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Abstract: In order to investigate the optimal extraction process and anti-inflammatory activity of white kidney bean
polypeptides (WKBPs), this study employed white kidney bean protein as raw material and hydrolyzed white kidney bean
protein by ultrasound-assisted enzymatic hydrolysis, utilizing the inhibition rate of bovine serum protein degeneration as the
index. We identified the optimal extraction process with a single-factor combined response surface method and separated
the prepared white kidney bean crude peptides with ultrafiltration tubes of different molecular weights. This study
determined the anti-inflammatory activity of various components in vitro, detected the optimal components by liquid
chromatography-mass spectrometry (LC-MS/MS), and examined the anti-inflammatory peptide segments by virtual
screening and molecular docking techniques. The results indicated that the inhibition rate of WKBPs on bovine serum
protein denaturation was 86.57% under the conditions of 166 W ultrasonic power, 18000 U/g enzyme addition, 128 min
enzymatic hydrolysis time, and 46 °C enzymatic hydrolysis temperature. After ultrafiltration, the components with
Mw<I1 kDa revealed good anti-inflammatory activity (bovine serum protein denaturation inhibition, hyaluronidase
inhibition, and NO inhibition), and the ICy, values were 1.181, 9.244 and 10.887 mg/mL, respectively. We detected 3306
peptides by LC-MS/MS, of which 73% were peptide sequences ranging from 3 to 10. Virtual screening Vina score with
type and induced nitric oxide synthase (inducible nitric oxide synthase, iNOS) binding energy minimum peptide sequence
of 4 peptide FFFR, molecular docking visualization findings demonstrated that 4-peptide FFFR could bind to the active site
of iNOS via hydrogen bonding and hydrophobic interaction, thus exerting inhibitory effects. This study serves as a
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reference for further research on the anti-inflammatory activity of WKBPs.
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Table 1 Factors and levels of response surface experiment
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AALENTE U (0.9 mol/mL) A1 0.2 mL PUBIER £M 178 H
(0.2 mol/mL), 100 °C Jin# 5 min, BWH E =R 5N
A 3 mL X H PR EE (67 mmol/mL), 37 °C il
¢ 10 min, 585 nm b SGAE, 375 B 5T ik it 4100 1l 252
AR .
Ac—Ap
A, —A,

K. D o35 BH R R I ] 38, %5 A, R
A EROCE; Ag 328 B BIROGIE; Ac s C BIOG
{H; Ap T D EWOGE. A B NXTREE; B & s
M4 C B NFEME; D B ES 8.
1.2.5.3 NO #i#l=Z S HXISCIFENY 7 3%
VEAES, FESRA RN ZS 50 AN 250 L 2552
JICHL L I ZE 17K, F2 B8 1:1(mL :mL) B9 EL i A
5 mmol/L BYEE-4N, IR S) ZRSAF R 2.5 h, 8%
JE A 250 pL Griess1 55, IR 53§ & 5 min, F0
A 100 pL Griess2 7, S W 30 min, A£ WA
TS R ZH 43 AN 25 522 IO 48 R A 2818
Ko 540 nm A SGAE, NO $iilH-3AanF .

