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Preparation, Structural Characterization, and Activity Screening
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Abstract: This study investigated the enzymatic production of bioactive peptides from hemp (Cannabis sativa L.) protein
with potent pancreatic lipase (PL) inhibitory activity. Through a comparative evaluation of proteases, papain yielded a
hydrolysate with the highest PL inhibitory activity and was consequently selected for process optimization using Box-
Behnken response surface methodology. The optimal conditions were determined as follows: enzyme-to-substrate ratio,
4.3%; hydrolysis temperature, 62 “C, and pH6.1, resulting in 57.06%=1.64% PL inhibition with an IC, value of 5.12+
0.31 mg/mL. The hydrolysate exhibited an irregular amorphous microstructure, accompanied by a reduced average mole-
cular weight and an increased proportion of 1~3 kDa peptides. After enzymatic hydrolysis, the S-sheet proportion of the

protein decreased significantly, while the a-helix and f-turn proportions increased remarkably. Additionally, the levels of
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amino acids such as glycine, alanine, proline, serine, and arginine underwent significant changes. A total of 1195 peptides
were identified by LC-MS/MS, from which 15 candidate peptides (with sequences FEW, LLFSP, LAF, LLF, FYL, LSF,
VLF, LLSF, LFL, LFY, LVF, LFR, LFF, LLLF, and FLF) were screened based on two criteria: relative content >1% and
PeptideRanker score =0.6. The cumulative relative content of these 15 candidate peptides reached 28.79%. Molecular

docking results indicated that the binding energies between these peptides and PL ranged from —7.4 to —10.0 kcal/mol, sug-

gesting their potential as PL inhibitors. In conclusion, papain can efficiently generate PL-inhibitory peptides from hemp

protein. Additionally, the enzymatic hydrolysis process significantly alters the structural characteristics of hemp protein.

The optimized hydrolysis conditions established here, along with the identification of 15 potential bioactive peptides, pro-

vide a solid foundation for the high-value development of hemp protein and its industrial application in functional foods for

the intervention of obesity.
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AR L AR R AT T AR S 2 3R
MEAEFD R0 MHEA SR, RenE PR it
FEERUR, EIFRTFTIET 25 kg/m® MHEE, K
TELEE T 30 kg/m® N H 2 W ABHE . 2022 442K

HEFEN T E 5 10 42,  EREFEAFERLSE 2.2 12,

HEIAFR RN BRSO T AR . B8
A& TERE W P S S A B B BN, 0 S8
f 400 7 AFETZP, B 259 an SR R LA A B g
I FI AR AN AT 455 KBS, T GLP-1 2R3 sh 7] 4555T
2 5= 24 B 3 8 FH 245 iAS & B ki . Rl &
LA U RN T TR s 2 A hy R A R 1) 5
B R] R

Ji H I R R AR W A R, I
VH AR A1 T 6 I8 U7 ¥ ( pancreatic lipase, PL) Y
ACVE . il T B2 K iR AR 50%~70% I B g
Wi, S R $as i B R AL B4 S B B TR L R S P T o
PL 7% M AT A sk 2 1 188 X0 12 i U i ) e i, BEL LT
HZ M AGIA S SRR -G, MBI
T, WFITUESE, i 2~20 A2 IR 2l i 4 A2 S Ik
JFA, ALl s RS S PL IS AL sk i A Hias ]
PG, il PL 3EPERY . 3 UGE | nT i
of B E AR R PR > . HAT, & ARZEIR
YEATIRF . WK RN R TS RMEY E K
i e HAT PL WITE MR REL . AR Tk
24 Y, AR A TR PR AT BRGSO
S (3N ve = N &Y B i 1BV =g ENTOP ) B,y B = € ) 7 VA
FHA S

UK (Cannabis sativa L) ¥FVE IR FE R (470K
YEH, Holm &l 7 8 DU i 28 1 5T 2= e ik
40%~50%, {HL >4 1/ F1) FH F PR AR, 16 ™ 5 30 5 PR
Tho WTARA, HORARZ AT KB, BAE il 25 AU
ZRREAE PR . VR AU 55 (VE ., FEAE T
B AR B PRI . e ML . IURR | v L e I i R A
BESEEEE HR R B F R uE S0, R e R
T, WS R I, TURREE 1 B T S BRI
REAK BT S B R BRAAR R A2 il 375 S AL [ K SPOT
Frb A S EYE . K S SR AR, A

DUMKF R H H I 452 . APAM. RLPA W 4% L[]
PL (4K . AS IR B 50 AR IR 11
TR A B DURRRF B8 1 b 43 25 1 3 Rl A PL fI il ik,
Horp YNLPILRF 09 400 ) 1% P4 B 5, 1C5, o 0.377+
0.041 mmol/L. #&1Mi, IS m i PERR s alifh
BAS i B, ME LA SEE AL FH . AT, AR —
FhLLE & ZFh SRR DI REEIRIR 54 S BRI &
R ARAS A 20, XSO BRI SE R FH B
HAE"

PRI, ASAF T o 7 e Fe UL B I I . PG ARl 1
LB, ST DURREE FH IR PL 30 IR 1 v %k 45
1% G5B 22 RHOR T BT AT S B 45 R AR
1k WL LC-MS/MS 555 F X 228 AR T e v e %
WFES, BTEHESISURNIN T8I~ EDh e £ S slhe
BN FEFNTIR ) SR S 1
1 #R5RE%

