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Abstract: This study aimed to screen "antioxidant+whitening" dual-function peptides from Morchella esculenta using
bioinformatics methods, verify their efficacy, and explore their potential mechanisms of action. Through the integrated ap-
plication of bioinformatics approaches including virtual enzymatic hydrolysis, activity prediction, physicochemical property
and safety assessment, and molecular docking, four peptides from M. esculenta with potential "antioxidant+whitening"
effects were virtually screened as follows: WWVCAK, WWV, RARW, and VMRWKP. In vitro experiments confirmed
that the hexapeptide WWVCAK exhibited better antioxidant activity and tyrosinase inhibitory activity. Cell experiments
further revealed that WWVCAK could significantly enhance the total antioxidant capacity of B16F10 cells, reduce intracel-

lular reactive oxygen species (ROS), malondialdehyde (MDA), and melanin levels, and effectively inhibit intracellular
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tyrosinase activity. Network pharmacology research indicated that SRC, HDACI, ITGB2, ITGBI, PLG, MMP2, MMP?9,
HDAC2, ITGB3, and ITGAL were key targets of the "antioxidant+whitening" effects of WWVCAK. The peptide exerted its
dual activity by participating in various biological processes including proteolysis, organization and disassembly of extra-

cellular matrix, and collagen catabolic process, as well as by regulating multiple signaling pathways such as neuroactive ligand-

receptor interaction, neutrophil extracellular trap formation, and leukocyte transendothelial migration. In conclusion,

WWVCAK is a bioactive peptide with promising "antioxidant+whitening" properties and thus has potential for further

development and application.
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Table 1 Protein sequences of 10 species of morel mushrooms
LR L
Y UniProt ID|AC HEHAK %\g‘ 43F e (kDa) TA
1 AOA3N4L3MS8|A0A3N4L3M8 9PEZI 608 ribosomal protein L29 65 7.545 0.2000
2 AOA3N4KK35|A0A3N4KK35 9PEZI 60S ribosomal protein L27 135 15.522 0.1111
3 AO0A3N4KRD3|A0A3N4KRD3 9PEZI Ribosomal protein S9 145 16.146 0.1103
4 AOA3N4L328|A0A3N4L328 9PEZI 548 ribosomal protein L4, mitochondrial 230 25.909 0.1087
5 AOA3N4KIE6|AOA3N4KIE6_9PEZI RNase III domain-containing protein 208 23.054 0.1058
6 AOA3N4KRO1|AOA3N4KRO1_9PEZI Ribosomal protein L38e 71 8.838 0.1039
7 AOA3N4L324|A0A3N4L324 9PEZI Ribosomal_S13_N domain-containing protein 151 16.823 0.0993
8 AOA7G5KLU9|A0A7G5KLU9_9PEZI Lectin 111 12.474 0.0991
9 AOA3N4L508]A0A3N4L508 9PEZI Ribosomal protein L6 192 21.454 0.099
10 AOA3N4KXNIJAOA3IN4KXN9 9PEZI 60S ribosomal protein L5 300 34.414 0.0967
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Fig.1 Mass spectra of 4 Morchella esculenta peptides