D(%):(l— )XIOO

A —-A
0 _ _ t b
N(A))_(l A AO)XIOO
A N KR NO 1] 55 A R AR 2O
{Es A, RRAESIF IO A, 2R 2 FLEHIOE

{85 Ay F2R 2 HIFRHIDO Gl



- 230 - £ Tl B4

2026 4F 3 A

1.2.6 IR E RIS GB 5009.124-20164 & 5
R IR AU RE ), Ve H R =EREEIE A2 SR M
WKBPs Ui &R & a . L LS8 N eniiEfh,
b RUEINZE
1.2.7 SrfFaEillx ZSRIEEMEY NIk, 6
PSR : 435 4): TSKgelG2000SWXL (300 mmx
7.8 mm), Jii#H: 0.3 mL/min, ¥E1E A 25 °C, &I
K:: 220 nm, FSHHH: 285 (20%)+7K (80% )+ =4 21k
(0.1%) . FEMA 0.22 pm 38 E, LA Gly-Gly-Gly .,
Gly-Gly-Tyr-Arg. FFEIK. R R MM AZE COk
BEEIN 1 mg/mL) RERRHES, SRIHBERSIS 1% (1%
(Gel permeation chromatography, GPC) {44311 {5,
FEH S, 115 WKBPs AARXT 381 e A [ 0 o
1.2.8 Huk S FEEmEPT Ik, RAS T
> 1 kDa F 3 kDa A9 48 38 2 X #& Bt 1) WKBPs
AR AT 432 50 5, #9381 = Fh AR [E4rF 2 41 55, 57
K WKBPs1(Mw<1 kDa), WKBPs2(1 kDa<Mw<
3 kDa), WKBPs3(Mw>3 kDa), %] HHF 47 % T4,
) 2P M09 2R AR T L 35 B SRR I NO aFip
HIBEST, ik B PT RS B4 55
1.2.9 125 S PR IR i 158 B 43X $22 T 4 FH
HLHI
1.2.9.1 LC-MS/MS f&illl =88 £ 5255 (17
¥, R LC-MS/MS # AR % WKBPs1 i1 7 K 7 %1
R o WAHARE AN - AR % A S RP-C g
(0.15 mmx>150 mm, Column Technology luc.); f£7&:
5 Pak: 0.3 mL/min; FESMAT: 5 ul; WishAH A #
SRR (0.1%) s B A HR (0.1%) 215 (84%)
KR - B WRAHES LV B U0 R : 0~50 min, 4%
ZF 50%; 50~54 min, 50% % 100%; 54~60 min, B #&
HEFFTLE 100%, Y ZeEph B . RS SR T 0T3S 50 A7
M BN IRE: 300 °C; WIZEHLJE: 4.5 kV; I K.
220 nm; Fnll 7 = 1IE 2 F5 43rATETHS: 60 min.
1.2.9.2 ZAKAR S AE [ #H ChemDraw
Fay i K B 4544, I548 A Chem3D #44% Ik Be 4T RE
/Mot A7 8 pdbat X . ZAKE N
iNOS, pdb 18H% A 3nw2, M 2R EI B 36 2 (https://
www.rcsb.org/) H1 3K B, f#i F§ Discovery Studio 5
AutoDock Tools FAMH SR IC B 5 K 53FI-E4 7
JinE AL, BB R T2 pdbqt U
1.2.9.3 4rFXFiE  FH PyRx(https://pyrx.source-
forge.io) V- & il £ iNOS SZARZTE I ANHECA, HEPERl 4
TERR PR SS 6 H AT 45 5 B AR M X F A5 BUAE Sy
B AERLARL, {H ) Vina PEAEN IR 5 INOS 2R A
2551 22 1 1 (LA keal/mol +12) , 8 15 AutoDock
Vina #4743 F X422, 3-8 Pymol 2.1 FR44F X 45
TR
1.3 B

B 2H SE g 14 SRy 3 4547, f# ] Design-Expert

13 347 M 5z AT U8 1 11, % IBM SPSS Statistics
26 FRA4am I B 3Ry 25 AT REAS [a] 10 22 5 2,
2 I F2K FH Origin 2021 k14,

2 GBR5SH

2.1 BERSW

DL A= I3 B AR PP 22 Sk de b, 0 35 A
WKBPs WAL T2, &5 aniE 1(A) I, - iE &
P 2P 0 o] 3 el 2 R 7 s TR g B9 Se T v )5 T R,
TE 20 min BFIR B, JIHIER R 84.82%, X 1T fiE
TFHE H RSG5 R S AL BRO AR, FR5E T W 2N,
i L 55 28 i Ap b 25 L B T R AR A A
2P EE P R Al K, S5 (8 8] A 4 A gl o BE T
IR, ARFI TR« R, e fe a8 75 B (a) o
20 min,

&l 1(B)FRH, B 8 FS DRI EE N, 25 i 38 2 11
AR HPR A REZ T, 6 175 W IFAE] T 85.71%,
AT BB i T A ek AR T B8R PSR 454, i S
HEABTEAC LSS &, (R, 25k VE FFERE R
SR ST B IR B I TR, DT ] S R AIK
R, PR A B IR 175 W