1.1 MRS5S

TUBRA— 4325 55 4 (hemp protein isolate, HPI)
1T TAE R R A R w5 AR A (=6000 U/
mg) . ¥ %3 (300 U/mg) . 2 H B (50 U/
mg) . KA (20 U/mg) . X AH3EZE T BREE (p-NPB)

A TR AR AT RN W FE R T IR R 5
i (3~90 U/mg) %[ Sigma-Aldrich 23 5] ; 485 —
i (OPA) . BCA FHEIFIMREERMIAR & Zirat
YA RR A

MI104E BUHL T-R5F- . FE20 BISCEG 28 pH i+ it
AR FER £\ F]; VED4500 T EZS W R T1RAL

At BT EE HEA B4 H]; L8900 4 [ BhA KL 45 BT

H 4 H 3723wl TSKgel G2000 SWXL ik H
< TOSOH 2\ F); Molecular Devices [ fri% |5
ERLTFAIRAF; U-T1810S £54Ma] WL A6 GREH

RIS A AT BRZN F] ;s Chirascan V100 &
65G3%4  Applied Photophysics 23 7 ; FTIR-650 {i
I ASHLT AN R AR & AT B F;
GeminiSEM 360 17 & i 45 4l v+ 8 30458 (43 HE R
1.0 nm @ 15 kV, il & & 0.1~30 kV, Bl EDAX
Octane Elect Plus G8i5Y) fEEZE =]\ F]; EasynL.C
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TRIERE , % DUBRER F IRBRAR TR H 2 . G5HIAE B PRI 1 79 -

1200 524t Z£[E Thermo Fisher Scientific 2\ #] .

1.2 EWHE

1.2.1 MRRE OBy & & S5 FEAnmsE L

PL $ifiPPFa s, 43 5k b T (40 °C,
pH7.5) . XU 2 FI i (50 °C, pHS.0) . 3% % 55 [ [iff

(50 °C, pH7.0) FIA K&K A (65 °C, pH6.0) 1E45 H

il pH S51EE 54 R X HPT BE1T B AL BR . JIEY)
EHHSER 50 g/L, FiFS5IRM LS —h 4% (w/w),
fEEITIE S 5 ho AR BT PL #1500 )N, b
BERFAAH AR B0 8 T o

1.2.2 DU R T 200tk i ad sR e 35086 5

AR B | B pH AR XT PL H5RR
S, B LR 1:20 g/mL, BE#RSE] A 5 he SRAJEA
R 2S00, B WSO BRI 4%, BEf% pH6.0, i
ff iR 60 °C; AR BN SHEON BFA L (1%, 2% 4%.
6% 8%) . Mifffit pH(5.0. 5.5, 6.0, 6.5, 7.0) LI Sz fifffi
#RE (50, 55, 60, 65, 70 °C) . FeAKfELaE R, T

95 °C 4514 F K i 10 min, J& %% pH & 7.0, 8000 r/
min &0 20 min, ME _LIEWXT PL fARHITEA . 7E
PA PR Z A4S RO ELA I, A Design-Expert 424
#£1T Box-Behnken Design i5uiil, WL 1. mZ,
38 35X (BT R A A AP o TURR 22 IR PA) e A Tt T

%1 Box-Behnken i1 R & 5K P

Table 1 Factors and levels of the Box-Behnken
experimental design
7K X,: B BE (%) X,: BEfEIREE(C) X,: FfifpH
-1 3 60 5.5
0 4 65 6.0
+1 5 70 6.5

1.2.3 ABWFEGEHD 3G R 2 LA p-NPB A JIK 4 i
47 PL ihliee"? . #E 96 FLAR KN 50 uL £
MRS 25 pL BEARTEEA W (1.25 mg/mL, EFT
0.1 mol/L BEHR 4N 2% ik, pH7.4, ¥4 100 mmol/L
NaCl), If-4E 37 C ZZM FHHFE 15 min. FESIIA
25 uL p-NPB %% (5 mmol/L) J2 SHI W, MR eMN
LR ELART R 150 pL. 4KZHFE 15 min 5,
JHEFFRGM ZE 405 nm 4b[%) OD (B . PL #lil 4z 40
ToaEE:

o[, C-D
PL%fﬂﬁ%lJﬁi(A))_(l n B)xlOO

P A M EEICHRE R4 OD {H; B GG
FhahZHn OD fH; C N &S AR OD {H; D 2
ERESLJCEELZE Y OD A
TE B A B f# 25 F '~ , >R JH GraphPad Prism
(v10.1.2) R A38 3=k A e [T 53 A7 0 52 A it 4100 o]
PL 1% ICs, {H, [FIHF L BEF] =] AhAE Ay BH X HE
1.2.4 JKMREEME SR OPA 1 X B fi r=4

