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Preparation, characterization and functional analysis of casein

GYLEQ antioxidant peptide-calcium chelate
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antioxidant activity and calcium supplement function. Methods:
On the basis of solid-phase synthesis of GYLEQ antioxidant
peptide, the conditions of chelation reaction between casein
GYLEQ antioxidant peptide and Ca?" were optimized by single
factor and orthogonal experiment. The structure of GYLEQ-Ca
chelate was characterized by IR and SEM. Meanwhile, the in
antioxidant activity, calcium retention in simulated
gastrointestinal juice of GYLEQ-Ca chelate and its effect on cell
viability were analyzed. Results: The optimum conditions for
GYLEQ-Ca chelation reaction were temperature 50 °C, time
40 min, pH 7.5, and peptide-calcium mass ratio 4 * 1. The
influence of chelation temperature on the chelation rate reached a
very significant level, and the pH and peptide-calcium mass ratio
reached a significant level. The infrared absorption peak of the
GYLEQ-Ca chelate was changed compared with GYLEQ peptide,
and the SEM observation showed that GYLEQ peptide was
granular, while GYLEQ-Ca chelate was a network structure
adhered together, indicating that GYLEQ peptide reacted with
Ca’" to form a new compound. The DPPH, hydroxyl radical
scavenging rate and reducing power of GYLEQ-Ca chelate were
higher than those of GYLEQ peptide. The calcium retention rate
of GYLEQ-Ca chelate in simulated intestinal fluid was maintained
at more than 70%, and GYLEQ-Ca chelate has no cytotoxicity.
Conclusion: GYLEQ-Ca chelate has good antioxidant activity and
calcium maintenance rate.
GYLEQ-Ca structural characterization;
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H P 38 FL A A5 K SV R LA N B B 2 R T 2 2R T
VEMIA G M . A DLAS B 0 A M A W i e S
Tl 2 H R R AR R A AT, AR
BRATLL 585 5 F RS & T UK S B &M . RESE S
W) RE A% 45 2 176 B SN A5 W UGRE LU S A S T8 A
TE A 55 8 LW R 55 DO RR 9 s HLRe 4% B TIN5 32 R 2 )
W, 2 A 0 A LR EETT . 53 Ak KA S W BE A S L
AR SWRE F R TFESBE TS S, MW
Fenton R & A=, T I8 2 B B 10 7= A= L Kk R BT A0 0
PERT, BT RS R G Y ROk IR B N IR R
Ay AR, A L N FLTE AR A R I DR 1 A B AR
ZFEKESE AW 5 T A IR TT LIS A 1 £ K A
FHE—ENRNFATESGHE, MKE 2GS &
U 2 RSB S AT 0, ey ikl A R B RS A
W) AR LT — B W AR 45 T BE L 0 R 2 B0 2 BRAN AR S 45
BT Ry A, B = AN B9 R i . GYLEQ B (Gly-
Tyr-Leu-Glu-Gln) J& 8 [ fiff Bif i % & (A 2 5515 2 09— Fh
UL K, B B A B b SR B D, Uk,
GYLEQ fk5 %5 & 1% & T i % & 9 7T DL B A Bt 4L
T PE RN S T g

WFEE A FAH A B GYLEQ B A 26l L R FH B K &
MIE KB AL IS5 28 59 GYLEQ-Ca Byl 85 1 20 54,
JEX] GYLEQ-Ca 25 &5 W #EAT 45 M9 AL B Dy BRRFE 4317, LA
W TF & BT B S A G 1 RN RN T R 1Y 7 R R S
1 MRS
1.1 #R5RF

Wang resin, Fmoc-Leu-OH . Fmoc-Gly-OH. Fmoc-
Tyr-OH,Fmoc- Glu -OH,Fmoc- Gln -OH, N, N- %%
B2 e BRI S N LN - RN SRR T R T
abi, R A AL E BRA A

T B 1-RIEIETE = RN L SRR L LB
FH 35 Y Bk e . Do B0 R 4 L &AL AL L CaCly L R PR 9 22 K
CuSO, BEMR A —4h WM — 44 .FeCly KR - 43 BT 41,
] 25 4 A Ak 24 R A BR 2 D

