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TEEEE LM ENRAL: CAWIIALLP e ikFEFT LB, LPHFTHHREATRA NG TRE, adik, 4,
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Abstract: In order to clarify the effects of alkaline covalent binding, enzymatic covalent binding and free radical covalent

binding of soybean lipophilic protein (LP) to chlorogenic acid (CA) on the conformational and functional properties of

proteins and the mechanism of binding. Accordingly, this study comprehensively employed particle size and Zeta potential
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analysis, electrophoresis, multispectral techniques, differential scanning calorimetry, rheology, scanning electron
microscopy, and antioxidant activity assays to characterize the molecular weight, secondary and tertiary structures, thermal
stability, rheological properties, and antioxidant capacity of the complexes under different preparation conditions. The
results demonstrated that the polyphenol binding rate of LP increased based on free radical, base and enzyme conditions,
and particle size and the absolute values of Zeta potential were higher than those of LP. The content of free amino group
and sulfhydryl group decreased, but the content of disulfide bond increased, with the most significant changes observed in
the enzymatic complexes. The introduction of CA shifted the electrophoretic bands of LP upward, and the subunits in the
LP molecule were denatured into small molecular subunits, with progressively more significant denaturation of the free
radical complexes, the alkaline complexes, and the enzymatic complexes. The free radical complexes, enzymatic complexes
and alkaline complexes had sequentially increased ionic bonding content and sequentially decreased hydrophobic force
compared to LP. The results of circular dichroism and Fourier infrared spectroscopy indicated that CA was successfully
complexed with LP, and the two were mainly connected through C-N/C-S bonds, with an elevated content of random coils
and a reduced content of S-sheets and f-turns in the complexes, and the most significant changes in the secondary structure
of the alkali complexes. The intrinsic fluorescence results indicated that the enzymatic complex exhibited the strongest
fluorescence quenching effect, followed by the alkali complex. The surface hydrophobicity of the complexes decreased, and
that of the alkaline complexes was the lowest. The thermal stability and rheological properties of the complexes, especially
the alkaline complexes, were enhanced. The incorporation of CA resulted in more protrusions and pores on the surface of
LP, and the microscopic morphology of the free radical complexes, the enzyme complexes, and the alkaline complexes
became more homogeneous and dense. The antioxidant capacity of the LP-CA covalent complexes increased after
digestion. The free radical complexes possessed the strongest antioxidant capacity, while the enzymatic complexes had the
weakest antioxidant capacity. This study can provide a theoretical basis for the application of LP-CA complexes as
functional ingredients and the development of CA-containing soy protein products.

Key words: soy lipophilic protein; polyphenol; interaction; bonding mechanism; conformational change; functional
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i, ZEE5 0 T LP Al CA BARFIZE G 0F LP 49
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SRR s, AR R g b R BA P s AR
DIgerE B A R TR R AR S
1 MRERE
1.1 MRS

K W HBIRTIMGIRET s 8RR .+ k¢
FLA L 44 (sodium dodecyl sulfate, SDS) | 452K —H
fi%% ( o-Phthalaldehyde, OPA) . 8-2K JI#7 -1-Z% fiffi 1% ( 8-
anilino-1-naphthalenesulfonic acid, ANS). 5,5'- —#if{
LeHr-(2-i 32K B R ) (5,5'-dithiobis-(2-nitrobenzoic
acid), DTNB). —4&4 4.z (trichloroacetic acid, TCA) .
B-BiFEEEE, 1,1- "R E-2- —AHFECRE(L, 1-diphenyl-
2-picryl-hydrazyl radical, DPPH) | 2,2'-BX%(- —(3-2.
L I I g i -6 1R ) 8% R (2,2'-azino-bis ( 3-
ethylbenzothiazoline-6-sulfonic acid), ABTS) [V
PR AR A BN A #h2 (HCD) | #ifi (H,S0,) .
HEALHI(NaOH) . 2, % DU 2,78 (ethylene diamine
tetraacetic acid, EDTA) . H &R (glycine, Gly) . =¥%
HH L 43 B o€ (tris (hydroxymethyl) aminomethane,
Tris) EZEAMALFIARA A IEC ke K