Y K i EE U3, B 20 pL L-22 2201 sl BE S A RS
150 pL f#) OPA iXFNRE S, W H 2 min Jii, £ JHEFbR
M %E 340 nm Ab1Y OD fH . AR¥E L-22 28 hnifih
LR (M EIE R 0~100 pg/mL) AW &I & it ¥
50 mg HPI &4, iA 6 mol/L HC1 ##+, T 115 °C
A T OKSE 22 h, W BVEIEIR & L. KRBT
E7 R (1l /N W
ODj — ODyp
OD; - ODyy,
T : OD gy MFE S KA S5 1) OD {5 OD i
FE S K A BTG OD {5 OD A FE i 58 42 /K it 5 1Y
OD fH.
1.2.5 SyF =4 mkim e LA 10000 r/min
L 10 min, EE HIEW. HTIBCAA 220 nm KA
UV Rl 25 i) B 8RO R el 22 43+ 43 AT,
B 10 uL £EShiEREE 2 TSKgel G2000 SWXL {43541
(300%7.8 mm, 0.5 pm) . LIE 45%(v/v) ZES 0.1%
(V/v) TR TR B Sl K Bk, SR FH A BE e 7
K, W A 0.5 mL/min, & 220 nm, DL
A IE A L 3R C. WIKEE . FTEE KL H
ZA G- H 2k - P k-4 2208 DU TR R b v, A i
BB AR AL AR (%), FAF T X BC AR (y ), $2L
EAF R RUERTLE TR R y=—0.231427x+6.91037, R*=
0.9896.

TKFRE (%) = % 100

1.2.6 #1 i B 8% ( scanning electron microscope,
SEM) K A4 FB B8 WL A5 A i 1) 3% T MOW TR
o KR TRIRE IR TERE TR SRS |, W4
J& 10.0 KV g e, R s & o AR A S
BER% .
1.2.7 2508 B — B #% (circular dichroism,
CD): FERSHHEY TR XT 0.5 mg/mL AUEESHTE 190~
260 nm F3#, 7] CDNN 2.1-simple Spectra F&)7
SrAT R LS AUl B AR e 2T 48 Y i (fourier
transform infrared spectroscopy, FTIR): }#-4¢ 5 5 1
ERRALER (1: 100, ww)IR G TERIE, BT HS ER
HLH N 2 20 MPa, #5542 2 min, 44 I % 400~
4000 cm ', S3PEFR Ty 4 cm !, BFH 64 I . LA
JG3E: B 0.5 mg/mL AUEE R, £ 190~400 nm P K7L
FEI B SR G -
1.2.8 ZEEMRAMSTHT SR L8900 4> 1 ol 2 Kt
TR S M AT 43 BT, oK 50 mg A 5L BT 10 mL
6 mol/L HCI 1, T* 110 °C /K fi# 24 h j5 #HEATHKIM .
B TR U e B~ 2020 e,
R RCE L = —0.468 +0.454 x Leu—0.105 x Tyr

L Leu 11 Tyr 435I G3& 100 g £ b 240
PSR T, g
1.2.9 LC-MS/MS % £ R H 0.15%150 mm

Acclaim PepMap RP-C, g a4 F1 EasynLC 1200 5
GeorEs . FERMARFR 3 uL, 48 95% WiahtH A0.1%
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FR) s EAE. WishAH B H1 84% ZJIEAN 0.1% H
PRZH . PEMEHE 2 300 nL/min, B62E°4: 0~50 min,
4%~50%B; 50~54 min, 50%~100%B; 54~60 min, ff
¥ 100%B, 4385 JIK7E Q-Exactive HF-X I fif FH #Hs
A Top 20 Tiiksrre £E ESTIEE TR, MS
BAHAE 350~1500 m/z JL I PN REE . — SR JTE 43 Pt
ARECE N 60000, —FIE S HEARBEE Y 15000, &
4 uniprotkb_Cannabis_sativa_30192_ 2025 03_03 %X
PE2E, [ MaxQuant(v1.5.5. 1) X EHGHITLERE . B
J&, XSAHXT SR T 1% BYIRBEHATAE 0 P T A0
Sy FXFEE T
1.2.10 ZEWiE W A5 X7 3245 SR Pep-
tideRanker X 25 476 A TVE Sy, ik 4555 =0.6
Mk. LABEAEIDIEG 1ETH VE 3288 M. it 2 ik
YE B4, 28 Chem 3D 20.0 #F MMFF94 J; 373t
1raReE /MBI, SRHTELL -5 CB-Dock2(CB-
Dock2: An accurate protein-ligand blind docking tool)
PATHFEE ST X . X AR T, XL & 1 4E
AT A AR B A, RS e . &
J&, B PyMOL 2.6.0 #1 BIOVIA_ DS2024Client %%
PEXT IR S Z AR I 28 GASE A T T A 53 AT o
1.3 HiEALE

BT 452150 3 AEA, I DI EApR 22 3R
7N o R SPSS29.0 #i 4 BE AT HL N R U7 22 5 A
( ANOVA) #lI Duncan’s Multiple Range /& 6 ,
P<0.05 RZERAGeH#R L . Origin Pro 2024 #f
28] JEd SIMCA 14.1 B3T3 5347 (prin-
cipal component analysis, PCA) FIIE3 /N — ik
#1) 51| 43 #7 ( orthogonal partial least squares discrimi-
nant analysis, OPLS-DA), 715 AL & BE ZL LR
(variable importance in projection, VIP) . & 5 iiE
OPLS-DA #7 it)A R0EFH-HESR A A A XU, R FH
A58 (permutation test, n=200 ) XA TIEIE
2 HBREHH
2.1 mEEKEEBRITFIELER

