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Abstract: To elucidate the mechanism underlying the inhibition of beef protein oxidation by lotus seedpod proantho-
cyanidin (LSPC), epicatechin gallate (ECG) at a final concentration of 10 to 40 umol/L, was investigated using a combina-
tion of nanoparticle size analysis, two-dimensional infrared correlation spectroscopy (2D-IR COS), and fluorescence spec-
troscopy. This study focused on how ECG affected the oxidative aggregation of beef myosin as well as the interaction
mode, dominant binding forces, action sites, involved functional groups, and fluorescence quenching mechanism between
ECG and myosin. The results indicated that, relative to native myosin, ECG treatment at final concentrations of 10~
30 umol/L resulted in a narrowed 250 kDa band in the sodium dodecyl sulfate—polyacrylamide gel electrophoresis profiles
of the ECG-Myosin complex, an increased absolute value of Zeta potential, and reduced turbidity. These observations
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suggested that ECG inhibited oxidative myosin cross-linking with non-covalent interactions between ECG (acting as a

hydrogen donor) and myosin. Fluorescence spectroscopy and chemical probing analyses revealed that ECG binding to

myosin was an entropy-driven, thermodynamically favorable endothermic process, with hydrogen bonds and hydrophobic

interactions serving as the dominant forces. This interaction induced the static fluorescence quenching of myosin. Further-

more, 2D-IR COS demonstrated that the hydroxyl (-OH) groups on the D-ring of ECG, as hydrogen donors, preferentially

formed hydrogen bonds and hydrophobic interactions with carbonyl (C=0), amide (N-H), and alkyl (C-H) groups within

the a-helical domains of myosin. These interactions inhibited protein oxidation and intermolecular cross-linking aggrega-

tion. This study provides a theoretical basis and experimental support for LSPC development as a natural plant-derived

antioxidant for meat and meat products industry-related applications.

Key words: lotus seedpod proanthocyanidin; myosin; fluorescence spectroscopy; two-dimensional infrared spectroscopy;

non-covalent binding; anti- oxidation protein
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Fig.2 Effect of ECG on turbidity of myosin
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Fig.4 Different ECG concentrations at 277, 298 and 310 K
for fluorescence quenching spectra of myosin
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Fig.5 Plots of Stern-Volmer equation of myosin fluorescence
quenching by ECG at 277, 298 and 310 K
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1 277,298,310 K {EE T ECG X LERE A% IR K Stern-Volmer J7F2 SR K H L Ksv

Table 1  Stern-Volmer equation and quenching constant Ksv for myosin fluorescence quenching by ECG 277, 298 and 310 K
TR (K) e nl sy Kq(L/(mol-s)) Ksv(L/mol) NP
277 F,/F=0.1532x10°[Q]+0.9676 1.532x10" 1.532x10° 0.9944
208 F,/F=0.1504x10°[Q]+0.9162 1.504x10 1.504x10°* 0.9982
310 FO/F:O.1094><105[Q]+0.9403 1.094x10" 1.094x10* 0.9991

#2 277,298, 310 K E T ECG X LEREE HUOLH K #2407 T LARK 7 4L
Table 2 Fluorescence quenching curve equation and related constants of myosin by ECG at 277, 298 and 310 K

T (K) LM TR K, (L/mol) n LEESES 0
277 1g[(F,—F)/F]=0.94911g[Q]+2.7420 8.483%10° 0.95 0.9972
298 1g[(F—F)/F]=1.44441g[Q]+6.0821 1.208x10° 1.44 0.9922
310 1g[(F,—F)/F]=1.47551g[Q]+6.0877 1.223x10° 1.48 0.9932
A 120 T
100 A
_ 5 g0
2 < a
& 60
= =
=3 =404 e
®
-124 ° 20 A
71.4 T T T T T T T 1 0 T T T T T T T T 1
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Fig.6 Logarithm curves of fluorescence quenching of myosin 5 2501 a
by ECG at 277, 298 and 310 K < 200
3 ECG SHUREASS G ESH = 150 ¢
Table 3 Thermodynamic parameters of ECG —Myosin 2 1001
interactions 50
TR (K) AH(kJ/mol) AS(J/mol'K) AG(k/mol) 0 —— S ———————|
260 270 280 290 300 310 320 330 340 350
277 —20.83 St o
FA (nm)
298 107.27 462.47 —34.73 . .
310 ~36.09 B 7 ECG 54 RNERE A1 FZ5O00E

