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B-Lg (2 =95%) , & NE 1l 36 A= Wy B 4 A R
TAE A Al ;Ama  Cur Res .Que .CAPE CGA (&l &
=98%), LM E T A TRARAR  #iRA
B B SV (AT el ), R EE T R 7 IE R
J75 oK CBE (Bl ), R R k2=l A
RN ] 5 i g6 FH /K & AR 4tk
1.2 U5 E&

F-7000 %653 66T, H A H 37 i #i R
23] XH=-2000-T JiE i iR A 45 , KT 28 Wi Re (s
A R A ;ML104 5 K F (FE20K 52 % % pH
T MR - R 2 A (L) A BR 2 w5 Milli-Q
HX7000 %48 41 7K AL, 1% 6 3R 5 2% B BRA A
1.3 Hi&

1.3.1 3RLL 25 B-AERE AT U
O3 F XL BN £ W Ama 5 B-Lg &5 & A9 AH
fisi . B-Lg 1Y 3D 45tk ] RCSB PDB 2 [ it 41
Pk i i 5105 I K BR/K 58 T ; Ama(CID ;: 13506) |
Cur (CID:969516) .Res (CID:445154) Que (CID;
5280343 ) . CAPE ( CID : 5281787 ) . CGA (CID ;
1794427) 1) 3D 4544 2k A PubChem %1 4% FE .
Autodock Vina v4.0 BAFFH T F X X &
X IR (v =91,y=58,2=89) LA 35 %~ B-Lg i
TR 25 G 0 5, B-Lg W X 42 | B4R 2 1 x4, H
ESEI BN X BT R SR KRR A
F] H Pymol %% & Discovery Studio 2017 v2.0 fi
¥, Adobe Photoshop CS6 Y PowerPoint 2013 4X
1R ALEER

1.32 BWBCH S A0E 20 5 ROF R &
B, DA ZOK B IR — AN T KA IR A A
il 5% 10 mmol/L 1 PBS iR 2% My W (pH 7.4) ,4
CH I FHIIN—H o IF LI ZE vh i i 1
200 pmol/L [ B-Lg ¥ , LA & 1 mmol/L Y Ama
Cur .Res .Que .CAPE .CGA & (B% Ama %My H

70% BRI ), I (WHEAET 4
CIKAR) -
1.3.3 BSR4 Z WA T B-FLERE A9 29 R K
1.3.3.1 iR Z MY B-FLIk&E M A B AE
PIEME  SH K GESN kIR VE I ok, ¥ B-
Lg W Je—E B 1 Ama 2 BHE RS B0 &
() PBS 2% 0P WO & TEBEIRIR G 4% LR 0
RHE W SAARFUR 3 mL,B-Le ¥ B4 20 pmol/
L,Ama, ZME 550 0,2,6,10,14,20,30,40
wmol/L, BEPFCIAZE A 0,0.1:1,0.3:1,0.5:1,0.7:
1,1.0:1,1.5:1,2:1 b 3R & B R T 99 25, 53 531
T 25,37 CC/v 30 min J5 B,
PECFARHE QR S A AT BRI 300 L B
TG B T R AR A S EE LTI 3 YR, M 2 mL A
an T bG8 L R ) 2 O 43 0 0l BE T E AT Ok
o FEE R KN 295 nm, & S K 300 nm~
500 nm, B & &SR PR SE S5 BE A N 2.5 nm, £
N 700 nm/min
1.3.3.2 N IERON I bR 2 N IB LN 4
TG 1 Wk B s AE AR B OB, YEOIR
TSy WM e e S DM T 98 553 9 1 Y B4 P4
PRI, A b2 IS E A T I B S R el i =X
(1) AT BR G N BR8N, Herh B, R F, 4300 A
EDEE R 556 A, AT A, 20 9 & Ama 5% £
FETRR FUR ST W R

A, +4,)12

F=F.e (1)
1.3.33 R EHITHE  FH Stern-Volmer(2)J7
FEXT T A 98 SRR AT 15, AR ARSI I i
K, F Stern—Volmer #% K & % K>,

FyF=1+K 7 [Q]=1+K,[Q] (2)