AN [FY R FI 2K i = 04 PL U 5 A0 K fe 2 an

60 | Z2 WS

C KR A 14
£ 45 12
% s
E S
£ 30 8
=t &=
5 ¢ B 62
= 15 4
£
= 2
0 0

7,% ik AR JMH%
EHET O EHAM  ECAE EAR

P AT A 0 4 TR T A T 0 o 25 5 K fe
Fig.1 PL inhibition rates and degree of different enzymatic
hydrolysates

LE: AR N RERR 22 57 35 (P<0.05), 18 2 [l

B 1 s o ARTIER FAT K A =404 PL 300 306 14 4.
EE T HAR R B (P<0.05), I3RS F] 49.77%+
0.10%; FLUR A i 85 25 (AT 38.89%1.11% F1XUBR
AT 29.65%+1.05%, 101 H 35 FH 7K 3l
AR 20.45%+1.87% AJNEE IR T2 M
U, AR R B e /K fif Arg FiT Lys R
FUHII AR, Mudgil 5508 BFSEER Y, &R 09
AR 1A Bl 7K e 4 26 B0 H O @5 i PL s 1k
WA, AR I . 9 55 78 P . DAUBR AR Pl v b
B B ITAS K R R K R BE 53 500 12.85%+0.64% .
11.88%+0.45%. 6.04%+0.17% Fl 4.68%=+0.13%. #H
L2, FEARNEE A K i HPL BYIF5E H, Malomo
5 U9 SR PH-stat J7 125 A5 (4 7K i B2 SRy 17.99%+
0.11%. AT SCHRIRIE /K it A 22 5, nTREA
TS A OB 1 EORE . 7K R B A I 7325 K Tt
filt T 25 F AN TR] . PRk, e A IR (I B UEA T
HPI (R, it — DO b e T 22250 B e
PL #MHIEHETE 1Y HPT B4
22 BERFWER

W 2 iR, HPL /K f#E % PL A4 il 52 B fitg
WREE | NI EE R pH (BGI 2B5E IS R
HaH L FEREUR R 4% . BEfF IR E R 65 °C . pH6.0
MIZEAET, PL 3 305 i o Y Il )2 1 o il 7K P
CRIERL /b g M S USROS VM s e R 5
F-IAI 4 SRS, DT 5 i) FLAE AL G P00 i 2k = 1
pH I EE W 23 REAR AR, 1l ) B Sk, JFnRen iR =
JR=S TRIA S 00 A, R HoRE P 3L A 1 2 2R P, i,
A ZE ST B 2R U BAE pH10.0 H g o H B i i,
{EHE H L BTG R 25 T [, 2P i st pH T RESS:
AR AR, DB ALRE 1, Kk, ASF 5T
BEPEMGUR BE 4% . Bf IR 65 °C. pH6.0 1E N .0
A ST N A

(=)
(=]
T

a | a b%

= ap .

S &Z"% 'I_b gd%ﬁ od
T 40 e N N
E ¢ | :

= ' i

= 3 el

Eog | r

o= i 1

E N

NY X o %‘)'656‘09‘05'\9 N HSRER
R JEE (%) pH R (C)

K2 FPIERSGER

Fig.2 Results of a single-factor experiment

2.3 MNEIRIEI A REER

DABERAREE (X)) | BEARHELRE (X, ) AR pH(X5) N
F AR TR, 25 K200 gt —1. 0 A+1 (535 T
FAL L LK) o IR BT SR WAL 2. D
PL 1] 5 (Y ) S AR, F1JH Design-Expert X}
i WAL -5 4% PR 2R 0 A (ELEA T [l UL e, A5 31 —
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Table 2 Results of response surface methodology experiment

RIS BRI (X)) BRI (X)) BEMpH(X,) BEASITEENHIR (%)

13 0 0 0 54.11£1.05°
12 0 +1 +1 40.71£1.27¢
10 0 +1 -1 19.35+0.82"
5 -1 0 -1 15.49+1.33!
15 0 0 0 52.29+1.05°
3 -1 +1 0 31.19+0.34

+1 0 +1 46.64+1.73°
4 +1 +1 0 49.17+1.05°
11 0 -1 +1 46.15+1.52°
14 0 0 0 54.08+1.05°
6 +1 0 -1 25.10+0.788
9 0 -1 -1 26.5240.64¢
2 +1 -1 0 53.25+1.38°
1 -1 -1 0 49.34+0.50°
7 -1 0 +1 34.11+0.73¢

T[RRI A [ AR 22 5 135 (P<0.05)

W Z I (8] 77 FE: Y=53.5+5.5X,—4.36X,+10.14X,+
3.52X,X,+0.73X,X;+0.437X,X,—5.3X >2.46X,>—
17.86X5°. Jr 2243 Wrati R ANk 3 s, B AURE A &,
#F(P<0.01), RAUTA .35 (P>0.05), HIE FREL
R’=0.9954, 1 1EHLE Z2EL R7adj=0.9870, #HHALAY
e R S, BB T RE 1 78 g e B ] 1 56
R, H 59 REdRE R ARE =y i rh— kit
FRBA XA Y /N B W, 25 DL ZR X HPT [ i 7 4
PL $ifi R s B BEHE T - B pH (X)) >Rl B2
(X)) >BEAFIREE (X,) o F7 25531 R, — kI X,
X, X X 4 3 00 52 I 24 38 AR W 2 UK P (P<
0.01) . FEASHIH X, X, X111 il 25 114 5 i A i =5
(P<0.01).