SR AW N 5 AG<0 UBaBH A AR 25 602 A
Kt HAETWFSE AT IS, i 225 2F miE
E Az AR 45 At LAS KA B AE R S £
2.4.5 [FETCHGESYr  OETRRERILFINE & RER
FE RIS INE 7 Fias, XL AT, (62 iRk
FL TSGR B R T IR AR, RAFTE X NIBREA A S
P2 C Tk R FIn & . B 7TA R, KA1l 15
nm B, ECG ¥, 1% 2R 7R L 158 GR B R ES,
FH HE R BB T R 21 82, 10 BA I 08 T
ALFRIE HR K PRI S, SXOE R ECG BYIIASIA
FRILAE SRR PESE A, AT HETE i T 22 Sk, 5 T S
1 5% S FIT AL PR TR B A T, AR T B /K M, 330K
He 2T HMIFFE AR BB . R IE 7 ATAL, 24A4 S 60
nm B}, ECG AR, (2R 142 S Gnm B AR, {0 B
T WA IR K i B ARt . DA g5 3R,
ECG SR A Z R AR AH BAE 2 S 3008 2

Fig.7 Synchronous fluorescence spectra of ECG and beef
myosin
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Fig.9 2D FTIR spectra of the ECG-Myosin compound
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Fig.11 2D FT-IR correlation spectroscopy of the ECG-Myosin

compound
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ST ECG FNLERER 1 Z (B AF 76 2 24 AR IL A A B
YEH, H3RU] ECG —LeHREMI =5 T M Z a1
AMEAEH PR 5. 3 6), HAk . PLERE HBtL
M+ C-N 5 ECG i C=C ‘B %2 . 2K 1Y C=0 3
17456 BRE HBEAL T 475 N-H, C-H 5 ECG #
D 3 [ f4-O-H-LJ X Figsd FiY-C-O-i1745 G5 WIERTR
EmLIE 1A a-120Eh c=0 5ECG " D #F_E-O-
H YA IR B0 DL K Bkt I B -C-O-fH 4 Ik shatb 1745
Fro PE Sun ZECPY HIE, AP Wy AR B0 B
WA AR A L], BT LS &AM C=0 34t
P ¥ (-OH) FIE Ik (-NH,) T a4 . ksl
T, WIERER IWERE T . i T w7 P 3k gl A2 8
ECG S5 LBREE I Z T sl &8 B /KA BAEFH 3222
2 FH Z2 W3 1 55 A PR TLER AR 1 v i 220 S s /K P 2
FLEP 5 FL A5 5 PO T B P T I e T A i s i 5=
S PHT R R AR AL T C-N g5 YR s A1 N-H [ N
PRI RN AY . WERE T4 b N-H. C-H 5
D 3 I B9 -O-H-LA K Fig 4t I 59 -C-O-45 &, e it 1T
ECG S5HIERE A Z BIGKAHEAEHIE R .. XA
BT 2.5 7 ECG S5UIERER A =Z BB 45 & 3222
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Table 4 Partial automatic peak assignment of 2D FT-IR correlation spectroscopy (1800~1000 cm ™) of ECG and myosin (cm™")

e LS HT il

15 (1044, 1044)>0. (1044, 1240)>0. (1044, 1213)>0. ECG4rF WA HAEFITE B, IH )8 TECGC/DIA L[k --C-O-1)
(1044, 1044) (1044, 1650)<0. (1044, 1550)<0 a0

