1 Y 7 MR BE 25, FH T4
IR BTRARSE F ) % B, Rg (HEVINRORE 5 W)
gEFacE M Y, AniE 8(B) Fr 7k, FE 100 ns
Rl B v, FGPYF-Keapl Fl FGWGP-Keapl
FGHPEW-Keapl & &% Reg H4r5FaELE 1.71,
1.72. 2.16 nm /2 47 . FGPYF-Keapl #l FGWGP-
Keapl & &%) Rg H M SR ER Z 52 E 0y,
FGHPEW-Keapl &4 T BH 8.3 31, 3 B FGPYF-
Keapl Fl FGWGP-Keapl & &4k Bk Hia
EM . RMSF (HERRNE A S/NMrFE S Hh e
SASFERARIIRT W] N AR, F THTEE S YA
W] DR IR 2, T, R TR I R R, B
gEf R Fa ™, anE 8(C) fi 7R, FGPYF-Keapl
Fl FGWGP-Keapl & A9 RMSF Filk i sl adiAa
p), H: RMSF {EIJHLE 0.05~0.25 nm Z[d], FGHPEW-
Keapl &2 &%) RMSF {H I F:AFE 0.2~0.4 nm Z [H],
Keapl 7% 3EAE 380~394, 429~439 490~501 = [a] I
B, IX AT RESR P I BB 0T R IE S5 T 2K
5 Keapl WAHEAEM . #7ITT MR AR (SASA) Z&
SR WSy a R AL S R e A B AL FERR, SASA
BNRUE /N T A A R R, i E 8(D)
A1, FGPYF-Keapl . FGWGP-Keapl 1l FGHPEW-
Keapl 1) SASA HIJHAK, #f—2FK W T HH /Ny
TFIERL T 8 B HE LS, X S5 BRI a5 R=—
., LI 452, FGWGP. FGPYF 1 FGHPEW
YRI5 Keapl 'E&4EG MESE RIS
3 g

ABIFFE LA P25 5 R JEURE, 38 a5k PP 2R 45 5 0
THI VA0 A2 PR - P [R]85 1l 46 WKBPs S fd: T. 25 4514,
ST SRR PRI N WKBPs, 2 LR
JW > K GPC 45 5 7k WKBPs 43 13 FE 242 vh
TE 3 kDa LI'F, HHEAWAEMPUE LG . EIEiad
43 WKBPs3 I H e it &4k i& 4%, H DPPH H
FHELIE R . ABTS' A H SLE BRI A L0 R
KA 1Cs, 43 %) 0.307. 0.310 F1 0.361 mg/mL, &L
PrEALBE IAE 1 mg/mL AR R 7l LLiE F] 0.66+
0.0018 mmol Fe*/g, it LC-MS/MS Jit i 5311 £z
ME AU L Y 3 SR AE BT, 435 FGWGP,
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FGHPEW 1 FGPYF. 4 FXHZgs R, 3 45Kk3=
P oL S KA EAE BRI EA RS S
Keapl 2 PG M S 45 G T8 ilFa e =2 549, il
Keapl 5 Nrf2 fI45G, MRS Keap1-Nrf2 il A
FEPUREAVER o 3353 1 sh S A — 2B 58I
FGWGP. FGHPEW # FGPYF f] A 5 Keapl &%
AR E S . 45 I, FGWGP. FGHPEW
1 FGPYF A E g BUPT A A R i — 25 1 & AR
FH, AW 2= ST RO e R R AR =
25 K PRSI, (H ST AR5 AURR T WKBPs AY#2
B ARG INE AR KB ARG KT 9 i i, ARk
Al PASE TR AN sl LR it — 2 B0IE 3 S5 2 ARTEIR
PR ATIRE, S 2 SR Drae e i Ak
fR R R AR

© The Author(s) 2026. This is an Open Access article
distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by-nc-nd/4.0/).