Kl 1(C)ZBH, pH 7E 6~10 JEFEI P, 2 L1 25 H
AR PEFN AR ST E SRR, 7E pH SR 7 B, $ AR
B 84.85%, HEMI T B J& Hh R4 pH T H
AT TR N B e pH, BEATE e, BE
b b SRR 145G, T EE S i, (H pH ks,
T HE SR MY 23 R 254, i SIS E s & &
AR TR, PRI, P Ecfd: pH oh 7,

&l 1(D)FRA, 4= L3 28 P ASPERD I AE 20 mL/g
Ik Bl K, S 84.57%, T REJE: P A WORE LA /N,
AW o Y HCRBAR, 53RO 5), R A
ANBEARLY-Hb 5 I 45 A, AR Tl SN, 4k e
FERIAER, JHIRRRAR, 7T AR NS R BE I, BRAIC
TIRY 5 00 1 fol, S S0 R R N Sy B LR
PUR MR IR BEEL AP DRI, s Aok A
20 mL/g.

K 1(B)FBA, MEFFSIIEAE 4000~16000 U/g 7
FEI Y EE, A= 1037 28 P AR PR R 5 25 T, iXn] e
S T BEE B I B hN, R4 S W AR AYIES, 5 1
I 16000 U/g I, R 554 85.37%, HEE
A I ST I, J i) R 52 SR Ra A, X T A2
FiAS i aok 22 S 380 P RGPS, AN Bl S o
PRI, Vet R R Es e 16000 U/g.

Bl 1(F) & BH, BT [ 7E 30~120 min J2 B,
ool ||| sl S Rt o 1 = LT3 o= e 1 S
120 min B}, 91535 B KR 85.93%, Bl BFfrEHT
Er] ARy 2k SR o, SIS AR RARALR, 33X AT B K] Ay il i
AsHIA] 2, 2 0 — S AT BT AR V% P ) R PO il
FECT, AR AR . PRI, R Al A s ] Sy
120 min,