25 ECG4rT WA HAEFTE i, I9)E TECG C/DI L Hyfik s 1--C-O-fY
(1085. 1085) (1085, 1085)>0. (1085, 1213)>0, (1085, 1550)<0 o

35 (1147, 1147)>0. (1147, 1240)>0. (1147, 1650)<0. ECG4>T WA EAEFTE R, 198 TECG C/DIF L ByEkH#E 1--C-O-Y
(1147,1147) (1147, 1550)<0 gadR3h

4% (1213, 1213)>0, (1213, 1044)>0, (1213, 1085)>0.

(1213,1213) (1213, 1240)>0. (1213, 1650)<0

5% (1240, 1240)>0. (1240, 1044)>0. (1240, 1085)>0.
(1240, 1240) (1240, 1147)>0

0% (1323, 1323)>0. (1323, 1650)<0. (1323, 1550)<0
(1323, 1323) ’ ’

75 (1363, 1363)>0. (1363, 1240)>0. (1363, 1147)>0
(1363, 1363) ’ : ’ ) ’

85

1650, 1 >0, (1650, 1213)<0. (1650, 1044)<
(1650, 1650) (1650, 1650)>0, (1650, 1213)<0, (1650, 1044)<0

ECG4rF WA EAEFITE S, V58 FECGHER I -C-O-ff4g 4R h
ECGH»FWAHIE A . WEREE 150 F AR AR s 2 2 M A AR, 18
J&FECG DINFREE [ 1)-C-O- R4 sh BNk AR 1Bk RE T+ -C-N-11 i
PR shul R R fil A 18] (AR T A

ECG4rT WA EAE R i, I9)8 TECGHY-O-HAETE IR 3l

ECGrT WA AR FTE LAY, 1H)E FECGHY-O-HASTE IR 30

JIUBREE 1237 A BT, IER T ILEREE A BERE 1 7 a-BRiE-C=0-HY
FPIEW i

#*5 Z5MEAEAR ECG ERE

W R 5 2 456 i LR & A B RE AT (em ™)

Table 5 ECG functional groups involved in the interaction and myosin functional groups bound to them (cm™)
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Table 6 Detailed analysis of ECG and myosin interaction

sites (cm ™)
HREH 48R ECG Wk
DI L-C=0fh 4k s) 1680
-C=C-B U4k 2l 1618
-O-H-ABJE R 3h 1323
CH b -CH, AR5 1455
C/D¥ L Hyfks I--C-O- 1085, 1147
DR I #Y-C-O- 1213, 1240
kR 1 4 rh-C=0- 1658, 1650
Pk 1T 47 -N-H- 1550
P T 7 -C-N- 1238

DA /K AR B D 32 20K ) S AR AR 5L A
HRPuER 5. 5 6 PR am iy ficig ) )E L & Noda

BUES, 5347 ECG sl /JLEREE 1 P2 S5 A AR PR 32
FE AR I . [AAEHEH IS O(v,, v,) 557
S AT P W (v, v,) 7] 1E 50 [ o 1, B
v, AR B RS T v, A2 B R 4 2 2k
SR BRI v, ST vyo TS ) A
FIURAE AR S i —IE— 6, MBS v, 9T v, &2k
SR, BRIEH v, T v,

e ECG . WUBRER 14> T M IV B i
1S TR EA T 43T, BE L2 7. %2 8. FLvR xS
ECG FINUERER KM IR T B BE L EA T LU
PE—IBHEGE BCG RWIBRER 17632 B 40 FL et h
BT 2 545 A T AR, RS 9.,

% ECG., JJIBRER 1 Hh 2 543 ] AR A K
ECG 43 T P A E A F B RE A T 2045, 5347
V2 GRS, T3k 10, 22 11,

%7 ECG 4T WA E AR 3 B S B g

Table 7 Summary of main group reaction sequence of ECG intramolecular interaction