3 WANLE 2 0T
Table 3  Analysis of variance of response surface
methodology experiment

Ty 2R ST HHEE  ¥Jr Pl PfH
FE 2506.39 9 27849  100.66 <0.0001"
X, 24217 1 24217 8753 0.0002”
X, 151.85 1 151.85  54.88  0.0007"
X, 823.02 1 823.02  297.47 <0.0001"
XXy 49.51 1 4951 17.89  0.0082"
X, X, 2.12 1 212 07657 04216
X, X, 0.7430 1 0.7430 02686  0.6264
Xy 103.82 1 103.82 3752 0.0017"
Xy 2227 1 2227 8.05 0.0364"
Xy’ 1177.25 1 117725 42550 <0.0001"
B2z 13.83 5 277
AT 11.66 3 3.89 3.57 0.2264
glitR2E 2.18 2 1.09
B2 2520.22 14

R™=0.9954  R’,;=0.9870
T MR LR B E (P<0.05), *RF2E M B E (P<0.01),

W 3 s, B (X)) -5 B IR (X,) g 32
HARFHR TSNS . PERARIRE TR, PL JI ] 5 X0 gk

Y: PLANGHIR (%)

X,: BEARE (°C)

3.0 3.5 4.0 45 5.0
X,: B EE (%)

55.80
53.45
51.10
48.75
46.40
44.05
41.70
39.35
37.00
34.65
32.30

F3 w3 S L A
Fig.3 Response surface 3D graph and contour graph

BE ARG R, D, FESEBRAE P, AR
A HAE pH PURTHE T, DLSeRafdas il e fg RLURE, FRIt
PCAH N B BE, LIS E SRAS miE M 2 0™ . A
T Design-Expert A58 51158, 15 H s AL R
T ASE S8 - B BE 4.32% . il i T )2
61.88 °C. M pH6.14, Z25AF FELSTA PL #11
HPRATIN 57.20% . & EHSLFREER 414 S8 )
PE, B S B0 B R B BE 4.3% . R 62 °C FNl
pH6.1 JFHFATEGUESCES . B — UK, SEBRMA S A4
) PL JH1 2K 57.06%+1.64%, 55 FEE T8 25 B
G, UEBR AR AT &

ASHIF FE 4% 2 1 AR JIN 85 B K f#: 77 90 (papain
hydrolysate, PH), H IC5, {E°~ 5.12+0.31 mg/mL, #H
REIK AR A 12.33%+0.38%, %% M S5 i fL Bl
fie 120 ) A 0 R IE B AR R 4 (1Cs, {H N
4.52 mg/mL) WEMHAHIER . SR BT 1C, HI
E T A EE(~0.01 mg/mL), (B F¥ 2R TE
PR R ZZ TR A, TR BR— s e oo 2R
T, VE R RERACUE B 7= 1), PH AF 28 4P 07 T v )1 58
K, VBT e B R EAE IR R B FH A
24 DFENTHER

Sy EUESEIN Z IR ] PL WGP SCER I 3R =
—o FHEE 4 AT, ARAKMRA HPT 41 250 fE<
1 kDa fl 1~3 kDa X [d], 43 5 (5 66.55%+0.82% Fll
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#4 HPI 5 PH W4y F1H
Table 4 Molecular weight distribution of HPI and PH

bl F¥951-4t(Da) >10 kDa(%) 5~10 kDa(%) 3~5 kDa(%) 1~3 kDa(%) <1 kDa(%)
HPI 1560.12+8.12 3.39+0.31 1.16+0.11 2.84+0.34 26.06+0.35 66.55+0.82
PH 1247.51+£5.67" 0.80+0.02" 2.02+0.09" 4.64+0.18" 29.24+0.74" 63.20+0.55"
1 RN SHPIGAR 25 57 1.3, P<0.05, 5~3K6[A].
26.06%+0.35%. LA\ AE/KRS, 729 PH 1Y
V3453 7 hE A 1247.5145.67 Da, W IKF HPI (1Y A 10 .
1560.12+8.12 Da(P<0.05) . X34 45F o T R, --PH
PH <1 kDa 2043 84 5 FL 2058 HPIL A5 T REAR (P< - \I
0.05). FZBUZ AT A W)y TR 5380 —Jr T, ¥4y £y T
53 IO B P RERGIE 2B oK A e s e e, Bl B
P IK A] P 53— T, A TR 1 T e o s =
%43 T IR BEIEA T WD, A2 48143 T HE(E 3~5 kDa X v v
[F) L1 A ks, 5| 4% X a] LU d 40 ie . B e
BL-A, 3~5 kDa X [E] A4 &5 FE AN 2.84%+0.34% F+ = 190200 210 iﬁé% (ﬁ?) 240250 260
4.64%+0.18%( P<0.05), 1Mi>10 kDa 5 <1 kDa 1 45 B 100 — ] ‘
d7 ) 3 R (P<0.05) o A3 S e I o 85 1 N ;:ﬁg
IR SRR IR AT G, BIRERE 7K A BE RN, SP3 451 g sl \ \ = g
R R, (ER ] X B JBE 5 L R Sh 256 IbAh, 2 e HUE
RS> Tk 22 KBRS . 23 a4 BELAIG, 38 75 55 5 ik A Z sor
PL (7 P A8 SR8 4 £, OB R &4 e
PL 4 A TS SIS, (i, A 2 5 3 ®oasr7 /
WEEAE 400 1) /N 3T 2EL 4328 e B2 1 IR 4 T ik &2 /
JUKCT) BB TR PL 30T "hr P
2.5 SEM Sir4ER C
HPI 5 PH (44138 sl BE 45 AN 4 5 . RZ&
T KA HPT AR S 30O . 2 FL e skt A4, s
B LIFERFFESE 30 I T, 2R 11 % |
IR AF ST (724 PH U2 B A A 6o . 6 T 13 b