SE LK
[1] SANCHEZM M, AVILA-GANDIA V, PEREZ-PINERO S, et
al. Antioxidant effect of a probiotic product on a model of oxidative
stress induced by high-intensity and duration physical exercise[J].
Antioxidants, 2021, 10(2): 323.
(2] RAER. FRSKSEANELFMNBERMAR D). XR:
¥ 3k X 5, 2019. [ HE Dongliang. Study on purification and anti-
cancer effects of peptides derived from Perilla fiutescens[D].
Taiyuan: North University of China, 2019. ]
[3] MALFATTI M C, ANTONIALI G, CODRICH M, et al. Cop-
ing with RNA damage with a focus on APE1, a BER enzyme at the
crossroad between DNA damage repair and RNA processing/
decay[J]. DNA Repair, 2021, 104: 103133.
[4] LIGUORII RUSSO G, CURCIO F, et al. Oxidative stress, ag-
ing, and diseases[J]. Clinical Interventions in Aging, 2018, 13:
757-772.
[ 5] JELINEK M, JURAJDA M, DURIS K. Oxidative stress in the
brain: Basic concepts and treatment strategies in stroke[J]. Antioxi-
dants, 2021, 10(12): 1886.
[6] ®AdR. 27T e 3R R IR I 5 Bk & £ 11
o T 73% 3t [D]. %% & ®AH K 5, 2020. [ TIAN Danni. pro-
duceion of Ganoderma lucidum spore oil, improvement of oxidation
stability and the process design of workshop of Ganoderma lucidum
spore oil soft capsule[D]. Xi'an: Shaanxi University of Science &
Technology, 2020. ]
[7] Brradvig. S92 % pktd#) & 2 3 RAL F AU 5 M 2k
ZBF[D]. )M M P E 2K, 2021, [ OUYANG Xiaojian.
The study of preparation, mechanism of antioxidant activity and
structure-activity relationship of peptides in Angelica sinensis
Radix[D]. Guangzhou: Guangzhou University of Chinese Medicine,
2021. ]
[8] Jk. RFSAhE 2% & &k 2 AR A K AL 09 #F 5 [D].
XK. BRIIAN—FRKEKF,2023. [ JIA Bin. Study on the nutri-
tional, functional, and digestive characteristics of different varieties
of kidney bean protein[D]. Daging: Heilongjiang Bayi Agricultural
University, 2023. ]
[9] CHOE U, OSORNO J M, OHM J B, et al. Modification of

physicochemical, functional properties, and digestibility of macronu-
trients in common bean (Phaseolus vulgaris L.) flours by different
thermally treated whole seeds[J]. Food Chemistry, 2022, 382:
132570.

[ 10 ] XIE Mengxi, MA Yuanyuan, AN Feiyu, et al. Ultrasound-as-
sisted fermentation for antioxidant peptides preparation from okara:
Optimization, stability, and functional analyses[J]. Food Chem-
istry, 2024, 439: 138078.

[11] F84h, 29, 2F, 5 LEAMAHNEOLL S KRIY
AR A BACFE AT [T]. B de T AL, 2025, 46(3): 213—
221. [ LI Sinan, WANG Meng, AN Yu, et al. Process optimization
and antioxidant activity analysis of white kidney bean polypeptides
prepared by composite strain fermentation[J]. Science and Technol-
ogy of Food Industry, 2025, 46(3): 213-221. ]

[12] R ER. B-AA86 %4 &9 &8 = YK IR AR S AEDL
B W K AL SOK 89 AF R [D]. b H i F X, 2022, [WU
Zhanchun. Research of preparation of hydrolytic peptides from man-
darin fish by-products by enzyme bacteria coupling method and its
simulated gastrointestinal digestion and absorption in vitro[D].
Zhoushan: Zhejiang Ocean University, 2022. |

(13 ] R SUBR B R B 4k Bl B A0 & B A Bk 0 T 2 AR AL AR
A FWIFN[D]. & F: & F K ¥, 2023. [ ZANG Feng. Opti-
mization and antioxidant activity evaluation of egg white peptides
prepared by Lactobacillus fermentation-assisted enzymolysis[D].
Nanchang: Nanchang University, 2023. |

[14] DB M0E, 2H2, & AEHF B SABENEEGH &
W K], & o T kA4, 2024, 45(12): 112-120. [ MA Hui,
MEI Jie, YUAN Xinchao, et al. Bacteriozyme cooperated with solid-
fermented walnut glutenin to prepare bacteriostatic peptides[J]. Sci-
ence and Technology of Food Industry, 2024, 45(12): 112—120. ]
[15] FAN Xing, MA Xuemei, MAIMAITIYIMING R, et al. Study
on the preparation process of quinoa anti-hypertensive peptide and
its stability [J]. Frontiers in Nutrition, 2023, 9: 1119042.