LY/l JEMl(em™)

M5

3600~3250

-OH(3303, 3380 cm '45F3537 cm 453375, 3475 cm ™)

ECG -CH,ZBIB4R ) (1455 cm™)/DIF L 19-0-H-(1323 em™) 56 T-C/DFF L [f#HE [-C-0-(1085 cm ™) 55 TDEF - iR §-C-0-

1200~1700

(1213 cm™")/C/D¥F L (s F-C-0-(1147, 1047 cm ™)

# 8 ECG 43T WA ELAR FH S ZEHE A s b it

Table 8 Reaction sequence of major groups in ECG intramolecular interactions

2
Jo

[ A (em™)

MRS (em™)

O 0 9 N W kA W N =

—_ = = =
w N = O

®(3475,3380)>0
®(3303, 3475)>0
®(3475,3537)>0
®(3375,3537)>0
®(3303,3537)>0
®(1455, 1147)>0
@(1363, 1147)>0
®(1213, 1085)>0
®(1147, 1085)>0
®(1047,1085)>0
®(1240,1044)>0
®(1240,1147)>0
®(1240,1213)>0

(3475, 3380)<0
(3303, 3475)>0
(3475, 3537)<0
(3375, 3537)<0
(3303, 3537)>0
(1455, 1147)>0
¥(1363, 1147)>0
(1213, 1085)<0
¥(1147, 1085)<0
¥(1047,1085)<0
¥(1240,1044)>0
¥(1240,1147)>0
¥(1240,1213)>0

5= AARNGF (em™)
(ECG, ECG) 3475)5F3380
(ECG, ECG) 33035673475
(ECG, ECG) 3475)5 713537
(ECG, ECG) 3375)5 13537
(ECG, ECG) 33035613537
(ECG, ECG) 1455561147
(ECG, ECG) 13635711147
(ECG, ECG) 1213511085
(ECG, ECG) 1147)5+1085
(ECG, ECG) 1047)5 1085
(ECG, ECG) 12405511044
(ECG, ECG) 1240561147
(ECG, ECG) 12405511213

® 9 ECG MR 25531 6] AHELAT H S RERE P 04 RGP 2

Table 9 Reaction sequence of major groups involved in intermolecular interactions in ECG and myosin

-
qo

[R5 A (ecm™)

FAMKE(em™)

S]]

ARG (em™)

O 00 N9 AN W kA W N

—_— =
- o

®(1147, 1650)<0
®(1044, 1650)<0
®(1323, 1550)<0
®(1323, 1650)<0
®(1213, 1550)<0
®(1147,1550)<0
®(1085, 1550)<0
®(1618, 1240)>0
@ (1680, 1240)>0
® (1240, 1650)<0
®(1240, 1554)<0

(1147, 1650)<0
¥(1044, 1650)<0
W¥(1323,1550)<0
W(1323,1650)<0
W(1213,1550)<0
¥(1147,1550)<0
¥(1085, 1550)<0
Y(1618, 1240)>0
W(1680, 1240)>0
W(1240, 1650)<0
W(1240, 1554)<0

(ECG, Myosin) 11475F1650
(ECG, Myosin) 10445EF1650
(ECG, Myosin) 13235EF 1550
(ECG, Myosin) 132356F 1650
(ECG, Myosin) 121358F1550
(ECG, Myosin) 114756F1550
(ECG, Myosin) 10855EF1550
(ECG, Myosin) 16185F1240
(ECG, Myosin) 168055 F 1240
(ECG, Myosin) 12405%F 1650
(ECG, Myosin) 124055F 1554
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Table 10 Comparison of the reaction sequence of major groups involved in intermolecular interactions in ECG and myosin