BIOREAE T BCA B il e dbae

FORFERHEARAH

PHS-3C %l pH it LS A AR 22 E
FRZSF]; GL-21M SR ELOHL IR R S0 =
X EETT R A BRAS T LGT-1A-80 ¥R TPl JbaT
AR BHEA AR ARA B2 7] NANO ZS90 7R A H
Py e E SR S A R 7] UV-2600 25
Hh-TT LA YEIEREE T . RF-6000 GG 1B
HUL S G A PR H]; HAAKE MARS60 AL
AR . Nicolet iS50 ff HLIFASHRLT AL T
BRI R B (P ED A FRZS 7] Chirascan-VX [F
(R HEER DG B T S-3400N £35T 22374
e HAHSAFE,; HWS-24 7K i
—AERlAAYZSA R AT BZG-76 JUFs i e
I AE P ER B A RS B MS-H-S10 -3l i fin#ty
RET TR IR HAN BRI 28 F o
1.2 EWHE
1.2.1 LP iil& =% EIpaEN )7 kil 4 LP,
KA F T LIFT R A S, i 60 EfE, 342 1:3(w/
V) SIECEEIRA, fhE 30 min J5EE IR FIEW,
FRE NG =R, UUTE T30 KW XA TRy, Kk
e 5 RBF/RCRIEEL 1:8)IR A, i NaOH ¥t
pH P75 2 8.0, LM 1 h J51E 4 °C T LA 3000xg
L 10 mine [0 EIEHBPIIA Na,S05(0.01 mol/L),
JH H,SO, K n pH VYT 2= 5.8 Bk i
W pH P52 5.0, 55 °C JI#R 15 min, ZRJS5HMA NaCl
(0.05 mol/L), pH T = 5.5, K TfHIREGWTE 4 °C
T LA 3000xg B.C> 10 min, FTFEEN LP, A 3000 kDa
BHTAGENT 48 h, R TS RRAE 4 C M ffes .

1.2.2 LP-CA E&WIHIHI#%

1.22.1 WIEEEY =% Li " 0J7kdl4 LP-
CA = &Y. ¥ LP EEE Tk, FH NaOH
$ LP 3 (1%, w/v)JETT 2 pH.0, ¥ CA(0.05 g/g
D) S EE LP W (1%, w/iv) /1, i35m0
pH N 9.0, IR FIHSIEIAE 20 °C FRE T2 If
B (500 r/min)24 h, #56, 7F 4 °C BT 48 h J5
HTEH B s #4 4 LP-Ca.

1222 BHEEESY =% Li % 0977004 LP-
CA B2 5. ¥ CA(0.05 g/g 1) I TE =55
Tk, JHT % pH6.5+0.5, 35225 1) Forboin A RS S iR
(120 U/mL). FHESEWHEZER FREETEAPIHE
2Pt dt 8 h, ZRJG A LP(1%, w/v) %R (pH6.5+0.5)
JZV 16 h, #5G. BHT 48 h JG R T4 . BRIk,
144"~ LP-Ce,

1223 HHEESY Z=F LiEPTEfl4E
LP-CA HHHEGY . ¥ LP ile L 17K, 28
JEHIA 1 mL H,0,(5 mol/L), 0.25 g IR MR (Ve),
TE 25 °C T+ 24 h, 4 CA0.05 g/g T ) 4 HAE
LP B (1%, w/v) H, I 24 h, #8556 SR &ET
. FeRE @4 LP-Cf,

1.2.3 LP 5 CA 4584k

1.2.3.1 ZW45AFR 2% Yan 5 YRS
RIS 7290 2 A i P IR T S B . B5E, B 0.5 mL
FESR (1 mg/mL) T P9, iNA 2.5 mL ## AR
7 (0.2 N, 10%), IRHEIRA], € 25 °C NI 5 min,
HES, ZR IS M H AN A 2 mL Na,CO, K (7.5%,
w/v), IRHEIRE), BT 25 °C /Kl eIR 2 h
Ja A UV 4060 HE 760 nm P 5544 F I
W YGRE, FEXT RS IR IR v R LR T TSR S TP 4R R R 1Y
G, RAYEFE DL mg EGCG/g BEMMZRR . FEIEL
(DI ZWEE 6%