PR RIREE M . TEREAL PRAS 2 Al % S8 PR
YRR BN S | S St HEi s
AR AT HE-S /K e Ak B sl L M 7 3 P Bt N R Y i 7K S
M SHiBAT LR EE AR S . an, 2Pk AR S H
WA I, A A IIEIN, HrTIEAIG, ik 2k
PRI 2 i i 2 B N EO . X SRR A S AT E VR T
TAR A, AHEAE TGS, BEMITE I SR AR,

— :
et PH: 10000~ §

saa e Y ' ;% %
. N~ 71 b £ 4 N %
sl ;

<4 HPIFIPH (¥ SEM [
Fig.4 SEM images of HPI and PH

2.6 FENhLER

FEEEH CD YGiE(190~260 nm) AENS 7 Wik g %
A IR S5 B . anfEl 5A. & 5B BTz, CDNN 4%
P53 Mr e B, HPT 22 i B-H78 (43.87%+0.53% ) Fll
TCH I 1 (32.31%+£1.23%) 4H %, X 526/ 6 T

1700
L 160075t/ 1 4f
4000 3500 3000 2500 2000 1500 1000 500
WAL (em™)

—HPI
--PH

260 230 360 3%0 400
HA (nm)
K5 HPLAIPH AR il (A) , —ZZ5H 04 (B) | LAt
ARHLTAIEHE (C) RSN IO (D)

Fig.5 CD spectra (A), protein secondary structure distribution
diagrams (B), FTIR spectra (C), and ultraviolet (UV)
spectra (D) of HPI and PH
T i) — A5 (o185 L p-3r e p-Feffr . JOMUIE ih)

AN TR R 8] 22 5 35 (P<0.05)
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FKIEHE , 45 DURREE RIS TSI KA H 2 | Z5A0AE S Ak - 83 -

HPI K 25K DA p-97 8 R T HE AR AF 3, il fir
J&, o-MRTE . B-5% A LU AR W 214 N (P<0.05), 1T g-Ih
b 491 DU 4 2 vk /D (P<0.05) o -7 ff He A9 it 44 hn 5
PL 307G P A B -2 B S — 350k, s — 3 2 [AlAF
TEVEAEICHR, HNAENLHIE RriE— 20 B . b4k, 7K
i vl BEREHUR AN p-Ir B S5 A AT PR X e, 8%
TEHTES AL, (R 3EZ RS PL 486 .

FTIR Yt e, B T 47 (1600~1700 cm™") [ I5
W S5HEAFHS HIHSS, WE 5C iR, KIS2
HPI (P T W Rk AGER -9 &1 1637 cm™
TR BT a-M2ER 1655 cm™', Bl p-47E LR
IR o-ME4HE F A5 v B SR e e 4Bl 4, 3
TP IER A R gt & b, G5 2R R PH Y B-3t
= LU 5 5 B (P<0.05) , a- 1205 . p-5% /0 EL B T
(P<0.05),5 CD 41 —= (3R 5).

#5 HPI5 PH ) FTIR B9 451
Table 5 Secondary structure of HPI and PH obtained

from FTIR
BER o MBE(%)  pHTE(%)  BEA(%)  TEEUNEM (%)
HPI  20.49+0.95  39.47£2.22  18.26+0.87 21.78+0.31
PH  27.59+1.57° 27.14£2.05°  21.66+1.43" 23.61+1.05

FHEl 5D AT 0L, PH A EEAACSE S M I 3 4 5 v
FAIKAH HPT, B B H 7K A o) 8 25 TR 5L 1Y
oM, ZEANGIE T 190~230 nm X3 Y R M fE SR
FHRERN n—r B FIRAE, A FNas 5 5 IREE 1914
% MR /KRS I AEAH S . PH AE 196 nm Ab W2 AL i
R, HAE RSO LT R, 3R KGR e nT
HEAA TR, M PN AT §8 S /Kff e K LA 528
RIS AR LA G, MEIEOL T, AR R SR
3 HAN 2R BT SR, AR e 2 SR 5o
T REP, Wang 55 P 1 WF 52 UE 5L, JK M n] 32 5
HPI MR HEBLK M. [T, 76 280 nm Bff iz W25 58
PSS IR IR TR IL T 77 TR R R A B T
27 REBEARGERRZ TGO