with dual effects of "antioxidation+whitening"
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Table 2 Four "antioxidant+whitening" dual-function Morchella esculenta peptides obtained by virtual screening
S s R L BKBEfi B PeprideRanker/} CPPpred/s AnOxPepred/p PToie?/”
1 WWVCAK 548 ribosomal protein L4, mitochondrial EC F;‘:; 3 [127-132] 0.851 0.548 0.340 0.0118
2 WWV 54 ribosomal protein L4, mitochondrial S;;" ;:O;’zeg" [127-129] 0.971 0.546 0371 0.0111
3 RARW Lectin Epg’t;‘fzsle 6’; [105-108] 0.817 0.890 0303 0.0071
4 VMRWKP RNase Il domain-containing protein  thermolysin EC 3.4.24. 27 [148-153] 0.626 0.712 0.332 0.0069
23 A4 BRI ONRCERERIK S Keapl LUK % SRR 73 X545 43
Table 3 Molecular docking scores of four "antioxidant+whitening" dual-function Morchella esculenta peptides
with Keap1 and tyrosinase
X5 WWVCAK WWV RARW VMRWKP
S Keap 10454353 —227.813 -172.260 ~176.807 -183.801
55 1% SRR X 205 43 —233.078 -211.626 —202.227 -195.809
POEPISEE S —460.891 —383.886 -379.034 -379.610
T4 4K PURAE A MDA R R A B 5T 2 4
Table 4 Physicochemical properties and safety of four "antioxidant+whitening" dual-function Morchella esculenta peptides
i1l SFiE(Da) LN R AT BUKME kM RSN mntE e SdE a8
WWVCAK 791.97 8.22 KPR +1 6.54 835.31 0.003 0 -0.0027  AEBd LR
WWV 489.57 5.52 K2 0 3.26 834.81 0.017 0 0 B 55 7 G V12
RARW 587.68 12.00 IKEEPE R U +2 9.93 839.61 0.016 0 0.0168 E| 517 G V12
VMRWKP 816.03 11.00 IKHEPE R U +2 9.43 858.21 0.010 0 0.0297 E| 517 G V12
FRAFAE, WITE 5 5 Z [UBREE -5 T8 ALY, Sl 2 TR Keapl
FAL R ZRPS . AW R 4 Fh P fb+36
F AL RE T PR AR 4 F 1 # I T 1000 Da, 3457
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SEEALACRIRAN ), R T HE HE R I L RO, T A
BEARMIT & AT, & S I R IR 5% i B2 22 1T H2LPL
&l 2 /R T WWVCAK 5 2 Fh 32 {4 19 45 A 5 K B ..y “Im) fo
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TR Arg268. His244 . Glu256 AH H.AEJH, i i
Hofr 5 5 Phe292 454, 315 Gly(86,245,281) . His
(61,85,94,259,263,296) . Ser282., Asn260. Phe264 .
Val(283,248) . Ala286 Fll Glu322 i i ik /K /E JH 4%
Ao AWFFEH, 5 WWVCAK AH45 419 Keapl 1Y
SHRMREREL, MFE Cys(368,513), Ile 559 F1 Val (369,
463,467,514, 604, 606)55, Y iz 8 (A I EEEL T
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Fig.2 3D and 2D diagrams of molecular docking

of WWVCAK with Keap1 and tyrosinase
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CAK il 15 Keap!l F17 220 1 g 14 P 5B A7 10 R Sk
L6 REDUAEAR RN SE I3
2.2 IMREEME SR

SRR T 4 B BrEARHSE 7 R RCE T T
KB IE . XF DPPH I ABTS' H i 20975 B BE
1. BEERE T LA R ST Wik G201 1 1) 100 o) 1 P O PP
Ho WTLIAEH, i 4 FPIRE R — e i 5 )
FEEARE 7, X DPPH Fil ABTS' [ i 3L B A B3
RIS, I S IR R B R ARV E A .
H, WWVCAK M L& T oy, H ABTS'H
FH 3RS BRTE P 0Y 1C, (B -5 BHPEXT AR Trolox AHY, JH
B JE ). DPPH [ HH3E7E RIE M ABTS [ 3L
[543 9% #E B9 Trolox 4 H: 4351 g 127.2943.77. 75.17+
2.55 Fl1 969.53+16.88 mg/g, ¥4 BE 711 EDTA-2Na
MR 7.69+0.22 mg/g, %SRBI IR A4 R R 2
4 119.80+3.75 mg/g, ¥ B3 = T WWV., RARW
1 VMRWKP(P<0.05), #&£75 WWVCAK & —Ff &
1 RAFIF R TS “ DU Ae+38 (17 TR E B K.

I T e T g s R A R LA R ) E A
JZ LB RE J7; DPPH F1 ABTS™ [ i 5L V5 575 1 B 4%
FAEILEYIE R SRS B A, rhfiREeE B 3t
PSR &0 B T A A Re 1Al e AR %) Fe'/Cu®
AR B T A A, I CEIXT Fenton 2RV 1)
HIRE ), X LR R AR A T Préa fhid P 2 4k
PPAG AR R B2 5] #5555 R AE W5 525 07 1 A
E AT I i e R 3 S5 fB AR (KRM. FPL
FL), J: DPPH [ rH L3 B 16 P 19 1Cs, 18 4351 R
0.125. 0.256 F1 1.601 mg/mL, ABTS* [ H1 314 1%
PEBY ICso 14391~ 0.339, 0.374 F1 1.601 mg/mL.
TRAG P LB UEFNZHTIL 585 X LC-MS/MS 4%
S B I, 455 s BT E R b 4y
23] 3 N AEALK(TALDVPPPR., TLSDAGVGGL
F1 DLINGGKDA), H: DPPH [ H 3B E 1Cs,
B3 %) 0.43. 0.83 Fl1 0.51 mg/mL. Placido %1%
ML G B alifl . Gk S 5 A B A AHAE G
BT, MK 5 R B A1) A 7 1k B BT AR ALK sala-
mandrin-I( FAVWGCADYRGY), H: ABTS" [ i &
5 B 9% PR AT DPPH H EH 29 BRIE M S &4 B o

