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Abstract: In this study, the interactions between f-casein phosphopeptides (1-25) (CPP) and different calcium salts were investigated in
the simulated small intestine terminal environment were investigated. Isothermal titration calorimetry (ITC) was used as the analysis method,
and thermodynamic parameters, stoichiometric number and affinity constants were used as indicators to evaluate the interactions between
different calcium salts and CPP. The results showed that CPP could interact with different calcium salts, and both were spontaneous reactions
driven by entropy (pH 8.0, 37 “C). The main driving force of this reaction was ionic interactive forces. When different calcium salts reacted with
CPP, there was no obvious difference in enthalpy change, entropy change and free energy (p>0.05), but there were significant differences in
stoichiometric number and affinity constants (p<0.05). The stoichiometric number was higher (3~4) when CPP interacted with calcium
gluconate, calcium lactate or calcium chloride, whilst the stoichiometric number was lower (2~3) when CPP interacted with calcium aspartate. In
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addition, compared with other calcium salts, calcium lactate had the lowest affinity constant for its binding to CPP. A higher number of calcium
salt binding to the peptide and a lower binding affinity were beneficial to the absorption of calcium in the small intestine. Therefore, compared
with other calcium salts, the binding of CPP with calcium lactate may be more conducive to the absorption of calcium in the small intestine. This

study lays a solid foundation for better understanding of the thermodynamic changes and interactions of CPP with different calcium salts in the

environment simulating that of the small intestine.
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Fig.1 The interaction between CPP and calcium gluconate

detected by ITC
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a

Q

2

Ei

ES

1 1 1
0 10 20 30
Time / min
b 0.7F
[ ]

= 06

8

éi 0.5F

g

S 04f

E

£ 03t

3 N

02+

0.1k | | | ! L L
0 2 4 6 8 10 12
Molar Ratio

& 3 FREERNE CPP MABSSHIEEIERER
Fig.3 The interaction between CPP and Calcium lactate
detected by ITC

a 035}

0.30

0.25 F
Q
2 020
= 0.15F
E

0.10 -

L L

0.00 |~

1 1 1
0 10 20 30
Time / min
]

0.5
= ]
E 041 [ |
3
£ o3} "
L: =

]
E 02 .
<
13} ]
“01f am
"t ELa
2 4 6 8 10 12
Molar Ratio

& 4 FREEENE CPP XL RELEHIHEEIERER
Fig.4 The interaction between CPP and aspartate calcium
detected by ITC

Z: B 1~B4¥, (L&) % Ik545 8% Bm ey RABR 4
JRAE ITC #48; (F&) LR one set of sites A RAT R 464k
FEHATIE RIS RAT

22 CPP L1 45 2h v wOAH B 1F A oy i Ty o

AL
4r EAH
a mAS
2t ’—F a a  BAG
- 0
=}
£
5 2t
£
4+
6t

MEWRS  ARE | WKE | RAAmE
[E5 CPP SRENEELARIBEIERBANFER (AH)
Fig.5 The thermodynamic parameters of CPP when binds with
different calcium salts
N T ARG ER T E CPP S #2748 1k,
KBTS T VIR 2R T CPP SIS AE (AHD, 44
B (AS) FIEMHTHBHEE (AG). WE S Fis, AFE
S ERTH E CPP JR ISR, 15748 H i Res o i &1k
Z5t (p>0.05). AN, AFEESES CPP 456 1MIAA
BIRTF 0, AWIRI . X5 2 BT — 8 &%)
WL ITC TG SEEE TG & B, 325838

89



MK EmBHL

Modern Food Science and Technology

2020, Vol.36, No.10

JRRT 0. [EREH, Zidane Z5PhEI ITC HF 7T L WIES
HEABRRIK S8 5 T 6 R L. BEAh, HA T
A HHE AG (kcal/mol)33/NT- 0, FomBl/ Nz A IHER
BeR, CPP 5P A BT R FEH, BT
-TAS KT AH, S30AG /NT 0, R TIR T
1520, DR % S A R IR BN Y, B AR EAR A
FIREZIE R B s AP,

2.3 CPP 5 7[R 45 #h v i B9 fb 541 2 w9 3 b

5r

w -~
T
o

245/ (mol/mol)
|38}

T

0 MENERRYS IR AALES REGRE
[E 6 CPP SREEER AL F T EHAILLIL
Fig.6 The stoichiometry of CPP when interacts with different
calcium salts
RN T WFFEAFES LT CPP 8545 & 68 11520,