HRAFALE DPPH. HLR MR % . iR s TH R
NI
1.2 NE5EE

LT RF . BSA124S B b 5t 38 2 R KP A BR A F] 5

B RACHE A B DAL L2-4K B, ) g 7] AN 2% 15 %
HRAF

i R 4% - Multiskan FC £, ZE 88 K /R BHE (P ED A
PR A
LSRR TR L LIGI-12 7Y, 3 R 5 A 4 % 45 A
PR 7 5

1o OB 5 LC-20A AL, H AR S HE 28 A

I m

BE s # | 2023 F 2 B | RSN

= PO AT B : LCMS-8030 %1, H A B H 4\ ) 5
7 S H 2T Hh 65 A - IRPrestige-21 B, H A 1
NEIR
T WA . S-4800 B, H ar A F]
1.3 KA =E

1.3.1 GYLEQ kil # RH Fmoc [ A0 G Wk %
GYLEQ JkH, DA Wang-resin N % %t B2 25 1K, & ®

GYLEQ K75 44 58 — A~ s SE B2 [ & e A g 1. L N, N-
RN RIS NN - RN SR
U JHe Sy 5 A ), PR TR R e Sy i L e R OIK T B AR R A
WG S A B . A W W R RO AT A B aiAk %
TR T W 5 2R P 0 306 T 4G 3 7 JHL S B 43 -5
1.3.2 HEEME 1 6 4 100 mL 2 & 4 B A
0.0~2.5 mL(0.5 1% [a] f§) 0.02 mol/L ¥ 5 1k 55 175 Wi » 2k
J& 43 M A 10 mL 0.002 mol/L B PE 22 k 1 5 mL
pH 11.5 % VU8R 44 2% vh il 25 88 57K 58 45 2100 mL, il
S 450 nm A B IEAH A o o DA AL S VR B R 8 A AR
VAW AR hy D0 A o 225 0 A o il 6. s o ol £ 019 5 2
HY=0.140 2X 40.059 6,R*=0.989. F 4R I b5 i ph £&
IR Es R, HRDOITESE TEARN,

Ce=[(M—M,)/M]X100% , @D)

bl L

Coo— 8 FEER, %

M —— = B Aij 55 25 F W B . mol/L;

M, —— RN Je b 8 B 8, mol /L.
1.3.3 GYLEQ CaZE4GWiHl#& ¥ GYLEQKETEH
TR A FETE AR B LA ) pH RIS BT L SR E TN S
AT EBIATES . RIFH 5 RAREUN IEK 2 B DL
FEAEAY) .5 000 r/min B0 15 min, 75 _EER . ITE . &
HTHEHES GYLEQ-Ca # &1,
1.3.4 FREFERE GYLEQ-Ca Z A M A ZE X5 1Y
WItE &1y BB IR BE 45 C B G B 60 min, B &
pH 7.0 FKEG B b 3 ¢ 1. Pofbmt &SR EE 4k 35,
40,45,50,55 °C s # A B 6435 4 20,40,60,80,100 min;
A pH N 5,6,7,8,95my * mu 311,21,
3:1,4:1,6:1,
1.3.5 IEzIRE AR R A, DI G R
A VG pH RIS BT LGSk A AR L DL R O
Ar g, BT U B R KT IE A .
1.3.6  ZLAMOGiE AN 5% 1 mg 9 GYLEQ ik #1
GYLEQ Ca Z&Wh T 5 100 mg BIRAFIR S F =
SR B, R R, R M SE B 2T 4 Ok i A A 400 ~
4000 cm 'Y P 43 4 A A3 A HE LA
1.3.7 BB K GYLEQ KA GYLEQ-Ca %4
WIVR M 43 00 e S 4 e s 2R T A il H 5 40 ol v R R T
WA HAT .
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1.3.8 DPPH HMILERENE S8 Wu B )5k
FRAEB R, H 5% oW WA E 0.1 mmol/L AY
DPPH W, & M. ¥ 1 mL AFEEEMHESRS 1 mL
0.1 mmol/L DPPH & BV IR IR 21, &R T bt 6 i & SN
0.5 h JGI & 517 nm ALY GME . IE A A s 1 mL AR[H
WERGYS 1 mL 959 CEERMIR A, = R T # O HE R
B 0.5 h J5 I & 517 nm 4 AS W OE{E.iE A Ars 1 mL
0.1 mmol/L DPPH Z BV 5 1 mL 95% & B R W IR
A M5 517 nm AW ROBAE . iE S Ao #E R (2 BB
i) DPPH A Hi BE il B %