0.285 mg Trolox/mg Fl1 0.08 mg Trolox/mg. %R
it 2 PR 2R ) KB R T e, 0 1| T A T A5 35k
/R ZRUURR, HE T SE B R R 56 FTRCRP, Yu 450
A FH TSI B f L0 3, DA ¥ vl 07 3k 381 s 2P
Pt 0 i K DEK, JH: o] i 220 12 1 490 3 V% PR 19 1C 5 H
& 0.205+0.07 mmol/L., Wang %507 2548 3& . LC-
MS/MS Bz 53F X B2 5 AR MAFTTLBK S M B v i 3 28]
4 Fhk s R AN K, Hod YYP X SR i A
VEF ek, ICs, {E A 1.764+0.025 mmol/L. JLFAR
e WWVCAK YT A i 2= IR T 110 31 i P 5
AS B BHPE R IR, AH R [R] BsF B P AL N 35 I XE T
2, HIE PO T 28 O HRAE BT A AR R % 2 R D
HIERDY, sh, WWVCAK VE R KR4, HA R
) 2E A B RAF I WIRCR P . A7 BEAEIRAT Sl b X
HEERYEIE—2 Ak, BT R s 2 it il 1 4
A EEA R T, AR H N T o
2.3 ZHBESCIOZER
2.3.1 XF Bl6F10 #Hi fibi s L BE ST mysEme  She
AL BE T2 DT A T A B TS R R RE 1
Febr, HoKSFhms, 4 FRA S Ae #4509 gE 1k o o
MDA JEfE S AL SR 2774, ROS W4 P 4R
AR SR ), 8 S BRI, S AT i
FALB S BN A . AP o I e P ke
77 . MDA & & f¢ ROS /K FPFAE T WWVCAK Xt
B16F10 4ififahrsafbrEpensiem (& 3) . g5 iR,
WWVCAK DAk BEAK AT X S 2B 5 40 i A9 St
FALBE ST, FFFEL MDA & &F1 ROS 7KF-(P<0.05) .
TE 400 ng/mL ¥R EE T, WWVCAK AbFZH i1 S PT 4
TLRE B XT FRAH IR = T 40.63%, MDA & Fll ROS
RSB Z X BRZELAY 70.22% Fl 78.58%., jxX4bgh
IR, WWVCAK Refig A 2082 FH4i i b s fk he
J71, VR A AN AT

LAWY IZ G T A SO A it S AN 3
LR ER . Xiao 45P% &, REMbTA G id 1y
SR EALEHE PE, FRE ROS Fll MDA 7K, 1843 1 %8
ST S I AR I AU A A 155 Xa S50 HiGE, Sk zh b
ALK KSPLY i3 G Keapl/Nrf2 {5538 %, {2
LA AR 25, #1H ROS F1 MDA A= i, M4

5 4P BUERMASE T SRR T IR A0 S T R i S IR T 1 55 1A

Table 5 Antioxidant and tyrosinase inhibitory activities of four "antioxidant+whitening" dual-function Morchella esculenta peptides

e b5l DPPH [ H B3 BRI ABTS"H B 3L bR IG eiiwl Yo ik e PR R T % 2
o Trolox 4+ ICs, Trolox 4 ICs, Trolox 4+ ICs, EDTA-2Na4H: ICs, AR 241
WWVCAK  127.2943.77*  70.24+0.79° 75.17+2.55" 51.28+40.79° 969.53+16.88*  1944+41° 7.69+0.22° 1128+18°  119.80+3.75°
WWV 24.18+0.75°  1962422.91" 2.69+£0.10°  56.40+2.39°  899.2+6.79"  3447£173° 4.3420.21° 11769+637°  11.50+0.80°
RARW  25.15+0.56°  2225+£54.27° 2.37+0.13°  270.8+7.22° 186.42+3.76°  3475+99" 4.30+0.09° 32520£1574*  4.16+0.29°
VMRWKP  20.46+0.93°  1974+36.39" 2.68+£0.12°  1048+23.07° 47.29+1.42%  7234+394° 2.07+0.09° 30360£1647"  4.46+0.26°
Trolox - 5.28+0.23¢ - 49.97£1.16° - - - - -
EDTA-2Na - - - - - 14.95+0.15¢ - - -
iR - - - - - - 135.07+3.12¢ -