[16] ZHANG Wenhua, ABUBAKER M A, LI Zekun, et al. Bioac-
tive peptides with antioxidant and ACE inhibitory properties in goat
milk protein hydrolysates: Peptidomics and molecular docking
study[J]. International Journal of Biological Macromolecules, 2025,
299: 140286.

[17] #h%ER, £ 2, 2o, F AT LS 5 FMHEAR
7 N et R G R AR Bey K [T]. A s A, 2025,
46(2):108-117. [ XU Feiran, WANG Yu, WANG Xiaojing, et al.
Hemoglobin-derived antioxidant peptides from beef cattle in Ningx-
ia: Identification based on computerized screening and molecular
docking[J]. Food Science, 2025, 46(2): 108—117. ]

[ 18] YU Yiding, MA Sitong, HAN Yuxi, et al. A novel antioxi-
dant peptide from soybean meal alleviates H,0O,-induced oxidative
damage via the Keapl-Nrf2-HO-1 pathway[J]. Food Research In-
ternational, 2025, 206: 116084.

[19] Aaets, 2%, 2 2F. F W% SR sf T L] £
=B 5 T4, 2023, 44(14): 169-174. [ ZHOU Yaqing, WANG
Ying, WANG Yufeng. Optimization of enzymatic hydrolysis of Fis-
tulln hepatica polypeptides[J]. Food Research and Development,
2023, 44(14): 169-174. ]

(20 ] %5k, & Freizicts R MM ey bk 5 IR B s R B —T
& B RIS & H AR BT [D]. 4T i i K4, 2018, [LIU
Xiao. Study on walnut peptides prepared by integration of solid state
fermentation and enzymolysis based on magnetic field strengthen-
ing and in-situ monitoring[D]. Zhenjiang: Jiangsu University,
2018. ]


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.3390/antiox10020323
https://doi.org/10.1016/j.dnarep.2021.103133
https://doi.org/10.2147/CIA.S158513
https://doi.org/10.3390/antiox10121886
https://doi.org/10.3390/antiox10121886
https://doi.org/10.1016/j.foodchem.2022.132570
https://doi.org/10.1016/j.foodchem.2023.138078
https://doi.org/10.1016/j.foodchem.2023.138078
https://doi.org/10.1016/j.foodchem.2023.138078
https://doi.org/10.13386/j.issn1002-0306.2023070037
https://doi.org/10.13386/j.issn1002-0306.2023070037
https://doi.org/10.13386/j.issn1002-0306.2023070037
https://doi.org/10.3389/fnut.2022.1119042
https://doi.org/10.1016/j.ijbiomac.2025.140286
https://doi.org/10.7506/spkx1002-6630-20240430-295
https://doi.org/10.7506/spkx1002-6630-20240430-295
https://doi.org/10.1016/j.foodres.2025.116084
https://doi.org/10.1016/j.foodres.2025.116084
https://doi.org/10.1016/j.foodres.2025.116084
https://doi.org/10.12161/j.issn.1005-6521.2023.14.025
https://doi.org/10.12161/j.issn.1005-6521.2023.14.025
https://doi.org/10.12161/j.issn.1005-6521.2023.14.025