LWL LR (%) = % % 100 % (D

K. ¢, EiBNTA 45 LP-CA E5 ) CA &
H, C 245 LP-CA MM E SWENTRI CA &,
1.2.3.2 KR Zeta B, =% Wang 250 3 57%
ISR R A S AT SO E LP LA =6 LP-CA &
B PIRE S S YR AR L Zeta HEAVE o FERE SR TR
(2 mg/mL ) JEAIIN 5 b 0 5 2 1A B AR T 2%
SR RE A 1.46 AT 1.33. FrAa RIS RIATE 20 C
TIRE o
1.2.4 2P &R [ OPA M2 i & 2 25
Eit, OPA(80 mg) 5HEE(2 mL) . SDS 7K (5 mL,
2%) . WIEZ 4N W (50 mL, 0.1 mol/L) . f-%ikt 2, 1z
(200 WL)IRE, BEF /K TLARBIE 100 mL, R
JEHs OPA(4 mL)IMAE] 200 pL BE8L A, 76 35 °C T
WEE 2 min, S, [ HEESN-AT ULASERE THE
340 nm ZbIE W GEE . R L-s2 2 e @ i bn
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S Li %0 (971K FH DNTB . Eb A6 32500 2 A
Ah RS LA B AL, URESIOBIR 15 mg ¥ F 5 mL
Tris-Gly ¥ # 7 (0.086 mol/L Tris, 0.09 mol/L Gly,
4 mmol/L EDTA Ff#77 pH = 8.0). IR-&E® N
A 100 uL DTNB(4 mg/mL) T 25 °C {HiZ/KA 1 he
£ 10000xg 4 °C 85.0> 15 min J5 I E 412 nm ARG
A, FEARAZ(2) TR SRS Sk (SH) 19 &

Sy FREL 15 mg VR TAE S R F 5 mL Tris-
Gly-8 mol/L JREUWL, A 100 uL S-Fike 2B, #f
FEREIRT 25 C EIREZKE 1 h JEIA 20 mL TCA
(12wt%) WK, 42 10000%g 4 °C B5.0» 15 min J5 BT
VE. PGTTTEARSL /BT 20 mL TCA ¥, TE 2 I
DL 4. Ba BTUERS T 5 mL Tris-Gly-8 mol/L
PRV - TEZFE P IINA DTNB T 25 °C {HiE/K
% 1 he BE.OJEMRE 412 nm AEOGIE, $2 R 82(2)
TR SIS = (SHY) , FRH AT (3) 10 —aiig

(S-S)F&.
SH (umol/mg) = % ® (2)
S-S (umol/mg) = SH‘;SHf X 3

A Ay, BRESLTE 412nm A0 AE 97 YGAE,
C 2L S HEEE (mol/L) o
1.2.5 LP-CA fHEAEF S THAEL
1.2.5.1 3R T Jor LA R 41 - 2R PR e IO FHc 5 s P,
vk (SDS-PAGE) Z 7% Yan &Iy Jr ik, R
BeyoGel™ Plus PAGE il &EHE (Tris-Gly, 4%~20%,
10 i%) . ¥ 5 mg/mL 1 LP Fl LP-CA & -&¥5 %k
P L, 41 PIRTERIR & o BERTE 100 °C AR
£ 10 min, 7E HL YK IE I 10 pL AOFE 5L IE -
LRI 100 V, YRS 2 B ICHRAT, 4551k H,
VKo M SHiZEw R250 FEERe et 1 he &5,
VKRG, 5 20 min B e—IR VK 2R BB ARTE .
1.2.5.2 4rFlEMHEAERTT 2% Pérez-Mateos 45!
PR s, I R B AR L R RE AR
WIS AHAE 0.6 mol/L 54 468M(Sy) . 0.6 mol/L S8 fbsl+
1.5 mol/L JRZ(S,) . 0.6 mol/L 4Z8/k4k+8 mol/L JRZ
(Sy) =R, ¥ 0.1 g FE5HH 5 mL S, 7E 12000 1/
min ¥ 5 7E 10000x<g FE.0>. {HHH BCA FHEEHE
HEI S G & e FIE W P R R EE . ITASDTTE
H S, B SARRI AN EE E L yEWREA &=, [FFRE
B, 7 S, TSRS TR IS e S, H, AMORH TR b 2
158 ISR & i, S5 IRFIR A SRR TR
FIE b o, ARAE S, T s s
BN B R, WEARAE S, Th AR & e o U, TR
S, TE A EENEKIEA T .
1.2.6 EEYIN LM
1.2.6.1 R _@AEE(CD) 2% Yan 55 (k. fili
FHB A 2 FE S A CD. 7E 25 °C NAEZESE