1 BHIARR] EAR/NG TR 538 K, P<0.05; IC S A pg/mL, FTA 4 i B Amg/g, —FRERAME
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100 b " I SR R T A TG M (B ) B 52 R
S g0 i c Fig.4 Effects of WWVCAK on melanin relative content (A)
Eﬂf < and tyrosinase relative activity (B) in BI6F10 melanoma cells
41 60 A
= O S 20 PR S P I sE AN K] 4B BT s . AR XT R
5 40 . N
3 20, AN EE WWVCAK b 32 114 i 2 IR s 1 24
=< — e = 1 SN
201 Il ERREIR(P<0.05), SISO R . 7E 400 pg/
0= : ‘ mL ¥R, BRI PERE 2 X FRZH Y 84.47%, 5
) ‘*v \ L > ALY e
ML 25100 0 Y B A ot B 702 7 6 1 1 T B 55 2% 5 (P>0.05) .
WWVCAK (ng/mL) &% St [40] ST~ 9
N Yap S5 F AN BUA I DA T XS EE TSR GYSLGN-

K3 WWVCAK Xt B16F10 4ilfitd St A fkAE 1 (A) |
MDA FHX} & & (B) il ROS AHXTF 1 (C) iy 52
Fig.3 Effects of WWVCAK on total antioxidant capacity (A),
MDA relative content (B), and ROS relative content (C)
in B16F10 cells

TE: B R ] NE SRR R ) A B 2 8] A7 7 3 25 57
(P<0.05), & 4 [A.

P HepG2 4iifii e~z H,0, s TR MBI . 5 Hik
58— 3, ARWFFE R, WWVCAK HEN i & = T}
B16F10 41 g 14 S bt s fb B8 17, BRI MDA & &
ROS 7K, IR AR ML G 37 S A5 -

2.3.2 X} BI6F10 4 SR AR plingszms A @
R 5 I S TR P 22 TEAH G, PO 1 2 R T v 12
Ay AR R A Ak, TS RIS DY, AFoTim
SR WWVCAK X B16F10 4 Jifd B €4, 2% A= il K2 1%
SBRIHE e, PR T HSE 1 (8 4) . 45
W, WWVCAK DA AR Ty = il 2 7 B16F10
20 i A BE (0 22 AR il (P<0.05, 8] 4A) . TE 400 ng/mL
WE T, B RE S RIEEXTEHA 68.78%, HASCR 5
BHPEST R H AR A 24 . bR, WWVCAK % B16F10 41

WVCAAK BRI RS IAWE RIS, B2
AT N Tyr FEEIM IR, BRICHS R B b e T
g LA MRS M, il B16F10 4HAiy a4,
FAE . Hu &PV WK, UL 1.6 mg/mL faBiaH ks
Ik DLGFLARGF ZbF B16F10 4 i, 7 {5 1% 22 1k il
WEPEREAR 23.19%, AR S E D> 38.3%.. WS
LER S RIRIE —E, WWVCAK 4b B 2H (Y B0, 25
B b RIS SR G P i I T RELH, R WW V-
CAK REiE i 4100 i1l s 220 R il v 4, A3 i b 3R 5
T8, EATAE Sy T 2 R B 00 N T 2 R SE ™ o
KT -

24 ETWEARFHBEERIS

2.4.1 YEFME S TEEER  FFH Swiss Target Predic-
tion B ¥E 7 2K 15 105 I~ WWVCAK [ ¥ 76/ FH 4T
M, ilid OMIM Fl Genecards $(¥s 42, 43 5] i 126 H1
14577 P~ E A AR SCHD ST 12264 4~ 2A (0 2R AR A 5
A B WWVCAK MU EAE RS S S AL AE G
ML B PR AR 2R A N AH G S AT A R 43T, R4S
74 A A HE (] SA), ax s H B 5 A ol 2
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K5 WWVCAK AAFHTAMAISE H IR LR AL R (A) Sk A AR 253 b s R A T Ak (B)

Fig.5 Common therapeutic targets for WWVCAK's antioxidant and whitening effects (A) and visualization of the protein-protein
interaction (PPI) network topology analysis (B)
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Fig.6 GO functional enrichment analysis (A) and KEGG pathway enrichment analysis (B) of common targets for WWVCAK's
antioxidant and whitening effects
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