& 1(G)FRBA, BEE N R I, 4 S E A



%4745 5 S X #E A A IR S PR R R Y - 231 -
Aoy Biooy €100
S a > a b S a b
W 80t b ¥ 80f /N\d % sof ¢
E : £ ! € L ¢
Tooor d d T oo ﬁ 60 t
Bl 2l B
o 40r I 401 o 40r
b b e
2 20t 20t 20t
= = =
:H_ 0 L L L L L I :H_ O L L L L L I ﬂ— 0 L L L L L I
5 10 15 20 25 30 35 125 150 175 200 225 250 275 5 6 7 8 9 10 1
FBAFEH (min) FEFZ A (W) pH
D
= 1007 o0, F 100
< 2 b a S b a
Mo80ft M 80f # 80f
."EE % ¢ d ..[.E d c
£ 6ol g ol 2 i
I 60 T 60 ¢ Iz 60 c
bl el bl
I 40f o 40+ o 40+
T 20t = 20t T o20t
= = =
:H- 0 L L L L L I} ﬂ_ O L L L L L I} :H- 0 L L L L L I}
5 10 15 20 25 30 35 0 4000 8000 12000 16000 20000 24000 0 30 60 90 120 150 180
WEHEE (mL/g) FEA I (U/g) TSI (min)
S 100,
S a_ b
% 80 L (‘;/‘\4
E d .
g ol
T 60
2
qJ0 40r
bl
= 20t
=
ﬂ_ 0 L L L L L I}
35 40 45 50 55 60 65
FEEfRIREE (°C)
Bl 1 HEEILGS
Fig.1 Single factor experiment results
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FHR .38 (P<0.01), BEs i (A) SR (C) Yy
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D PUAS PR 22X A 137 A AR T A 2R 104 s a4 FHAK
YRR TS i (A >l fi sk 18] (B ) >l il 2 (C) >3
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Design-Expert 13 53Hr 45 SR 3 BH, FAERGES N &
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WKBPs X 4= 1fiL 75 25 FHAS P A3 IR R 86.79% . 14
RGN 18000 U/g, FEfEATE]2N 128 min, RfffF
HRE R 46 °C, A IFR N 166 W 155 WKBPs X4~
ML 375 26 FAASPEAII IRl 86.57%, SHIS(HIEIT, 7T
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Table 2 Response surface experiment design and results
A e A B C D R(%)
1 1 0 0 -1 81.9058
2 -1 1 0 0 50.1349
3 0 0 0 0 85.3582
4 0 0 -1 1 68.0975
5 0 0 0 0 84.1789
6 0 0 1 1 75.0843
7 1 0 1 0 68.5202
8 0 -1 1 0 64.4782
9 0 -1 -1 0 54.5263
10 0 0 1 -1 72.9013
11 0 0 -1 -1 72.6420
12 0 0 0 0 83.9552
13 1 -1 0 0 51.5444
14 -1 0 0 1 75.6630
15 0 -1 0 1 70.8593
16 1 1 0 0 78.8571
17 0 1 0 -1 76.3725
18 1 0 0 1 62.3069
19 0 1 -1 0 67.1464
20 -1 0 0 -1 54.8988
21 0 0 0 0 85.9673
22 -1 0 -1 0 59.6494
23 0 1 0 1 60.3278
24 0 0 0 0 84.8597
25 0 -1 0 -1 61.5079
26 1 0 -1 0 64.9832
27 0 1 1 0 66.4436
28 -1 0 1 0 67.1951
29 -1 -1 0 0 64.2525
3 KR 2200 br
Table 3 Regression model analysis of variance
ki CFOTHL BHE BUr Fli P M
Bl 30499 14 217.85 7246  <0.0001 *
A 109.95 1 109.95 36.57  <0.0001 *k
B 85.94 1 85.94 28.59 0.0001 **
C 63.38 1 63.38 21.08 0.0004 *k
D 5.19 1 5.19 1.73 0.2101
AB 429.12 1 429.12  142.73  <0.0001 *x
AC 4.02 1 4.02 1.34 0.267
AD 407.29 1 407.29  135.47 <0.0001 **
BC 28.38 1 28.38 9.44 0.0083 **
BD 161.24 1 161.24 53.63 <0.0001 **
CD 11.31 1 11.31 3.76 0.0728
A? 814.46 1 814.46 2709  <0.0001 **
B’ 1077.41 1 1077.41 358.37 <0.0001 **
c 467.1 1 467.1 155.37  <0.0001 **
D’ 138.66 1 138.66 46.12  <0.0001 **
R 42.09 14 3.01
KA 3933 10 3.93 5.71 0.0539 A
aR¥E 276 4 0.6892
JEyil 3091.99 28
R*=0.9864

T #*¥3RRP<0.01, 225 B

1, WKBPs 075 &L 7 FF (b T2 3L /A
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Fig.2 Response surface map of the effects of various factors
on anti-inflammatory activity
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# 4 WKBPs TEIERRZH T
Table 4 Amino acid composition of WKBPs

FILRFN S T(%)
KA (Asp) 5.145
JRE R (Thr)* 2.159
2254 J% (Ser) 2.484
HER(Glu) 7.821
HAEmR(Gly)" 1.846
NER(Ala)" 1.975
AR (Va)™ 2416
4R (Cys) 0.124
R (Met)® 0.697
Sere R (1le) 1.933
AR (Lew)™ 3.578
T &R (Tyr) 1.501
N (Phe )™ 2.095
2H % % (His) 1.413
%R (Lys)® 3.178
AR (Arg) 2.933
NI %2 (Pro)" 2.139
Wit R IR 16.056
Bk PSR 16.679

TE: Sh b TR K PEREERR o

AT 5 kDa FIIKREBEILTF 90% HRAT LAgE AR 1L
AR BN, WKBPs P AHXT 53 51 0 43041 45 5% an
2 5 R, S FEKT 3 kDa BIKBES 0 94.887%,
fILF 1 kDa FYRKEE &0 78.024%, H YR & 3 Al %1,
HIATBEATAE ST F <180 Da AT ES S JERR (f B4 i3 Ta)
JLH 12~15.5 min) . 45 5RW], WKBPs 5311
FEEEFTE 1 kDa LLUF, BARF AR FNFIH o

KSR R R

Table 5 Relative molecular mass distribution results

H a EEHITA (Y%
43 Fht(kDa) TR (%)
>3 5.113
31 16.863
<1 78.024
2.5¢F
2.0
1.5F
=)
<
1.0+
0.5F
0 L

