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Abstract: Objective: This study aimed to screen antifreeze peptides (AFP) from fish-derived waste and elucidate their
mechanisms of interaction with ice crystals by integrating molecular simulation with experimental validation. Methods: Cod
skin collagen was used as the substrate. Simulated enzymatic hydrolysis was employed to identify proteases with optimal
bioactive peptide yield. The hydrolysates were analyzed using Peptide Ranker, CryoProtect, ToxinPred and ExPASy
databases to evaluate antifreeze potential and physicochemical properties. Molecular docking and dynamics simulations
were employed to characterize AFP-ice binding mechanisms. Finally, the screened antifreeze peptides were synthesized
using solid-phase synthesis, and differential scanning calorimetry (DSC) was applied to identify the thermal hysteresis
activity (THA) of antifreeze peptide AFP2 (AGSSGPGGER). Results: Trypsin demonstrated the highest efficiency among
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39 proteases screened via the Peptide Cutter database. Eleven non-toxic, non-allergenic, and good water solubility AFPs

were identified from 103 peptides. The binding energy between antifreeze peptide AFP2 and ice crystals was —130.45 kcal/

mol. AFP2 bound to ice crystals and dynamically adjusted its conformation during the binding process to enhance the

interaction stability via hydrogen bonding and hydrophobic interactions. Antifreeze peptide AFP2 exhibited high antifreeze

activity, with thermal hysteresis activity of 0.9 °C and only 12.29% ice crystal formation during freeze-thaw cycles.

Conclusion: This study efficiently screened and identified a highly active antifreeze peptide from fish-derived collagen

using molecular simulation technology, providing a feasible approach for developing antifreeze peptides from fish waste

and a theoretical foundation for the resource utilization of fish-derived byproducts.

Key words: fish-derived waste; simulated enzymatic hydrolysis; antifreeze peptides; molecular docking; thermal hysteresis
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6 FPAS[R] R AR 2R 2 H S DU IR, JBEEE (i
Fifgfir i A5 A A DPPH [ Hh JE7E R R B 3w T
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Table 1 Predicted toxicity, allergenicity and water solubility
of antifreeze peptides
ke Bt et A S T
GNR o AESE 4 3 34536
GDR JoE IESM 4 3 346.34
MFR JoE IS 4 3 45257
NPAR Jo dEEd 4 4 456.50
GGPGER JoE RS 4 6  571.59
SPDGTR JoE IEEM 4 6  631.64
APDPYR JoE IEEM 4 6 71778
AGSSGPGGER JoE IEE 4 10 873.88
GPSGSSGSAGK v i | G S 11 89091
GMTGSPGSPGPDGK v |5 S G 14 124434
GMTGPIGPPGSGGAPGDK ~ i# JEEfg  4f 18 1552.72
GR TR B i 2 23125
GAR T OB 4 330233
GMK X B 4 3 32837
GHR TR B 4 3 36840
TCR TR B 4 3 37845
GGPGAVGPK TR B 4 9 738.84
GPAGIAGAR T e 4 9 768.87
GAAGLPGLK JogE BB % 9 78294
AGPSGAAGAR TR B W 10 813.87
GSSGPQGAR T s 4 9  815.84
GPEGPAGSR TorE B W 9 826.86
ADDANVMR T s 4 8 890.97
MCHPDWK A #H iF 7 916.08
GETGPAGAAGPAGPSGPR ~ i# #fl 4 18 1196.24
GPPGSQGAGGAPGPK TR OB 15 1234.33
GESGPSGPAGPAGAR T i 4 15 1267.32
GFPGLPGPSGEVGK T i 4 14 1298.46
GPAGPPGATGFPGAAGR i Efl % 17 1437.58
DGMSGLPGPSGPSGPR ~ G# it 4 16 1468.60
GEGGAAGVQGPPGSAGEEGK JtH #ffy  4f 20 1711.76

FIH ToxinPred ¥ e %t 31 £ YT AKUEA T35
PETHI, 4% 50, X MCHPDWK Jik Be gl w4 H
A EETE, oAy 30 SAARBE R Bl #E M. BJS, SR
JH Aller TOP i ZEPEAf X 31 4P ikaEs 7 aoigd:
T, 245 5 W RANAEAE 12 5 RBE o ik fevk:, AT 6
58 R B 1 SRR A e e 2 7 A B 2 B E AR
Bt FERZ KA KB RN UAR N L8 53 A 1Y
Laith, SRR FHE S . 2R B RM A S e ) B
ARBY I XX e BR B ifE 4T T K 8 PE D %2, Innova-
gen B JZE B TN 45 SR R, 29 SR AKBEAY KIS TR
FIRE N U7 B, A5 11 R HICHE . Jaad ik
T KA I BTR AR, KBS 3~18 N2 LR 4H Ak,
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Fig.2 Physicochemical characterization of antifreeze peptides
E: A N 3l C S FERR K15 B C. D: HUARKAY AT | 55
Hii . GRAVY 43

S50 27%. 18% Fll 18%, C ¥~ IEMLE (C1)
BN Arg ¢ Lys ¥, X & H T Arg ok Lys S22/
A B YIFRIAL ST, POk AR TE PE AT B 5 I
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K, LG IR v 55 VK TR Al SR, mT e BT A
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PRI T PR AR PERR S, WK ST R AR, 3
— AR ZR PR BT 233,
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BEHE, AZEE T TR A R AR R B TR IE P 2 o0
FEBA YT R AL PR R R R A S S
Gly-X1-X2 JFF 4544 1) GPR Al GPAGGK 1% ik,
K EATHE NS BELAS S5 P 4% 2R 42 R 45 44 10 B2
Wang 5500 P& 0 IR AR 359 5 A Gly-X1-X2 7§
HNEEAR BT IR, XHAINFY 2L AT AR 4 fIG TR A
PiENE, RS TR SRR IR 90.28%