AV T AR5 CPP 45 A 1B 3, 45
ikl 6 . CPP 45 &AL R/ NS 35 B 1 FE 2
A SRR A . G BRI %
B TRES CPP 285 AR, A TNt
BB IR, N AR SRR L (pH 8.0, 37 °C),
HWIERE, AREMET S CPP 46 M4 &80T
P2 (p>0.05), TIX=FhESEE 5R A 2R 1 IkGs
B ERAF YRR (p<0.05). o, HERE
FRES, FLERESFEIES S CPP (M4 &AL e 3~4
A MRAZIRES S CPP S SV, 219 2~3 .
KU HRARERES S CPP 45 & 5 HAAS 7 /e 2
Fto RUPHH T HARES £, RAFR AN RE 2
f8 CPP M5 45 A REIAESS . AL, MEATTE, AF
53R CPP ML BEUE 2~4 2 [A]. BEHIREEER
CPP A5G 2~4 BERINES . AIABFFEH, Zidane
SEOHE [RIRE SR04 RIS Z Bkt R 2,
REALIGEE R 54h, AR, 7F pH=8
i, CPP &4 16 My (PUANMBERRIE I, £
BRI AIGRID, AT 5 &R & 145
o MIARSLES CPP XS & 2~4 M S5, XAl R HH
FR-MEET RS HERL S, S8L6
DU, JESh, BIEEHE, R 1 BERERE )
TFAIL A 410 BURIGESE T TIASSh 44 24
BERAOESES T SKTTAE R FREER 100 Toh 4 AL

90

Rt CPP (3%: CPP BB A FHH—MAED £,
NIRRT Vi PR E

24 CPP 57 [F 45 #h V& B 3 T ) o B 3 L

b b

SERITHBK / (kM)
(=) — [ S w E W N ~ o0

HERERE AR FALEs REARRES
7 CPP SAEHEEIRRHVEMAIER
Fig.7 The binding affinities of CPP when binds with different
calcium salts
NT VA S 55 CPP 456 SRR H LK,
FATVHTE 1 VU E WAS SRS CPP 456 ISR /1 4L
[Pscnn, 58 7 . 2 K5 E T RV SER
JIR/ANS CPP RIESREIRRE ARG . SRR 8RS, e
FITASLE NG RIRRCY . B 7 "k, R
AR (pH 8.0, 37 C), CPP S5AFEIMIASH: N
FISRRIAARE . Hrdr, M PERES, SULFSHRAR
2455 CPP WIEAI A m, MFLRES S CPP 45
GISEA T E B, XU E T HA A £, LR
555 CPP 458 n e S8 A AT i TE ur 85 . X vl e
FEFINAEESERXT CPP S5 K AN [R5 3. AT A
il R, (RS RR N S a5
i CPP [{IF 52 AR AR L0 70 2 A B 1 (KR
Ikt CPP A2 RS 2™ AR RE I, JUH SRR BRI X
R0, TR LI I (pSer-pSer-pSer-Glu-Glu) 245
B FEE A I E X, S0 X A G o e HAT 4
ERESIGERT . IeAh, SRS, AR T EDTAM,
IXPUFPES E 5 CPP [ISEAI J ARG R E S
A AARGE R — 2, MRS, HeH, Mekmene
ST LG R IR R (R IR AR AN p-BR R 1 54545 &
(RIS 7% K0 2 37014608 M A1 5106635 M
Zidane 251zt 45 R ] CPP 54545 & 1031 /141
& 4900+0.5 M, X UELHH CPP A4S B 145 & i IS Al
JIHBAERTEAR,  EMIE 1 2 IRES 85 A TNz
HONITAPN

3 g

AT I A5 T A R ANEVEIN AN R S ER AN 2 ik
FAHEAE RIS OL, S55R3EH], MR ARk (CPP)
SAFR A AR, BRI . ARSHS



MK EmBHL

Modern Food Science and Technology

2020, Vol.36, No.10

CPP &5 HIEAE, WAEMAMELEEEER
(p>0.05), Tk Tt B RO SE T ) BUFAE 2 7
(p<0.05). HH1, CPP SHi%MERRES, FLIRE M
TR EAEH, @EnEErE G441, 5REAER
G A EBER (2~3 1Y), B4k, FLRREHELT
FARMESEE, 5 CPP 45 & T ReSE AR T HiE 45 3+
RN, TR PR A RS, SRR AR IR S
CPP IR3RA1 1 HHUE R, TFLIRES 5 CPP 456 HISEA
JVHEBEBAR. A, MRS, 7R NeARImFAE T
(pH 8.0, 37 'C) A[AH 545845635 9
BN, HAZSRE AR, B AHEAER T2
ZIRM S ). A, TEMRSAT T, CPP AT4h
BN 2N, HSE ST RA R ER. Ul
i CPP 585 T I & AR T B M. A525H
FAFHL T i CPP SN [F)ES bV 1 #8158 4 S FL
gE G I BE e IR S B