Woepn =[1— (A, —A,)/A,]1X100%, (2)

X

Woeen — DPPH H 3 IHERR, %

A, —HE 5 DPPH Z B W 00 R & W 78
517 nm 4k R GIE ;

A, KRS 95% CBEVE IR IR A W IR FE 517 nm
b YR G

A,——DPPH B 5 95% & BEW W0 IR & %
W AE 517 nm &b BT GAH .
1.3.9  HAHEWEBRRENE S MK Zhang F0 1k
JMEBS. K 1 mL B 5 0.3 mL 8 mmol/L FeSO, .
1 mL 3 mmol/L K#®R L & 0.25 mL 20 mmol/L it &k
SRR T 37 CHHIRZ T M 30 min, W 45 H 5%
H WA ZE AL A R SRR 3 mL,5 000 r/min &L
15 min, M 5E b5 W 7€ 510 nm &b 8ISl .0k A, s HZE
TR KAR R B L 12 BR L3R 7 ik A B S I 5 510 nm Ak (9 %
Jefl ek Ay, RGO ERER R A B RIERE.

Wagme =L(A;—A,)/A;1X100%, (3)

o

W — 5 H B ERER R, %0

A, —2FHAE 510 nm &b B9 OG1E

A,—FEEAE 510 nm &b E(E .
1.3.10 @®JFHME SR Akinyed 010 i 75 2 3w 1E
B, BB 0.5 mL FRE S, 450 A pH 6.6
19 0.2 mol/L B W2 ¥k 2% vh W F1 1. 0 %6 4k 54k 47 ¥ Wk 45
2.5 mL,{R2JFF 50 C IR 20 min, PRI & HF A
10% 1 =& Z MW 2.5 mL,IBAJE T 5 000 r/min B0
10 min, B EVEW 2.5 mL. 25 A 0.1 % =&AL BB W
0.5 mL FIZEMWAK 2 mL. IR % W55 # & 10 min, Wl &
700 nm &b M WOGIE .,
1.3.11 Bk SR Ie50 Irk It M IE S
M, B 5 mg/mL B GYLEQ-Ca ¥ .98 pH & 2.0, 4%
Veviracs * Vgzns =25 1 A 2.0 g/mL B B & H B H
WL 7E 37 CAREAMTHBIEHA 2 h, B 0.5 h —
WHRE, I T b K ¥ B K B8 15 min, FEJRORE R pH W £
7.0 3% Vivieacs * Vigmps =25 1 A 2.0 g/mL H) R

FHREE - BEAGYLEQREAKR—SEAMBS & RIERIIEESN

IV W L 76 37 °C KR 5 40 T 5400 1 4 Ak 7] A 1 B
0.5 h BL— W AE b /K IR K2 1k TH Ak . AL 0 5 B
b A A L (DI GYLEQ-Ca F545 %,

Re.=[(mr—mgs)/T]X100%, (4)

K,

Re.— ¥, %05
GYLEQ-Ca ¥ jit ¥ Wg 1 2045 BT i . mg 5

ms— AL b R B A5 A mg.
1.3.12 ZAMeyE M R MTT &34 GYLEQ-Ca
AW X /N B iR B £F 4 4 i (MEF 41 JiD 3% 1 (9 5
Wt K MEF 41 B 4% F0F 10 %0 i 4 1L 1 DMEM $5
FRFEP L IEE T 37 C 5% CO R FM RS, B 100 ul
R KW G2 TE 1X10° A4 i) 19 MEF 28 Jifd 8 3%
FiT 96 FLAR TG SR 24 ho ARG BALATBIIMA 2,4,6,8,
10 mg/mL ) GYLEQ-Ca # &%) 100 pL,4k2E 155 24 h
JEBFLINA 20 L MTT, 46221557 4 h, 3¢ B B fLINA
150 pL —H B, E % 10 min J5 FREFR I € 490 nm
WA 4 3 5 AN T

V=[(OD,—0D,)/(OD.—0D,)]X100% . 5)

K.