%478 %3

HIEDT , 45 B-REDIRIL G A 1 = TR AU A S TR s e A 219 -

[21] SUN Jin, ZHOU Changyu, CAO Jinxuan, et al. Purification
and characterization of novel antioxidative peptides from duck liver
protein hydrolysate as well as their cytoprotection against oxidative
stress in HepG2 cells[J]. Frontiers in Nutrition, 2022, 9: 848289.
[22] B2 50 A, REM, F. AAPATHKAK S ) &R L4
AALFE WA [T]. Aok T AL, 2022,43(21):218-224. [ GE
Zhenzhen, XU Mingyue, ZHAO Yuxiang, et al. Preparation and an-
tioxidant activity analysis of hydrolyzed peptides from Eucommia
ulmoides seed meal[J]. Science and Technology of Food Industry,
2022,43(21):218-224. ]
(23] F %4, 29, 4, F. A THSMEBEIR A @ E£ 2 S K
Mg B (0], Ao 5 K B Tk, 2025, 51(3):292-297. [ LI Sinan,
WANG Meng, YU Jun, et al. The investigation of hypoglycemic ac-
tivity of white kidney bean polypeptides based on simulated diges-
tion in vitro system[J]. Food and Fermentation Industries, 2025, 51
(3):292-297. ]
[24] & Bk, B3k, RRE, F. B S REEY R B
H A oA (1], £ & A 5, 2021,42(12): 91-98. [ SHA
Yuhuan, MAO Xiaoying, WU Qingzhi, et al. Flavonoid composi-
tion and antioxidant activity of Diaphragma juglandis fructus[J].
Food Science, 2021, 42(12): 91-98. ]
[25] RF%, FU, F4&, F Z 2R B A5 &2 LA
feiE W [J]. £ & 5 4 3 K F 3K, 2020,39(10): 40-47. [ XIA
Ji’an, HUANG Kai, LI Sen, et al. Enzymatic preparation of mung
bean antioxidant peptides and antioxidant activity investigation[J].
Journal of Food Science and Biotechnology, 2020, 39(10): 40—
47. ]
[26] Fsker, Tk, X8, 5. i 4 % B4 B i BAL B R 5t
W ACEE A A AE R [J). P B R & IR, 2024, 24(8): 164-177.
[ LU Yuehong, WANG Bin, LIU Cai, et al. Antioxidant activities
and inhibitory effects on digestive enzyme of polyphenolic produces
from Allium mongolicum regel[J]. Journal of Chinese Institute of
Food Science and Technology, 2024, 24(8): 164—177. ]
[27] Jsin. BARR A IR B A 2t HepG2 % i AAL
A e R AR [D]. K& KA P EZH X, 2023. [PANG
Huina. produceion and isolation of antioxidant peptides from Puer-
aria lobata and their protective effects on HepG2 cells from oxida-
tive damage[D]. Changchun: Changchun University of Chinese
Medicine, 2023. ]
(28] Z&#, HR, $#F 5 4FF S BRRRTEAMEILR
Rty BT (1], i d Rk K5 F 3R, 2022, 44(5): 1272-1282.
[ LI Qingging, CHEN Chen, CAO Yanting, et al. Optimum produ-
ceion process for the polysaccharides from red bud taro(Colocasia
esculenta(L.)) schott and its antioxidative activity in vitro[J]. Acta
Agriculturae Universitatis Jiangxiensis, 2022, 44(5): 1272—1282. ]
[29] Bk, KA, Foedh, F HEFRATEF b RE QR L
BE 2 M7 kAR [J]. & Tk, 2016, 37(9): 163—168. [ ZHOU
Shuang, ZHANG Qing, QI Xiaofen, et al. Study on the method of
the synergy Bacillus subtilis and neutral protease in soybean meal
fermentation[J]. The Food Industry, 2016, 37(9): 163—168. ]
[30] Ti&k, o, Ak, 5. KBR 5RO AL FOAFE
4 5 B I iR BB SV R (U], B 4 AR, 2023(9): 4078-4089.
[ YU Detao, LI Jiyuan, LIU Shuo, et al. Isolation, identification,
and enzymatic characterization of Bacillus subtilis from mink[J].
Microbiology China, 2023(9): 4078—4089. |
[31] B R, A6 3F JaAT i A B & e T &) 7 4 ) & 55 Ak 89 51
% [D]. &18: &g X%, 2023. [ GE Fengru. Study on the prepara-
tion of oligopeptides from by-products of grass carp processing by
fermentation of Bacillus subtilis[D]. Nanchang: Nanchang Univer-