A, F—35 TG0 A 6 R 14 92t 5t
JE WAL 5 F——15 RN T 9 6 1A 64 5 i 2 W

1B ; [Q1—FF K5 B mol/L; 7
I 2SR - 2 75 4,107 55K,
WERHEG K —— W50 F IR SR H L
1334 Z5EBSSAMEEBTE RiRER
it FAFAE n AL S R Hill 5 (3) 1
FLE G WK, g G A S ™
lgl (FoF)/F|=1gK +nlg[ Q] (3)
Krf  K——R WG G5B n AEE O
1.335 #IewHota o REH T EEE
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Van's Hoff 77 2 (4) F# ) 2407 72 (5) I 3158 H 4
A5 AH G5 H A8 AG FRAE ASPT,
In(K,/K, )=AH (1/T,-1/T,)/R (4)
AG=AH-TAS=-RTInK, (5)
A R——E IR AR 41, 8.314 1/ (mol - K)
T——R IR K K ——T, TR R i) 26 W45
G W B K T, W6 X By 22 0 A w8
AG— i W A i g kJ/mol ; AH——H5 28 kJ/
mol ; AS 15745/ (mol - K)
134 WRZAMZmYS B-FLERE AN FE S
I WKIEES 2 AL, 4358 pH 7.4 4
pH 3.0 41, H-h pH 3.0 41 i1 I PBS 28 w5 Wi H
0.5 mol/L #h Iy pH AE (R IR, Jm LefiefE—20™,
BB A PBS Z b, AR
D FIRIR ST 3 mL, FINA B-Lg I W
BB S, B-Lg W EE YN 20 wmol/L, 5 J5 MUK
A Ama FIZH (ZFHM Ama), BIEEREL R 14
wmol/L, J&#& WIE /3514 0,2,6,10,14,20,30,40
pwmol/L, HEUNINABLAK 5 76 e I 1R A &% [ 7850 1R
) J& B 30 min,
PECH AR 1.3.3.1 19,
BoEaHr WY EE 3, HAZL FL So-

1.3.5

lution 2.1 #8046 R4, 45 FR N
{H+brifE2 R IBM SPSS Statistics 25.0 44t
T B2 R0, 23 KFE P<0.05 M &, R
JH Origin 9.0 A2 EDE

2 ZBR55H
21 E&E5p-ILKEAMNS FIIE

FESr T X R 2 R rp SR e R SR A
AR B KA EAEN . B la ATH, Ama 455
F B-Lg WIBi /K25 I A< A 17 Ab , 20 i At S
Lys69 . Asn88 ,Asn90 ,Asn109 Fl Serl16 454, Cur
(E 1b) 5 Ama M5 G0 i #2308 WML G T B-
L “Af [17 4k | % Nle71 11e84 . Asn90 Met07 4 4~ 4%
AR, EEES KRS N7l
Ne84 454 . Res(IE 1¢) MZ5 A0 AR “B-AF 117
B3, O o B K A 5 AE S Leu39 (Pro38 .
Met107 3 4~ MR AR 455 0 Que (K 1d) AN
CAPE (I 1e) ¥ i i /K AH HAE 25 A F B-Lg 1
ARG, L H T A R A 5 Al 1] — 0], AT LA A At
B #2856 T Bk 2 AN, B 1f B8 T CGA
W &5 A0S T B-Lg BN TE EH 1 FE RS
. 6 ALK 5 B-Lg 45 & 093 1 0 1 el g 43 il
N -40.32(Ama),-31.54(Cur),-32.15(Res),
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Fig.1 Predicted binding sites, the binding sites amino acids and interaction forces of Ama

with five polyphenols on B-Lg
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I TR S5 R E W] Cur 1 Res 5 B-Lg 45
BRI E S Ama Y25 G AL 5 #5238 (Cur \Res \Ama
5 Asn90 %454 ,Res Ama ¥ 5 Leud9 455 ), &
Cur 2 Res 5§ Ama [ 55 B-Lg AH 5. /E HI i 7] g
S A ERAE B S B-Lg B4 &,
Que ,CAPE 1 CGA 455 i &L B Ama 455
PLE KA X Ama 456 T B-Lg Z B iE S
22 VXL, ZEN B-FEREBEWANLIENF
e
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I3 TR A RN 5 Bl Z Wy W) o b O g T
5 Ama 5o F 45607 58 Cur 55 Res, NBESF
XS RIS Ama SEF G RE T
SRIYZ Wy, 4T B-Lg 5 Ama 22 W AH BAE HI 19 %5¢
JeIEIE A

AT NIRZE 65 Trp Tyr Phe 5% & 19 17
TEFEART Iy, SRS & 23R E ARt
PER X Pt B 2, T LR B R B S
BCARSS & 1A S, DL S RO AH BAE o 2
TR LR AR FE WO ) R AT O . B-Lg & AT A
Trp 5% % Trpl9 A1 Trp61 LA J 4 A4~ Tyr 5k %t
Tyr20 . Tyr42 Tyr99 Fl Tyr102%, #4% I K A 295
nm [, 256061 FE N Trp STk,