AFFEXT HPT M HOK it 74 PH 1 28 FEBR 2H 1l
AT T OB HT, S5 R ILER 6. B E SHA
P 6 22U AN R A% 201, 1T~ I 2018 & R AH X 31K
CAFTHGEE, & S EIR N Z B B NI
TSRS, AN & 6A B PCA 43 #r & /%, PC1 Hl
PC2 1 B TTHA R L 98.4%, 7 HHIZ AR e AT 24 IX.
43 HPI A1 PH W2 MR F8 S0 1E. 41, OPLS-DA

(& 6B) BIBGIEZSE RPX. R*Y F1 Q* {HII KT 0.5,

YESCASHRY BLAT R A B4 B AT BE F) o SR 6 EASE
BRI LG, YE—2 37T 200 R E B K,
ZE K 6C Fron, OF WALk S Y i #RHE N
—1.420INF 0), SRR IS LA B G, 255 n]
&, 7F OPLS-DA ##Idr, VIP {H>1 M4pfiE 25 5
SR AT H AR . WA . AR . 22408 . /B
12 (& 6E) . 7KfJE, PNEMR FIH &M 1Y & 2555

t 5L Sk B9 2.47%+0.09% Fll 2.59%+0.06% T =5 =
4.49%+0.01% FN 5.40%+0.03%, i & 14 Sl 81.78%
1 108.11%(P<0.05) o X AMEEFL/INW A SLRR T 5
TEK a-1R0ELs . EAMITHREE, 78 C57BL/6J /N
R kb FE N SR ] 2 s Rk B A AR EE G it
XHEIR, PH Has & N &R W] e S AR AR IT AL
»EAPEVEA . PH S A A2 iR & i 5 KT
HPI(P<0.05). AA#fFsctsh, BRI Fimaieis A B
DAL, R iRt AT BE A PH BOIRIA TR
i BTk . AniEl 6D W, FEAEE E AL IR I ) Uy I,
PH b 8 I . 55 75 it 2 S Ky 1 L Ay 114 22 ik
R 14 & BRI T HPT, B K P 2 R R 5 S R A R
ErENEF HPL, SCREE SR ENE RS PRI AH S
ARIHERELH BVE I A7 91, AR H T T e
5 85 FE AP TAT Y, ARG AR AT IT o, &
15 1 S 5% S L TR A B -5 IR M T IXUISS: AH 262
AWFFTEL R PH H 2B &SR e Tt m, By
ROV A TR G SEAR N IR IR, Ak, PH A95E F B
FCRh 1.63, @ T 1.5 MR, HLA& U119 38 3%
Ji . Bz, AR Y 2K A F 25 e A8 T HPI
MR IEFRZ A, ITASoK =) PH & & SHUACHEAH
KGRI . INEIR, HAA B BB KPS a3
Wiz o i, DAY PER (.

% 6 HPI 5 PH W FEMA L (/100 g)
Table 6 Comparison of amino acid compositions between HPI
and PH (g/100 g)

SR HPI PH
REH R 7.17+0.02 7.7140.02°
B 2.17+0.07 2.3740.04"
225018 3.16+0.04 4.35+0.03
BHIR 14.06+0.02 13.34+0.03"
HEIR 2.59+0.06 5.40+0.03°
g 2.47+0.09 4.49+0.01°
47 IR 3.19+0.03 3.7140.03°
Pt ERR 0.23+0.04 0.23+0.01
HR R 0.77+0.07 0.23+0.03°
S m@ IR 2.29+0.09 2.40+0.06"
SEE R 4.93+0.04 5.01+0.03"
fik R 2.17+0.04 1.70+0.04°
KNAR 3.15+0.02 2.61+0.04°
R 2.16+0.02 1.89+0.07°
R 1.58+0.02 1.53+0.02"
KR 8.67+0.06 7.49+0.02°
IE=Ni 2.72+0.07 4.25+0.08"

TE: RRK AR R, PRI AGIN 5 (2

2.8 PL HPHIRKBITFIEFI 5 F X%

it LC-MS/MS 4387, DA PH sy 1195
S K, HE IR PR 3~24 4, Hip AR & &
KT 1% A 21 5. WK 7 N, 73X 21 28201k
Fr, 4 15 5(40F5 FEW., LLFSP, LAF., LLF. FYL,
LSF., VLF, LLSF, LFL, LFY, LVF, LFR, LFF,
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PCA-X OPLS-DA
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0.6 @ HrI E
£ 021 A2@A1 g R T o
= S 0
g 7024 ‘Ad B4 SR
> o6 A5 BS 2
) 3]
-1.0 +—r-rr-—r—r—r""~+rr—rrrrrrm —4 4— , r ‘ ,
-10-8 -6 4 2 0 2 4 6 8 -15 -10 -5 0 5 10
PC1 (97.3%) PC1 (83.7%)
W E IR
Cc A D > = HPI = PH
1 ceeG-oB OF -
0 - =T me N
_ o R S BUKPEEIER
-1 4 = -
5
73 -
—4 v - — T r 1 1 T - ) /
-02 0 02 04 06 08 1.0 W LT R BR-(XE N
R PP S S S Y SN ST Y Y S S P N S
FEFFEELFSF T EE T
¥ 6 HPI Al PH 4 PCA 43T i € (A) . OPLS-DA 4 #r#lsS # (B) . OPLS-DA A B i &l (C) . ARIZEAI AR