A (20 mL/min) F A 100 nm/min A9 474 38 5 |
2.0 nm FYHFFEAN 1 mm BYEEAR I T A2 o KRR
fm LA 0.1 mg/mL 119 ¥ B % f# 7 PBS(0.01 mol/L,
pH7.4)H, IF7E 190~260 nm JEFHI N HEATIE . HRIE
EL @7 1 7 el FHAELR R /T DichroWeb (1830 K24,
13, T SBARIHA T 5T

1.2.6.2 HEMAHLIAMSETE(FTIR)  ff LP A LP-
CA M GWERT B ARH KBr FRfl e o
SE M EIE N 500~4000 cm™'. FH4H 32 K, 4 HER
A 4cm,

1.2.7 EEY0 =245

1.2.7.1 ZE60%i% =3 Al-Shabib U8 7 ik,
JH PBS(0.01 mol/L, pH7.4 ) JFE 5 15 W s e 245 11
A fy 2 mg/mL. i HZE GG EETHARE D0
i, Horh i 2 T K B S 280 nm (LA & (0 R B
36, KK AL RIS E N 300~400 nm, A REET
R AREEN e FE I RE S S nm, FEELHH PBS B
(0.01 mol/L, pH7.4)VE =S

1.2.7.2 FRMEH/KMEMH,) =% Jiang E" 17k
i ANS VB2 CIREHI E R G /K M. K 80 uL
ALY 8 mmol/L ANS ERNINA 8 mL FEiF e,
IRIGPRFEIFHEE 3 min. AP IS 390 nm A& S
P 470 nm (SR R INE 2GR . LIS GIR)E
55 FBUA BEAE I I £ v [ ) 53 b At
%, Hoh Femigi /K 8 -

1.2.8 #MFaEPE 27 Zhou 2P0 ({7, FREFES
(3 mg) B FEE I . 2 HEHIRE
R FXTRE AR ZE 25~200 C, T4
AR B SE S 20 mL/min, Jf B in# s %k
10 °C/min.

1.2.9 WiAePERE 2% Zhang 252V (107 i, SRR
AR E LP M LP-CA B & YIRI AR, X2
SCRHEAZ A 35 mm BY-A TARERES -, AR Ta] (8] B R
1 mm, 1 25 °C F/KIBTEIH

1.2.10 i T2 H8i(SEM) i H S R4 T
B AKEME B ETERES, & B, SRR AT A0 R, SR
JE AT 2214 L BETE 5.0 KV s HL = WLER R
Al OIS HE, TRORAE 3 5000

1.2.11 RSNEfeRTEDUE

1.2.11.1 {&SMEL =3 Zhou FEP Ik, K¢
SRS pH BERE N 2.0, SR )G A B & A (5%,
w/w). 37 °C FHE#AE 1 hJ&,  NaHCO, #1571k
W pH 2l 7.0 WEE—FBSrTHALE I LiE LAS SIS Sl
FHo SRIEHE BB TIIA 5% BEEE(w/w) F1 300 mg
AR ER . 37 °C FaTEAL 2 h, BURTEALHE, BT UK
whEER. R)E, FHHALETE 3000xg 5.0 10 min
53] 5.

1.2.11.2 PrEfbtE =% Dai 2 1535 00%E LP
M LP-CA E-E5Wmpia bt
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DPPH H i 235 BRHE ST : ¥ 4 mg DPPH Wy=RK¥#
il T ICK 2P LU A5 B e 9 0.1 mmol/L B3HT
BRI . PRSI BRI, ROGAEAE, 3 h Y
i . FERESH ST Z 01, FF DPPH % JC/K 2B
MR RS ERE<0.7 . FHRINEAL AT FYRE S KGR
(2 mL, 1 mg/mL) 4330 A 254 5, m H Ao A
DPPH ## (2 mL), #HEIHIR G - 85 57 AR
HE T R, IFAE 30 min J57E 517 nm &b 5E
WHGRE . JC/K LA M2 PO IR, 322 IR 2 (4) 135
DPPH | H &SR,