HIP 2 AT, HECR DR D 295 nm 1 ,B-Lg
P re K28 o JBE e 67 ¥ F 334 nm FfHiE, H B-Lg
V14 i1 A 25 516 5k B {1 i o TG A e 2 10 185 o A R 1
REAIG , T 04 T WY 8 4k | BRI L AR BC AR 2 %) B-Lg

BT T HRAE T . Hodt Res(8l 2¢) \CAPE
(Il 2e)CGA (& 2f) X} B-Lg 1175 A5 K g F1 A XF
HE UM AR 5 (A b (817 DUA Y B
Res (& 2¢) Al CGA (& 2f) ¥ B 3 i ,B-Lg 5 K %¢
S0 K A T W 414 (334 nim—356 nm Al 333 nm—
354 nm),CAPE (&l 2e) [ /il A A5 B0 K98 O 1
7 B 092 20 F% (334 nm—346 nm) , LI 5 F 1
X LFR FC AR AF TR I B—Lg 7 B 1 2 L 1R 5% 3 (1) 1k
B R A T A Ak A8 5 7 2 T R R SR KR
Bi K PEFEAR , 55 Kanakis 255 5K G B G5
W g R —2, Cur(E 2b)5 Que (&l 2d) N,
WA TR AR RPOCEN E S RE EWER
(335 nm—331 nm #1 335 nm—332 nm) , MB35 &
i R T 8 R ) SO S8 AR A5 T gk, 1l 25
5 Kanakis ZFPVFNI 28 i 25 45— K 2a KB
T— AR LS BDAE 420 nm BT, LT —
ABE Ama ¥R JE RIS G5R TR I B Ama 5
B-Lg M EW 4 T NIRZEOE,

X RERNECAAR G A2 A7 IR AT LU IR R T
1o BT B B-Lg 19 PN TR 2 ' 1 B U 55 (HAS 23 X iE
TRPE K B-Lg P28 Hk 1% 55 Ik 5 % 1) B 7 1 i A i
S, 3K AT g 5 TR T e AR AT G
2.3 M B-IAKEANKABERNEBESHA
FHR

Bl A AR A S e AP R 1 5 1 T e
TN e e a1 £l L B E
FOMPR , 28 30 R 21 2808 08 805 W BE BLIE LE 5
BHERIE W Z A 32 A5, DR S CH
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Fig.2 Fluorescence quenching of B-Lg by Ama and five kinds of polyphenols at different temperatures

1 53R 2 PR oy ik g A
RN B-Lg AHEAE B — e 8 25 50,

2 1 Al AE IR S B-Lg 45& WYL o T
REEL (K ) ¥R T e KA 50 458 4 38 o3 B30l
2x10" L/(mol -s), UiHIJE ML T & 1 -B AR 2 &
Y, BT RSO WY R W] S 45 G R
(K)7E (1~15)x10* L/mol i Bl P9 B, Bt {4 L 7] 336 11
75 HE ARG AR, AT LA H B Que 1E 25 C4E
AR BARAL, BARYS B-Le ¥R BRI 245 & BE
71, HE5G 18 01 590 R I6IE T B-Lg BIFE K
e FAANT . JLFI R 25 A 07 A5 800 T 1 135

5 B-Lg YA AL AL S5 R 5H RIS
ghie,

2 2 WA RS B-Lg 4S8 A K i
1 (AG<0), HH Ama 5 CCA 19 AH<O0,$il] —
H 5 B-Lg M & RN, 5% 1M K, B
Tk B T v U N AR X R R 2 AH >0 1 B T -
BCRE AW K, (SRR E TS i K, i AH 5

AS i W7 8 5 FC AR S A E UK E) J) W] AT, Ama
I CGA 5 B-Lg fE I K/ S i i 8 4e Iy |
Cur Res ,Que Fl CAPE W3 i 55 /K AH 5 AE 5 B-
Lg 2546, 500 F 44 b fr e B9 A0 B4R FH 3 R
HALF .
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B-Lg [R5 7K 25 i, A3 72 B PR ol “ 4B 257 1 B—
R TR R I, XS A AL A pH (R R
1 Pl OF 8 N = 1 S A 3 < o1 N e e N 1
JENTE, 24 B-Lg 4b T rh ¥ pH fHI , “EF 3747 JF,
NG RN K 2 IR EE G, TS AN IR
RV B, Glu89 Ji T AL Al “EF 31 A & $4 4 45 I A
H B 1R/ 7256 BE K s BEEE /N H g
45 F B-Lg MANRHEP,