V—HE T, %

OD,—% A GYLEQCa # & % . MEF 41 g f
DMEM $ 3% 5k 20 (1) % % A

OD.— & A MEF 41/l F1 DMEN K 73 B 40 i 6 %
BEAA 5

OD,— {044 DMEM 5 35 3 41 (1 56 %5 B {8,
1.4 HEEESHHM

FH Excel 2010 R #EAT SR B M 5 1E K, R A
SAS 10.0 F A IE 22 5 25 SR AT 43t 3 #r .
2 RGN
2.1 GYLEQm&EWKKSFE

& 1 AT, R B IS [R) 45,7 min FI 47.8 min &b 4%
BT —AN, HAE 47.8 min &b Y 04 AL KL Ui 4B P Ak
WA 174 A i, SR PR VA S I PR ARG W B 5 A LR L 43 T L S BR Ay
T B 2R AL 47.8 min 4b B9 RE S SEBR A TR A

mr
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Figure 2 Mass-charge ratio analysis of GYLEQ peptide

609.65,5 GYLEQ MK 5 Bs 43 F it 608.64 #1445, & M
47.8 min Zb WA SO GYLEQ BRIk,
2.2 GYLEQCaEB&ARM&EHMHEWL
2.2.1 FHEEX GYLEQ-Ca & HKMEm MK 3l
ML B T BT . GYLEQ-Ca 284 W i 72 3R 52 Ja 1
JE /N T BE S B TR E R T N T 4 T s
B4R TS T 5 K R R A % A R S R Y
AT A 3 B R S 50 C R K 0 25 4w R L S A
TFHE G AL B A R,
2.2.2 EELAWEY GYLEQ-Ca Z & RAYsmM  mME 4 7]
1 B A )R] 3G N G R B WG 5 1B 2 A

60r

ol / T

401

BER
Chelation rate/%

= 301

20 o

R O R E R (N C

HARE
Chelation temperature/ °C.

E 3t GYLEQ-Ca # 4 &89 %
Effects of reaction temperature on GYLEQ-Ca

B3 s
Figure 3
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Figure 4 Effects of reaction time on GYLEQ-Ca

chelation rate
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] #3360 min I, GYLEQ-Ca ) %% & % 19 3
XY GYLEQ K5 E FEERITEE

2.2.3 pH X GYLEQ-Ca B A RMEw K 5 "l J,
Fifi pH EHR 3 K, GYLEQ-Ca # & K 2 Jo ¥ KJ5 F %
Y pH o 8 i B AR AR . ERMESKMET,
H' 5 Ca*' 5§ —COO— it iy T A, S BUE & KW 2
BH T3k w5 1 pH S BOR WP Y OH™ 5 Ca®t &4 ik
PR A E AL R Y S B S T R AR,

2.2.4 BR—F5 AL X GYLEQ-Ca A RKMEWH |
&l 6 AT, BE A K — 85 B L, GYLEQ-Ca 2 &
B, R SRR by 1 s 1~3 ¢ 1 BF, B A R
O AR, W] R TR VR B A L K
Tl AR ) JLER G, A2 3 T B S AT . ng Y R
FTAE AT 3 ¢ 1 B B R 0 0 R W /N W] AR 2
Bl S I 5 TR ViR 5 38 S R 32 B BRI TS S
TE 2

2.2.5 GYLEQ-Ca # & RN MIESIRE  HRHE 5 F iR
WEE R, i R R =KW IE R R, 3 — ik
GYLEQ-Ca A& R I 4% 1. 1E 38 30 K oK % 1+ 4
%él@?m,ﬁéﬁﬁ'ﬁani%zﬂ?m Ela?ézﬂ%u ENEPSES)
GYLEQ-Ca AR AN, KB &R EXNELG W
SR R K, pHIR 2Z o P W Ik — 49 5 & Lb , i 25 5 B )