sity, 2023. ]
[32] #th, £LB=, . RE LB X 0T 5 &4 BRI 25
My S (1], B s, 2025,36(2): 34-42. [ BAI Qian,
MAO Shaoyun, XU Qian. Preparation of antioxidative peptides from
Ligustrum lucidum by mixed fermentation and identification of their
structures [J]. China Food Additives, 2025, 36(2): 34—42. |
(33 ] Fwel, Aas, TiFst, . 0 20 S AR Mo
P BAR A AL [T]. &S5, 2025, 46(8): 143-150. [ LI Xiao-
tong, HU Guanhua, WANG Shigqi, et al. Uric acid-lowering activity
in vitro and in vivo and mechanism of sheep bone bioactive pep-
tides [J]. Food Science, 2025, 46(8): 143-150. ]
[ 34 ] SHI Chenshan, LIU Miaomiao, ZHAO Hongfei, et al. A nov-
el insight into screening for antioxidant peptides from hazelnut pro-
tein: Based on the properties of amino acid residues[J]. Antioxi-
dants, 2022, 11(1): 127.
[35] SRAS. MRIRATAACIK 08 2 18 ) & B Fop ) 3 Mg A w9 27
% [D]. db 7% b w4k X 5, 2022. [ SHI Chenshan. Directional
preparation of hazelnut protein-derived antioxidant peptides and
their inhibition against oil oxidation[D]. Beijing: Beijing Forestry
University, 2022. ]
[36 ] WEN Chaoting, ZHANG Jixian, FENG Yugqin, et al. Purifi-
cation and identification of novel antioxidant peptides from water-
melon seed protein hydrolysates and their cytoprotective effects on
H,0,-induced oxidative stress[J]. Food Chemistry, 2020, 327:
127059.
[37] #AFA, iem, KL, 5. 6w @k ke s f i
PR & T8 B 4 AT L] R SR Tk A3, 2024, 45(23):
198—207. [ SU Ziying, LU Xuli, DAI Yaping, et al. Optimization of
preparation process of antioxidant peptides from golden pompano
(Trachinotus ovatus) skin by response surface method and its com-
position analysis[J]. Science and Technology of Food Industry,
2024, 45(23): 198-207. ]
[38] F&i&, KA, ’A0E, F. 4 2R AR H0,#F
HEK293 2 i AL 2 AR 45 a AR 424 L [T, s o B 4hm)
1% ,2024,15(6): 161-169. [ LI Sihan, NI Qingyuan, GENG Xi-
angyu, et al. Protective effects of natto antioxidant peptide against
H,0,-induced oxidative stress injury in HEK293 cells [J]. Journal of
Food Safety & Quality, 2024, 15(6): 161-169. ]
[39] 3T & HE D> TRANEEAZTHALID]. XiE: X
% % X4, 2023. [ GUO Zixin. Preparation and biological activi-
ty of low molecular weight peptide from Rhopilema esculentum
kishinouye [D]. Dalian: Dalian Ocean University, 2023. ]
[40] & E. 8% 5% &R DPP-IV#ph) 7 1t bk 89 4] 4 2~ B 2L
Bt %% [D]. 4% ity K5, 2023. [ CAO Hongzhen. Prepa-
ration, purification and characterization of DPP-IV inhibitory pep-
tide derived from eel protein[D]. Wuxi: Jiangnan University,
2023. ]
[41] K%k, Em, Hik, . b FHAREAKA ST AR
PELT]. P B A% 3R, 2024,24(7):332-341. [ ZHU Qiaonan,
WANG Peng, YANG Xuan, et al. Identification and stability of an-
tioxidant peptides from Camellia seed cake[J]. Journal of Chinese
Institute of Food Science and Technology, 2024, 24(7): 332-341. ]
[42] B4, AD#, BHE, F AR T2 RHBER S KA &
IEHRAMAEEI]. £ 8 T kA3, 2023,44(20): 414-421.
[ FU Jiarong, HU Xiaojing, MA Shangxuan, et al. Preparation tech-
nology and antioxidant activities of different molecular weight
Macadamia nut polypeptides[J]. Science and Technology of Food
Industry, 2023, 44(20): 414-421.
[43] 2% LW AN FHKGH &5 ZHAR (D] At