(1] RS BHEL, Y 1, 55 [ A5 b R TR (0] AR
i 522 &,2007,6:57-59
CHEN Hua, ZHONG Hong-mao, FAN Jie-wei, et al.
Research status of calcium-supplemented products in China
[J]. Journal of Modern Food and Medicine, 2007, 6: 57-59

[2] SUN Na, WU Hai-tao, DU Ming, et al. Food protein-derived
calcium chelating peptides: a review [J]. Trends in Food
Science & Technology, 2016, 58: 140-148

[3] Erba D, Ciappellano S, Testolin G. Effect of
caseinphosphopeptides on inhibition of calcium intestinal
absorption due to phosphate [J]. Nutrition Research, 2001,
21(4): 649-656

[4] Mellander O. The physiological importance of the casein
phosphopeptide calcium salts. II. Peroral calcium dosage of
infants. Some aspects of the pathogenesis of rickets [J]. Acta
Societatis Botanicorum Poloniae, 1950, 55: 247-257

(5]  FhEH, H0K, A B A AN RV 7 R MU R 0
5 I A I 52 25 45 1 BRI 7S [0). B & i R HE,
2017,33(12):93-98,83
SUN Sheng-wei, GUO Bin, MIAO lJian-yin, et al.

Comparison of calcium content in different calcium products

by rapid calcium-holding activity in vitro and atomic

absorption spectrometry [J]. Modemn Food Science and
Technology, 2017, 33(12): 93-98, 83

[6] Ferraretto A, Signorile A, Gravaghi C, et al. Casein
phosphopeptides influence calcium uptake by cultured

human intestinal HT-29 tumor cells [J]. Journal of Nutrition,

(7]

[10]

[11]

[13]

[14]

[16]

2001, 131(6): 1655-1661

Mykkdnen H, Wasserman R. Enhanced absorption of
calcium by casein phosphopeptides in rachitic and normal
chicks [J]. 1980, 110(11):
2141-2148

PR, A T, SR A A FRURIE FUBE IR [T]. £ it TV RH,
2012,33(11):379-382,387

JIANG Jin-lai, WANG Ling-chong, WU Hao, et al. Research

The Journal of Nutrition,

progress in calcium preparation [J]. Science and Technology
of Food Industry, 2012, 33(11): 379-382, 387

Zidane F, Mateos A, Cakir-Kiefer C, et al. Binding of
divalent metal ions to 1-25 beta-caseinophosphopeptide: an
isothermal titration calorimetry study [J]. Food Chemistry,
2012, 132(1): 391-398

Schuck P. Analytical ultracentrifugation as a tool for studying
protein interactions [J]. Biophysical Reviews, 2013, 5(2):
159-171

Smits A H, Vermeulen M. Characterizing protein-protein
interactions using mass spectrometry: challenges and
opportunities [J]. Trends in Biotechnology, 2016, 34(10):
825-834

titration

Velazquez-Campoy A, Freire E. Isothermal

calorimetry to determine association constants for
high-affinity ligands [J]. Nature Protocols, 2006, 1(1):
186-191

Makowska J, Zamoj¢ K, Wyrzykowski D, et al. Binding of
Cu (II) ions to peptides studied by fluorescence spectroscopy
and isothermal titration calorimetry [J]. Spectrochimica Acta
Part A: Molecular and Biomolecular Spectroscopy, 2016, 153:
451-456

LIAO Wan-wen, LIU Shuo-jun, LIU Xiao-rong, et al. The
purification, identification and bioactivity study of a novel
calcium-binding peptide from casein hydrolysate [J]. Food &
Function, 2019, 10(12): 7724-7732

HOU Tao, WANG Chi, MA Zhi-li, et al. Desalted duck egg
white peptides: promotion of calcium uptake and structure
characterization [J].
Chemistry, 2015, 63(37): 8170-8176

CAO Yong, MIAO Jian-yin, LIU Guo, et al. Bioactive

Journal of Agricultural and Food

peptides isolated from casein phosphopeptides enhance
calcium and magnesium uptake in CaCo-2 cell monolayers
[J]. Journal of Agricultural and Food Chemistry, 2017, 65(11):
2307-2314

KSR, IV, BT R, A5 T A R RR A 1k 2 B
e TR B RS S R 22 et A (0] AR & R 52,2017,33

91



MK EmBHL

Modern Food Science and Technology

2020, Vol.36, No.10

(10):110-116

LIU Guo, SUN Sheng-wei, MIAO Jian-yin, et al. Purification,
solid-phase synthesis and structural differentiation of casein
phosphopeptides active monomers [J]. Modern Food Science

and Technology, 2017, 33(10): 110-116

[22]