TR

60
R
< T
g 50t
g 4ol
E .
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Figure 5 Effects of pH on GYLEQ-Ca chelate rate
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chelation rate
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£1 GYLEQCaEARMNEXKKEZRKESE
Table 1

Factor level table of orthogonal experiment for

GYLEQ-Ca chelation reaction

FHREE - BEAGYLEQREAKR—SEAMBS & RIERIIEESN

®3 GYLEQCaESRMEXKWERFESN
Table 3 Variance analysis of orthogonal test results of

GYLEQ-Ca chelation reaction

KF AZERRE/C BEAIA/min CpH Dmp * m TRKE HmME CEAHM oy F g P>F
1 10 10 7.5 3:1 iy 9 852.952  94.772  18.33  0.000 2
2 45 60 8.0 1:1 iy} 1 6.722  6.722 1.30  0.287 1
3 50 80 8.5 531 B IR 2 671.879 335.939 64.98 <C0.000 1
He 4y I ] 2 33.877  16.938 3.28  0.0913
K2 GYLEQCaEARNEXRKEER pH 2 76.556  38.278 7.40  0.015 1
Table 2 The results of orthogonal experiment for K — 5 R 2 63.917 31.958 6.18 0.023 8
GYLEQ-Ca chelation reaction 1,%% 77777777777777777777 8 7777777777 4 1356 777777 5169 777777777777777777777777777777777
JEN Tass A B C D BOR/Y B 17 894.309
1 1 1 1 1 12.98
2 1 2 2 2 11.21 Loof
3 1 3 3 3 39.14 00 il
1 2 1 2 3 14.37 ¥ 80
E
5 2 2 3 1 39.79 # < 70
2z 60
6 2 3 1 2 46.29 %W &
7 3 1 3 2 57.15 g 30
Ao =
7 40
8 3 2 1 3 59.13 30l
9 3 3 2 1 19.01 20 ‘ ‘ §41.63
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 4000 3000 2000 1000 0
ki 41.11 18.16 49.46 13.92 PR
1
ko 13.48 16.71 14.86 48.21 Wave numberfom
B 7 GYLEQ-Ca # & 4 8 4x 9 RO K i
ks 55.09 44.81 15.36 17.55
Figure 7 Infrared absorption spectrum of
R 13.98 3.35 4.60 4.29
) GYLEQ-Ca chelate
HEEK A>C>D>B
AR A3B,C Dy WEFERL B T 3 402.43 em ' Ab LU N—H 55 T 455

X GYLEQ-Ca 2 & W1 B Wy s il spe /N o e R IO S IR NvE
SN Ay B Co Dy BRI R SR 50 °C L R B ]
40 min,pH K 7.5, )k — 85 bl 4 ¢ 1, SRR3R0
AR AT IR, 3 IR LI 1 B B F 3 GYLEQ-Ca 2
HHRN 61.56%.

J T FIHE A N X GYLEQ-Ca #4 R WA £ 7 5
EEAE RIS R AT T L AR K 3. i
3 AL BRI 2% Sk B T AR S K T, I A TR
BEFAREZW; HHBESGRENEEGEAR D EX
Wi, pH IR — 55 BT & LU X 2 G R B R, A
i) o JEL S5 i O B 3
2.3 GYLEQCa BE&YWM MR
2.3.1 GYLEQ-CaZE AWML AHT L0505 /1
A LA MUE e A R 4B B0 . 5 GYLEQ BK Y £1 48 6 3%
L, GYLEQ-Ca 2 & WM 4141615 B W 8 A A [ X
AR 1 5 GYLEQ IK#E4T 2 & B, fff ik i B 2
BREF 454 & R AR Ak, 51 R R g & A AR, R T
AT, 3 423.65 cm ' 4b By N— H % {1 45 3% 3l 51 k2 i W tie

TFEA™ WM 1A WU N 1 658.01 em ™! B 5
1654.93 cm™',—COOH Wi )\ 1 344.38 cm ™' #4715 5|
T 1255.66 cm 'L, ULl —COOH i) C=0 &5 T#4&
KR GYLEQ-Ca B F # & W) #£ 2 582.68 cm ™' Hi
C—H i gafsh Wi, v g2 i T—CH, — 58 8 F &
AT E A1 751,36 om AL WU UG RT BE R A B - 5 ki
C=0#&A&THE™ ., I A, GYLEQ K i) B i
HOEAENAETFMRENEAEFS 5 TERTHNES
R