https://doi.org/10.3389/fnut.2022.848289
https://doi.org/10.13386/j.issn1002-0306.2022020050
https://doi.org/10.13386/j.issn1002-0306.2022020050
https://doi.org/10.13995/j.cnki.11-1802/ts.038847
https://doi.org/10.13995/j.cnki.11-1802/ts.038847
https://doi.org/10.3969/j.issn.1673-1689.2020.10.006
https://doi.org/10.3969/j.issn.1673-1689.2020.10.006
https://doi.org/10.16429/j.1009-7848.2024.08.016
https://doi.org/10.16429/j.1009-7848.2024.08.016
https://doi.org/10.16429/j.1009-7848.2024.08.016
https://doi.org/10.13836/j.jjau.2022126
https://doi.org/10.13836/j.jjau.2022126
https://doi.org/10.13836/j.jjau.2022126
https://doi.org/10.13344/j.microbiol.china.230293
https://doi.org/10.13344/j.microbiol.china.230293
https://doi.org/10.19804/j.issn1006-2513.2025.2.005
https://doi.org/10.19804/j.issn1006-2513.2025.2.005
https://doi.org/10.7506/spkx1002-6630-20240918-137
https://doi.org/10.7506/spkx1002-6630-20240918-137
https://doi.org/10.3390/antiox11010127
https://doi.org/10.3390/antiox11010127
https://doi.org/10.1016/j.foodchem.2020.127059
https://doi.org/10.13386/j.issn1002-0306.2024020262
https://doi.org/10.13386/j.issn1002-0306.2024020262
https://doi.org/10.19812/j.cnki.jfsq11-5956/ts.20240106003
https://doi.org/10.19812/j.cnki.jfsq11-5956/ts.20240106003
https://doi.org/10.19812/j.cnki.jfsq11-5956/ts.20240106003
https://doi.org/10.19812/j.cnki.jfsq11-5956/ts.20240106003
https://doi.org/10.16429/j.1009-7848.2024.07.033
https://doi.org/10.16429/j.1009-7848.2024.07.033
https://doi.org/10.16429/j.1009-7848.2024.07.033
https://doi.org/10.13386/j.issn1002-0306.2022120169
https://doi.org/10.13386/j.issn1002-0306.2022120169
https://doi.org/10.13386/j.issn1002-0306.2022120169

- 220 - £ Tl B4

2026 4 2 A

M. T R AR K 52, 2022. [ WU Shaozhen. Preparation and activity
study of bioactive peptides from pecan cake[D]. Hangzhou: Zhe-
jiang A & F University, 2022. ]

[44] HASSAN H A, AHMED H S, HASSAN D F. Free radicals
and oxidative stress: Mechanisms and therapeutic targets[J]. Hu-
man Antibodies, 2024, 32(4): 151-167.

[45] #ith. X AR H & B L 2 A [D]. £ Rk: TRKF,
2022. [ YANG Han. Preparation and application of soybean antiox-
idant peptides [D]. Chongqing: Chongqing University, 2022. ]

[46] LEE SY, LEE D Y, HUR S J. Changes in the stability and
antioxidant activities of different molecular weight bioactive pep-
tide produces obtained from beef during in vitro human digestion by
gut microbiota[J]. Food Research International, 2021, 141: 110116.
[47] CAO Mengdi, LI Wenhui, LI He, et al. Antioxidant and ACE
inhibitory activities of peptides prepared from adzuki bean by semi-
solid enzymatic hydrolysis[J]. Food Bioscience, 2022, 47: 101620.
[48 ] CHEN Jinyu, YAN Yijun, ZHANG Leilei, et al. Purification
of novel antioxidant peptides from myofibrillar protein hydrolysate
of chicken breast and their antioxidant potential in chemical and
H,0,-stressedcellsystems[J].Food & Function, 2021, 12(11): 4897~
4908.

[49] LO S, LI Xuchu, HENZL M T, et al. Structure of the Keap1:
Nrf2 interface provides mechanistic insight into Nrf2 signaling[J].
The EMBO Journal, 2006, 25(15): 3605-3617.

[50 ] WANG Xiang, DENG Yejun, ZHANG Yang, et al. Screen-
ing and evaluation of novel a-glucosidase inhibitory peptides from
Ginkgo biloba seed cake based on molecular docking combined with
molecular dynamics simulation [J]. Journal of Agricultural and Food
Chemistry, 2023, 71(27): 10326-10337.

[ 51] LIAO Fei, YOUSIF M, HUANG Ruya, et al. Network phar-
macology- and molecular docking-based analyses of the antihyper-
tensive mechanism of /lex Kudingcha[J]. Frontiers in Endocrinolo-
gy, 2023, 14: 1216086.