33(5): 40-49

Holt C, Wahlgren N M, Drakenberg T. Ability of a
beta-casein phosphopeptide to modulate the precipitation of
calcium phosphate by forming amorphous dicalcium
1996,

phosphate nanoclusters [J]. Biochemical Journal,

[18] SUN Na, JIN Zi-qi, LI Dong-mei, et al. An exploration of the 314(3): 1035-9
calcium-binding mode of egg white peptide, [23] Cross K J, Hug N L, Bicknell W, et al. Cation-dependent
Asp-His-Thr-Lys-Glu, and in vitro calcium absorption structural features of beta-casein-(1-25) [J]. Biochemical
studies of peptide-calcium complex [J]. Journal of Journal, 2001, 356(1): 277-286
Agricultural and Food Chemistry, 2017, 65(44): 9782-9789 [24] ZEE3E A v IRA0 L IS BE TR, 2007,11:18-19

[19] &3, Tl A%, 55 BE IR (DHTKE) (P4 25 S A U LI Yi-fei, ZHOU gian. My name is calcium [J]. Medicine
FCY/H BB SHET T mE2,2018:1 World, 2007, 11: 18-19
JIN Zi-qi, WANG Di, LIN Song-yi, et al. Study on [25] Curley D M, Kumosinski T F, Unruh J J, et al. Changes in
zinc-binding pattern of egg white peptide (DHTKE) [C]// The the secondary structure of bovine casein by fourier transform
15th Annual Meeting of CIFST, 2018: 1 infrared spectroscopy: effects of calcium and temperaturel

[20] Canabady-Rochelle L-S, Sanchez C, Mellema M, et al. [J]. Journal of Dairy Science, 1998, 81(12): 3154-3162
Thermodynamic characterization of calcium-milk protein [26] Wahlgren N M, Dejmek P, Drakenberg T. Secondary
interaction by isothermal titration calorimetry [J]. Dairy structures in f-casein peptide 1-42: a two dimensional nuclear
Science & Technology, 2009, 89(3): 257-267 magnetic resonance study [J]. Journal of Dairy Research,

[21] Fraid, B3, 2 R, 55 S5 € B A EAE 8L 1 BT -Be A 1994, 61(4): 495-506
FAER AR ] AE YA IEHE,2017,33(5):40-49 [27] Mekmene O, Gaucheron F. Determination of
QI Xin-jie, WANG Yue, WANG Yan-sheng, et al calcium-binding constants of caseins, phosphoserine, citrate
Applications of isothermal ftitration calorimetry in and pyrophosphate: a modelling approach using free calcium
protein-ligand interactions [J]. Biotechnology Bulletin, 2017, measurement [J]. Food Chemistry, 2011, 127(2): 676-682

(3558 225 70)

[20] R0 KGR A MR AR RIS € Pickering FLRIVIA [24] Shariful T M, Katsuno N, Nishizu T. Factors affecting
AR E D)) M A EE TR A%,2017 mayonnaise destabilization during freezing [J]. Reviews in
ZHU Xue-feng. Freeze-thaw stability of the Pickering Agricultural Science, 2018, 6: 72-80
emulsion stabilized by soy protein isolate heat-aggregated [25] Khanitta Manoi, Syed S H Rizvi. Emulsification mechanisms
particles [D]. Guangzhou: South China University of and characterizations of cold, gel-like emulsions produced
Technology, 2017 from texturized whey protein concentrate [J]. Food

[21] Rayner M, Marku D, Eriksson M, et al. Biomass-based Hydrocolloids, 2009, 23(7): 1837-1847
particles for the formulation of Pickering type emulsions in [26] LIU Xiao, GUO lJian, WAN Zhi-li, et al. Wheat
food and topical applications [J]. Colloids and Surfaces A: gluten-stabilized high internal phase emulsions as
Physicochemical and Engineering Aspects, 2014, 458: 48-62 mayonnaise replacers [J]. Food Hydrocolloids, 2018, 77:

[22] Magnusson E, Rosén C, Nilsson L. Freeze-thaw stability of 168-175
mayonnaise type oil-in-water emulsions [J]. Food [27] XU Yan-teng, TANG Chuan-he, LIU Tong-xun, et al.
Hydrocolloids, 2011, 25(4): 707-715 Ovalbumin as an outstanding Pickering nanostabilizer for

[23] Anton M. Composition and Structure of Hen Egg Yolk [M]. high internal phase emulsions [J]. Journal of Agricultural and

92

Springer, Berlin, Heidelberg:Bioactive Egg Compounds,
2007: 1-6

Food Chemistry, 2018, 66(33): 8795-8804