2.3.2 GYLEQCa#HAWMHEHE AN | E 85,
GYLEQ Ca ZE4W S GYLEQ IKTEE 454 E 720 B
Z£ 5 ,GYLEQ Ik g 43 #L i /N UKL s TN GYLEQ-Ca Z &)
SRR Y B R AL X T BE R GYLEQ K5 45 88 711 =
KR B S BRI H Y 4 25 5 WA BE A% IE
M GYLEQ R 588 FRAEEGAM THWLEY.

2.4 GYLEQCaEGYHmENFESF

2.4.1 DPPH B SEWEREES  HE 9 W, GYLEQ
Ca Z 45 W DPPH B Hi JL 3 BR 2 U] 8% T GYLEQ Jiks
TEFR K 0~4 mg/mL B} ,GYLEQ fik }2 GYLEQ-Ca
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54800 15.0 kV 14.9 mm vm | $4800 5.0 kV 7.8 mm

(a) GYLEQJK(x10000)  (b) GYLEQ -CaZA%(x 10 000)
B 8 GYLEQ-Ca #4469 424 & 45 5 #7
Figure 8 SEM analysis of GYLEQ-Ca chelate

x 100 k SE(M)

10.0 k SE(M)
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o o B
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) <
g
EE 40
<
T g
£ 3
a & 20¢ = ik
jan}
& —— KA E A
= 08 1 2 3 2 5
o VR

Mass concentration/(mg * mL™)
B9 GYLEQ-Ca#4&44 DPPH A w A Frk %
DPPH free radical scavenging rate of
GYLEQ-Ca chelate

Figure 9

EA WK DPPH H i 56 1 By %6 34 bt 25 o 2t e B 1) T g
B R M B REE 4 mg/mL B, GYLEQ 5 H 55 %
G¥ ) DPPH H B35 bR 55 5 0 63.1% F173.6 % 5 T
B ER T 4 me/mL B, %7 DPPH H i 3E7E %
BRI, 8T LA AT GYLEQ IR RS2 &9
19 DPPH [ H1 238 B 2 19 1Cs, 4> %14 2.31,1.43 mg/mL,
M AT, GYLEQ IKTE 5853 & J5 . XS DPPH H Hh 4k
I fE 130 o

2.4.2 BRHMITERBES BB 10 AT A, B BT R
TR GYLEQ Ik x GYLEQ-Ca 2 & ¥ By ¥ 1 i 3£ 1
R 2 2 7 39 K 4 GYLEQ JK iy Jit & ¥k 2 0 ~
3 mg/mL B, H B B IR BR S HE n gx ch m E, i
GYLEQ-Ca Z&WHIE J9 0~2 mg/mL if, H ¥ B i 3
HER RN I ; GYLEQ Ik & GYLEQ-Ca 34 ¥
HOF2 B R B BR 2 1Cs, fH 4 3024 2.13,1.19 mg/mL, 3%
Bl GYLEQ-Ca ¥ ¥ H Hh 2L 0 BRBCR LT GYLEQ JiK,
2.4.3 WHES BE 11 AH,GYLEQ k55 GYLEQ-Ca
HEA Y IR TR 7 X 5 3 i B K5 24 GYLEQ
MR B EE N 0~4 mg/mL I, Hak 5 7 Bl 5 & e B
B 358 o 1 B T, 2 B R R S T 4 mg/mL B, HE
JE ) B R R B O A5 18 . X F GYLEQ
JK.GYLEQCa # AWM IE R HfE R & W E N 0~
2 meg/mL B 25 e BE A 58 A0 T G A5 A b, 10 22 5 8
JIE AR N E 1%

BE56H | 2023F 2 B | BRSNM

|

X
T
=t
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L5
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?‘g% 40+
M= 20t
é +Hj(
= — IR E )
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B 10 GYLEQCa#&thh#ka wkifnkk
Figure 10

Hydroxyl radical scavenging rate of

GYLEQ-Ca chelate
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