[52] THle, sk, &L, . FhRRAMIK > B LA,
2 R R o T AT AT D). R e A S HOR S AR, 2024,
42(2):109-119. [ YU Mengyi, LIU Shilin, HUANG Zhiyuan, et
al. Isolation, purification, structure identification and molecular
docking analysis of antioxidant peptide from Prinsepia utilis
Royle[J]. Journal of Food Science and Technology, 2024, 42(2):
109-119. ]

[ 53 ] MEN Deying, DAI Jiahe, YUAN Yuxue, et al. Exploration of
anti-osteoporotic peptides from Moringa oleifera leaf proteins by
network pharmacology, molecular docking, molecular dynamics and
cellular assay analyses[J]. Journal of Functional Foods, 2024, 116:
106144.

[ 54 ] FU Mengqi, GAO Jie, MAO Kemin, et al. Interaction mecha-
nism between surface layer protein and yeast mannan: Insights from
multi-spectroscopic and molecular dynamics simulation analyses [J].
Food Chemistry, 2024, 433: 137352.

[55] MASAND V H, SK M F, KAR P, et al. Identification of food
compounds as inhibitors of SARS-CoV-2 main protease using
molecular docking and molecular dynamics simulations[J]. Chemo-
metrics and Intelligent Laboratory Systems, 2021, 217: 104394.

[ 56 ] PAN Fei, LI Jiaxing, ZHAO Lei, et al. A molecular docking
and molecular dynamics simulation study on the interaction be-
tween cyanidin-3-O-glucoside and major proteins in cow’s milk [J].
Journal of Food Biochemistry, 2021, 45(1): €13570.


https://doi.org/10.3233/HAB-240011
https://doi.org/10.3233/HAB-240011
https://doi.org/10.1016/j.foodres.2021.110116
https://doi.org/10.1016/j.fbio.2022.101620
https://doi.org/10.1038/sj.emboj.7601243
https://doi.org/10.1021/acs.jafc.3c00826
https://doi.org/10.1021/acs.jafc.3c00826
https://doi.org/10.3389/fendo.2023.1216086
https://doi.org/10.3389/fendo.2023.1216086
https://doi.org/10.3389/fendo.2023.1216086
https://doi.org/10.12301/spxb202201049
https://doi.org/10.12301/spxb202201049
https://doi.org/10.1016/j.jff.2024.106144
https://doi.org/10.1016/j.foodchem.2023.137352
https://doi.org/10.1016/j.chemolab.2021.104394
https://doi.org/10.1016/j.chemolab.2021.104394

	1 材料与方法
	1.1 材料与仪器
	1.2 实验方法
	1.2.1 白芸豆蛋白的制备
	1.2.2 菌种活化及种子液制备
	1.2.3 白芸豆多肽制备
	1.2.4 单因素实验
	1.2.5 响应面试验
	1.2.6 验证实验
	1.2.7 多肽得率的测定
	1.2.8 DPPH自由基清除率测定
	1.2.9 综合值计算
	1.2.10 氨基酸测定
	1.2.11 相对分子质量分布
	1.2.12 超滤
	1.2.13 抗氧化活性测定
	1.2.13.1 DPPH自由基清除率
	1.2.13.2 ABTS+自由基清除率
	1.2.13.3 羟自由基清除率
	1.2.13.4 FRAP抗氧化能力

	1.2.14 白芸豆抗氧化肽的筛选及分子对接预测作用机制
	1.2.14.1 LC-MS/MS质谱分析
	1.2.14.2 抗氧化肽的虚拟筛选
	1.2.14.3 分子对接
	1.2.14.4 分子动力学模拟


	1.3 数据处理

	2 结果与分析
	2.1 单因素实验结果
	2.2 发酵酶解液制备WKBPs响应面优化试验结果
	2.2.1 响应面优化试验方案及结果
	2.2.2 响应面交互作用分析
	2.2.3 最优条件的确定及验证

	2.3 氨基酸组成成分分析
	2.4 相对分子质量分布
	2.5 超滤组分分离及其抗氧化活性测定
	2.6 体外抗氧化活性分析
	2.7 白芸豆抗氧化肽的筛选及分子对接预测作用机制
	2.7.1 LC-MS/MS质谱分析
	2.7.2 虚拟筛选与分子对接

	2.8 白芸豆抗氧化肽与Keap1相互作用的分子动力学模拟分析

	3 结论
	参考文献