DPPHH Ba%i%ﬁfft%(%)z(l—%)xloo = 4

o A JERESLALE 517 nm AMYIBOGIE, A, S
FIFE 517 nm ZMIRSEREE . P biE 3R~ umol
Trolox 245 (TE)/g ¥E&h, Trolox FHVEFRMES: -

ABTS"H HHFLEBREE T B 7 mmol/L B ABTS
IKIER S 2.45 mmol/L i FRERAI AIE (1: 1, vAv)IR
G IFEE IR PR P TN 16 he FHZEIRK
MROIRG VR, 75 734 nm AW GEE S 0.70+0.02,
SRJE, ¥ 0.8 mL ABTS'H i3 TAEIF WS 200 uL
RAMEACET S IR SIS IR G o RN T2 iR
AT 6 min, JFFE 734 nm Kb RE S W OGRE . FE R
AR5 ABTS A ISR 3 (%) .

ABTS*EHﬂ%i%ﬁ%%(%):(l—%)xloo = 5

K A F Ay 5 RAE T ABTS' H B LAE
Y WFE 734 nm b SEEE, PLAL TR ER R A
umol Trolox X4 (TE)/g 5, Trolox FVERRAES .
1.3 HIEAIE

HALIEE 3 K, 45 RN R E bR
2£. #FH SPSS 25 #{FiTT R ZE ANOVA K,
KRB 22 A IO FLRER 1 25 M, P<0.05 3%
TNTFE R E 225, [ Origin 2022 AT R R
21
2 HBRESH
2.1 LP5 CA &AM
2.1.1 ZMEEERSNT  ZMEEE R T & R
M Z RIEE G . RREEEG 20T LP-SR5
MR S s A %R TR 1, WTRAEH LP-
Cf. LP-Ca 1 LP-Ce 1 Z My 45 & AR IR F-15r, Xl

# 1 LP EARRZE T EZMEE %

Table 1 Polyphenol binding rates of LP under different

binding modes

HEf ZEEE (%)
LP -

LP-Ca 55.97+0.08°

LP-Ce 67.43+0.11°

LP-Cf 48.68+0.12°

TE: A FBEFORAE S B A A 2 35 122 5 (P<0.05)

B LP 5 CATERFRIILMEE & 415 CA K4
10 2 KRR B A JUT 22 51, B 7 I | R [ 1 A7 7 T,
LP 5 CA ZCHRE B, 5 CA BGRB8 HE M
67.43%, BEZ: SOREEFE 0 i Y 2 ah 528, 1B
F 5 ) B Se A A AR AR 1) & 2 SR bk
FPRIFFE L, TEREFEE S5 R e TS i ieh
R0 A H LSS 2 AR R B B R R
Jo S A 2 BEIR S Al BE e, T LU AE G RN FAAMRR
FEXTEAR, T LP 5 CA 45550
2.1.2 RifRHl Zeta HAA 40T FHEHRLAR >R S ke
CAY5 LPEGEMWREMRSE ., B 1 Wx T LPH
LP-CA & &Y PRI 12 Fl Zeta AL, = Fp L4
EE YRR K T LP H LP-Ce FYSF-HpRifs
eI E G R, o LP SEEpRife s 1.24 £%.
e R AL = | = S D100 il W 3l = e DD N E10 572 e =
¥ahno EERMLTIEG R T Z M2 LSRR,
fii CA 52 1R MO 4s A1 1K, il CAR 25 A9
LP-CA E& Wk ini R . Zeta HLA SR
TR R AT A FE AT, S BT R R ek |
TR/, A 1 R, BT A R SR AR B AR 5
MR Zeta A7, CA B3 AN T LP FHEf LAY
B, B LP-CA LM & &9 e 4o xf Ha 7 v T LPPY,
FHZ W 2s G R e S nT A, B TR/, LP-Ce
L5 T2 CA, fli LP SR fi i far g infe 22, it
S FIE AR E A YT =2 [al AR R 1B, 4a5
. Dai 522 REULA R S KOG B & H It
MragG il LP ZRE i far g, S A Eas ] —24

£ 1200 103 PHphAR
£ 1000 1 b a

800 -
600 -
400 1

ZetafiL {7 (mV) FHEpRifs

i ZetaHi{if
L'P LP'—Ca LP'—Ce LP'—Cf
Bl 1 LP Al LP-CA RSN Z S YIHIRAEH Zeta HLAL
Fig.1 Particle size and Zeta potential of LP and different
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