H 2 KB 3 fron, WILUE I TE pH E
H 7.4 B Ama 5 B-Lg M H R E W T Cur I
G BLRIRIAE AR KR BEAR, 7E pH {E R 3 B
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Table 1 Quenching constants and binding constants of B-Lg interacting with ligands

B AR T/K K/x10* L-mol™  K/x10" L-mol™-s™ R® K./x10* L+ mol™ R® n
Ama 298 2.782 2.782 0.9980 1 201.0 0.9724 1.571
310 3.289 3.289 0.9981 450.7 0.9396 1.461
Cur 298 3.590 3.590 0.9978 15.32 0.9972 1.143
310 4.095 4.095 0.9966 38.67 0.9970 1.219
Res 298 8.985 8.985 0.9974 36.68 0.9996 1.136
310 9.147 9.147 0.9956 50.66 0.9933 1.165
Que 298 2.631 2.631 0.9986 6.605 0.9764 1.094
310 2.789 2.789 0.9991 113.0 0.9652 1.347
CAPE 298 7.757 7.757 0.9765 262.2 0.9912 1.347
310 7.538 7.538 0.9833 774.8 0.9982 1.447
CGA 298 6.375 6.375 0.9901 342.9 0.9993 1.385
310 4.849 4.849 0.9947 319.6 0.9958 1.400

e RONITEE ()G K, MR B R N I7HE (3) 5 K AR R EL

®2 BES5B-LgEEEANRANEEY
Table 2 Thermodynamic constants of B—Lg interacting with ligands

LN T/K AG/kJ-mol™ AH/k]J-mol™! AS/J-mol - K™
Ama 298 -40.39 -62.71 -74.92
310 -39.49
Cur 298 -29.58 59.25 298.1
310 -33.16
Res 298 -31.74 20.66 175.9
310 -33.85
Que 298 -27.50 181.8 702.2
310 -35.92
CAPE 298 -36.62 69.35 355.6
310 -40.88
CGA 298 -37.28 -4.498 -110.0
310 -38.60
80 80 -
0 0k
e} [ S ef
E E f
£ sof S st
L =
S %ﬁ w0} S %n e
= 30 S 30F
é 0t é 0}
of ol
0 . 0 e
0o s 10 15 20 25 30 35 40 45 0 s 10 15 20 25 30 35 40 45
PE Ak e Ji2 [[REN7I35 S
Concentration of ligand/pumol - L™ Concentration of ligand/pwmol - L™

(a)Cur,pH 3.0 (b)Cur,pH 7.4
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Fig.3 Effect of Ama on fluorescence quenching rate of B-Lg—ligand complex at different pH value
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Abstract

Functional dairy products are rich in bioactive ingredients like polyphenols which are beneficial to human
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body, but at the same time, in order to improve the appearance of food, the addition of synthetic azo pigment amaranth
(Ama) increases the health risk of food to some extent. In this study, fluorescence spectroscopy combined with molecular
docking was used to study the binding competitive effect of five polyphenols and Ama with B-lactoglobulin (8-Lg). The
results showed that curcumin (Cur), resveratrol (Res), quercetin (Que), caffeic acid phenylethyl ester (CAPE), chloro-
genic acid (CGA) and Ama could form complexes with B-Lg. The binding constants of several ligands with B-Lg were in
the order of 10°~107 L/mol, which indicated that the binding ability was very strong. Among them, Ama and CGA bind
B-Lg by hydrogen bond and van der Waals force, while Cur, Res, Que and CAPE bind B-Lg by hydrophobic interac-
tion. Under acidic conditions, Ama and five polyphenols could bind to B-Lg at different sites, and no obvious competi-
tive binding effect was observed. Under neutral condition, Ama and Cur competed for binding site of B-Lg. When
polyphenols were first bound to B-Lg, Res affected the binding of Ama to B-Lg, that was, the order of ligand addition
affected the competitive effect. At the same time, both Cur and Ama bind to the site at the entrance of S-Lg hydropho-
bic cavity, and both of them bind with Asn90, and the competitive effect was stronger than Res. In this paper, the
competition between small molecules and milk protein was studied, which provided a theoretical basis for the practical
application of controlling the absorption of some food additives by means of processing.

Keywords [B-lactoglobulin; amaranth; polyphenols; fluorescence spectrometry; molecular docking