WEREH 352 ECG
N N - - - -1 - N I -~ - |~ -1 | N N W3 -
WM o BB C=O0( 1658, 1650) jees D#f_[:f§-0-H-(1323 cm )%Tgﬁﬁ%ﬁ% c0 (1240 1213 cm )T C/DIF Lk L
-0- cm', 1147 ecm™)
I . » _ D _EAY-0-H-(1323 em™) S FDIF_EiEHE-C-0-(1213 cm™. 1240 cm™) S F-C/D¥F_E 1y ik
RUHE ITAN-H, C-H1550 om”, 1554 cm™) GE) 4 [--C-0-(1044 cm ', 1085 cm ™', 1147 cm™)
PRt T A7 C-NAR 45 R 5 FIN-H (1240 cm ™) Ja T -C=C-H4(1618 cm™ ) G TARM 1-#YC=0(1680 cm™)

# 11 ECG MNBRE H P25 701 WA AT ] 32 B AT ROV Y S 4555

Table 11  Summary of the reaction order of major groups involved in intramolecular interactions in ECG and myosin
Vil ST
55— BN T DI [9-0-H-(1323 em ™) S5 F DI 1R §#E-C-0-(1213~1240 em ™) S FC/DIR Ikt 1--C-0-(1044, 1085, 1147 em™)
keo 5B R -C=C-f1 (1618 em ™) S FHEHF 1 iYC=0(1680 cm ™)
MERE A R M7 (1240 em™) SEFEERE 147 (1550 em ™, 1554 em™) SGFWERE [ 77 (1650 cm™)

2 E AR, ARYE —4e4r AME RS SA E M Ak
A5 | 251 Ol B S Ja w26 B, /N5 ECG 11
FETFHEREASSWEL S £ ECG NFE, D 3% 1t
BYJ-OH 56T lesd, I Flikid-C-0-, Je T H28d C=C
S 5 OV TEEREE (b, e T+ C-N 46
FEE 1A C=0. Bz A4 N-H, C-H Z=5M
HIV o
3 Zhip

ARIGEE AR EEL . S5, 2860
P, AELT /M GIE SN E T LSPC I EZELH 5 ECG
LR A 10~40 pmol/L B X 4= A ILERZE 11 Zeta F,
57 A% S P SR A M A SSBR B2 I, B s FHE G
Sk ARSI . CHELLAMITSE T ECG S5 LERIE
A BAE SR | 2550008 S S5AH B AR LR,
LI LSPC il RS HR B AL LI . BFgR R
B, IR E Y ECG(10~30 pmol/L)fi#f ECG-JJLERE
& A% SDS-PAGE Ej 250 kDa A4b 2577 A8 %2,
WK Zeta HLAZLXHE . REARMLEE, BRASIN S ULER R
M A S b 53R AL, YeFr S A WS R e =k
JZE ECG(40 pmol/L) W (FE WIBRE FISC IR IR LE, Zeta
LA A HELRAEALG, TRUBERE R, VTR SRR PERRAIR, 31X
5 ECG 1ERAtEAR S WIEREE (= (8] &4 T JE 3
FEAEFIA I, #2558 ECG. LSPC 240 Z W E N
BTN FH T A Al PR sk I e 458 B e 1 5
Hro 18 T YELTAMESGHE | 2O IS SRR 2
W5 R, ECG SNIERER 2 e &4 T DA S SR 5L
IKAEAEF R AR 1 AN 45 A, Sk sl
AT RA &I T I N, BEASTE K IBRER (286,
i b FEh ECG 19 D 3 -OH 1E Mt EA, fide
TR . kA B ER Y C=C, SHILBREH o-12iE
H C=0 f¢ N-H. C-H B &8 . Bi/KAH EAEM, A
MFEAR T ECG-WIBRE I E G Zeta HLNL . R FI
MU, BAE T HUE M B S AR VE T, 45 T
HIFaETE . AWIFIE A LSPC HYTT & B AE R RARPL A
ARTRNAE A PR B PRI I e it SO v () i FH R T BRI AR
E/ R UIAREE s
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