TP BTAR R B () g ERLfeT . S5 B AS RSP 38 257K
P (GRAVY) E AT H L5 NI RESC R T Z —
. HIE 2B AIAL, 11 S5PTRARAEr AR 2R 0 5%+1,
Ui EHH TR L 57 T F 2 SR B Bail . 45 Al 2C
AN, FAAE 7 SRPUTRRREAE HL S E 6 BT, 4 5Btk
KT 8. BIHiRARGEH SR ZE/NT 7, R ZHEK
ZIBRTERILILE . T GRAVY {EAE N PEAS KBS
KPR EE TSR, SSEUE/NT 0 B, A] R B N 2R
JKPE. AR 2D BN, 46 11 PRk, B 10 &8
FaEARMERREL, X —45 R 5 Liu 250% 5845 AR,
PRS2 TR IR SR K PEARHIE
24 JURRKBI S FRIES

R T PSP RTE S NA I B B A e A NG
M, ARWFSEF)F Expasy_protparam EUH5 JZE %] HiAa 2
PESEAT T IR AR 2R R E AR, AR
84 (Instability Index)/NTF 40 BYIREL AT AL FaE
MIPTARAR . teh, AHCHFFEERI], &F 6 &£ 14 1
FEIR 1 IR B H A R P TR IR B BRAR A BE 0T, 5
T LR bR, &AL A AFP1( GGPGER) . AFP2
(AGSSGPGGER) #l1 AFP3(GPSGSSGSAGK)3 £5¥t
TRk R, FH RS2 S5k BT . 456
fE(Etotal) i FH TPl sz R SHEUAZ M &2 S Ea e
T, BARAYLE G RE(EE B TR idiR 5324 2 al A AR
YERE FaEE, S8 E PRIk S ks &0 3
TR T, 45 5 o DRI BFF A vk o 2R D, IR T
Kelvin &N A 230 1 K & iy £ K91, Bk ik
AFP1., AFP2 Fll AFP3 5 pK 43T 1 Etotal {8 4351
“H—124.07. —130.45 F1—127.90 kcal/mol, 5 ¥K i 43
T B0 S 2 20 7 R 2 4. iXERBA,
3 SARBC S UK AR BAE PR, 120 B AN
Wi, A LA S K Z AT A e iIAH HAE . ARWFSE
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FE B S e 2 IR IR AFP2 5K A TVE FHIL
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Fig.3 Spatial structure and docking results
of the antifreeze peptide AFP2
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AT TN T KB ZSE VK. Fr kel U, TR AFP2
38 3o 1 [ -0 AL o) S B R PR B D B PUAR AR
AFP2 38 i SV E FH W M F ok 32em, HE Bk e
FH I i 2 a1 BEALN B AR /K 43 R oK AL i
B, Pl vk sl e s S A, S RO bR IR
PEM .
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Fig.4 RMSD (A) and Rg (B) profiles of the antifreeze peptide
AFP2 complexed with the ice crystals
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Fig.5 HPLC graph of antifreeze peptide AFP2
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Fig.6 Mass spectrometry spectrum of antifreeze peptide AFP2
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Fig.7 DSC heat curves of BSA and antifreeze peptide AFP2
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Table2 Thermodynamic characteristics
of antifreeze peptide AFP2

= T,(°C) T,(°C) THA(C) AH, (J/g) AH(J/g) (%)
BSA 0 -0.2 0.2 31507  —17945 43.04
WURBKAFP2 03 -0.6 0.9 28707  -5179 1229

AFP2 IR & ok i & 5 (@) 2 12.29%, {7 BSA
PR Z P UK (43.04%) 19 1/3, PUdiik AFP2 BUIAR
A UK TS B2 BSA RSB WAL, XA EE
S54RIk AFP2 h Gly-X1-X2 = Ik & JF5H %,
N SR B R 21w e = W s ey oy R L
PSS SR8, IR TR vkeZ bk - 7
25K, BETT A VKSR B RN A . AT, PR AR
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IRl
3 g

A5 380 355 TS AL A B ASE UL Tt i 6 £ i D B
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it — 218 B CryoProtect. Toxin Pred &5~ ¥¥iE /22,
M\ 37 ZEIEPERR AR R S Y 11 45007 . e itk Hok
R RAFIPTORIR . 325, AP RRB s e e . KB
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Gly 5vKEhTE SR, FUR%E [ B S5 50 5 UK L 45
Hrs FHBR AR AEFH J1 8028 vk B R 2R, BRAK AU 4
TR, SEERN VK SRS A H Y. S, PRI TS
BSYESZ, PLRIK AFP2 THA ik 0.9 °C, Hommd b
VKEH AR 12.29%, 5 ICHTR G 0% 25 1 v 2R
IRAMA 2 AH LY, VKOS B 30.75%, 2 BB R
AFP2 J&—Z&mib tEIPTAR R . 257 b, AR5 5
TFASHUBE A DA £ i S 1 s 3R A — SR PR AIR,
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