(/100 g) (D) Al VIP 735351 (E)
Fig.6 PCA scatterplot (A), OPLS-DA scatterplot (B), permutation test plot of the OPLS-DA model (C), content of different types
of amino acids (g/100 g) (D), and VIP scores plot (E) of HPI and PH

%7 PHHZME LC-MS/MS %EF5 1ETH 1Y

Ir TR R

Table 7 Identification of peptides in PH by LC-MS/MS

and results of molecular docking with 1ETH

ZRRFS) AT (%) PeptideRankerfS4) X445 4 fiE (kcal/mol )

FEW
LLFSP
LAF
LLF
FYL
LSF
VLF
LLSF
LFL
LFY
LVF
LFR
LFF
LLLF
FLF

3.53 0.944 —10.0
3.23 0.681 -7.8
3.02 0.870 —8.8
2.49 0.939 —8.3
2.48 0.951 —9.6
2.06 0.829 —8.2
1.99 0.729 -7.9
1.60 0.773 =75
1.54 0.945 -8.7
1.44 0.926 —8.6
1.29 0.647 -9.3
1.04 0.940 —8.5
1.04 0.994 -89
1.02 0.884 —7.4
1.02 0.995 -9.3

LLLF F1 FLF) ) PeptideRanker 1543~ K T 0.6, H:
X BN 28.79% ., EEAAFIEUESE, 454G A A

AEHREAIE,

RS AR A BAR EA R AR E . X s

G HEMNT—7.0 keal/mol i, 38 H RERE BLIA 521482

(A EA SR EE G 25 N 1 IR ZZ K S IR s Tt
1ETH M454 H HRES-T—7.4~—10.0 keal/mol Z [H],
KBNS PL IGPE I AS HA RSB T 4k
ST iR, AT BRI & e 60%~100%,
PRSI 5 LN 20%~67%. 7 XA A
RERARNY 4 242 IK(FEW ., FYL., LVF, FLF)5 1ETH

8 @, ‘:»:‘,;)‘A FYL 8 8 & 3
o L B W ,\5{ N QX 8 . o g
vop e, % (m '\\\l' e
I K‘}; % £ /4 s B
m o ®o ® f\ vl
‘ m 0 g TNt e
o
= A ) - -nER e
5 Stk g mr-nfER
Nt UL {5 R = BRI
A ® M,
- s VL ) : 2
. / . )
”' %& o e B Y i« "
& .08
,,\‘wvu - é‘\ o x:;ﬁ L ”0 Y ;".‘/V‘ \ ] 8 "‘:’vfﬁ s ®
A B 8,8 3 850
SO 5 | o
g o) o
N st gy m iR A g
W N mltmam ek | GG\ DREEN SRS
3 \OORERE = resigma S \

&7 ZJIk FEW, FYL, LVF, FLF 5 1ETH 25 &K

Fig.7 Binding modes of peptides FEW, FYL, LVF, and FLF
with 1ETH
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TRIERE , % DUBRER F IRBRAR TR H 2 . G5HIAE B PRI 1 -85 -

HIrTXHEa oA R . SR, SEmR (V) s
R (L) gk 583 5 T 5 AR D5 B A4 B 7K W6 1
eghG . W, 48 LVF SRS e, 7K
M EAEH; £ FYL A1, 22202 W 5 Val,g, Fl Trpys,
TERAHEAE . Ak, FYL Hri DS 2002 (F) il i H:
5 AANEE 55 B 0 aR L Tyr s TR - HERRAE
JH, Mz kB 0 g 2002 (Y) il B 3% 5 Phe,g 1Y
EEERFLER T2 B A E AR B AR
3 g

A SR 07 156 A TR P Ay i) B8 DLRR 85 11 I
PL Pl Ik i I A, Efb)a T 25 (E/S 4.3%. 62 C.
pH6.1)Aft PH ¥ PL #ilil3&A 57.06%(IC5,=5.12 mg/
mL) . S ATIESE, FEfE S | IS8R H 5 p-9T & EL il
BAIK, a-B80E S p-F5 A tus i, #F—H#ad Le-
MS/MS 543rF 520k 15 S EiG eIk, H
TIARXT A 28.79% 0 X BERAIL[EARNE A & et
IKPEE IR FNTY IR & IR, 5 PL W& &GN T
—7.4~—10.0 kcal/mol 2 [a] . _I= i& &5 SR A v R U5
PL J AR ol A il g S L 1 SCH: T2 2244, I
ify T Hy =S5 R RFAE S s i R T 91, S Ak
ST FE TR 22 1 5 R B 14 o B4 il s BE
THS R

e, ARWFSEEE IR IL PRSI, H R RR
TE TR R E HE A D B R . AR A AR TR 45
TR ER, o LA 4 ETSHUUA PN 1) BL S AR B
EAE, Z2 IRAEIN 15 1 A B v i RS P IR AT AR
FRo JALLTRARIBIRE TS S C57BL/6] /NS
U, K] 22 AT/ IS BRAASER . BRI R B8 i 37 H i — g
BN, FE RGP AR D RE M & R SR P AT TR
AR,
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