0 5 10 15 20 25 30
AR B BFA] (min)
K3 WKBPs 15 T4
Fig.3 Molecular weight distribution of WKBPs
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7INE: WKBPs 4324 3 /2045, I Horo 4 vt (4 i
IR AR AR 5 L 38 B R i % NO
2, g5 RANE 4(A~C) Fizn, WKBPs1 4 176 M
3 52w T WKBPs2 F1 WKBPs3(P<0.05), 43514
90.27%. 75.00%. 60.61%, X f] fE2 i Tk T
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2.6 {RIMARITEMES T

WKBPs1 X4 I35 &5 AR il s 7 an sl 5
(A)F13 6 s, 7E 0.25~16 mg/mL ¥ B {0 B N, H
TP GE Sz i HLAE B — 2 A AR, 1C,, (B
Sk 1.181 mg/mL, S#iE S s fa kg hizzinte. [
B SRAE SOV A AR, Reg il ik e A A
T B56 NGRS BUR YT SR IEA 5T, VAT RAEN B
P G PAG I AR IR RIERS1 42, AR S g 25 R 3R
B WKBPs1 EARUFIHTRIETE

WKBPs1 %7 i B JoT i fiff i) $ il g 3 anisl 5(B)
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Fig.5 Anti-inflammatory activity of WKBPs]1 at different

concentrations

F o PURIENEIC,

Table 6 Anti-inflammatory activity ICs, value

NOHHIZ (%)

eSSl 1C5ffi (mg/mL)
A 13 2R 1A PR 1.181
175 WY o T A 1) % 9.244
NOMi % 10.887

IR 6 fizw, HAHIGE /15 WKBPs1 FUHEEAE 0.25~
16 mg/mL JEHEIN R IEAHDE, IC, M 9.244 mg/mL .

19.86
904 1907
1976 4 2112
1w

704 1518 18.80
6013 16.55

MM 447
1153

LEROE i3
3

405 941
303 701 °8

3 8.16
6.00 6.10
144 157 529

103 228

0 2 4 6 8

2
2335 2355

175 BH TR PR Pl — MR I, T LLRE75 HH R LA A5 4y
HEHESBERAE R S Rl N30, 5 A4S iR sk
Fe JSEA e, A=W H B 43X E T 2R I B 3t
B RE T PSR PY, WKBPs1 X 375 BH Jo7 19 it 14 40 44
SERFRIHHBA —E PRI

WKBPs1 X NO 144l e J1 an &l 5(C) Fizk 6
BT 7, 45 KB, 76 0.25~16 mg/mL ¥ 34 Bl 1Y,
WKBPs1 %} NO {11 #fil] 2 52 £ 5] 5 4K 1 14 H 1E AH
%, H1C, fH°/ 10.887 mg/mL. NO J&—% LA S
ity A A B Vs PR AR (43, BRTHS AU a1, A
HEZPPSAE K= A, TP B PRI 5 38
HAE PRI PEVEAS A vE 2 — B3¢ WKBPs1 Xt
NO HAHIHIRERFRH I EAT —E Pt s iE M.

2.7 B=EEIRHITEL R 5T EFUNAE AL
2.7.1 LC-MS/MS & FLH P AR i#Eid LC-MS/
MS X WKBPs1 F 2 312 )7 5 #4742, WKBPs1
M —Z BT E AN E 6 s, FREERE H 3306 S5kEL,
IRFEFN AL TF 3~10 D IEBRATA 2424 55, HLb
73%. Forn, IREEE AT R IHEIR AN &R S Hi K
PEEELR, [ EAT R4 bt s st

2.7.2 EHIGESSFXHE AR LA
FNSZAR S 2Z A AR EAE L, I g, SR
H 10— FPERSASL T vk, W ORI . a4y
TR BEAED LSRR IECT . SEIST, FiiR S5 H
R H B4 & BE/NT—5.0 keal/mol, W F§# AY45 &2
FRERPY, RERIIFFER, A iINOS wJ LAFas il #%
FRPTHLIRAS T AYSSEE R WP, PRk, AS SRR 57 HY
MIRKEE 5 INOS #4745 4, Jlid PyRx TP ILEE & HE
JIOTHET, e T 10 ZR45GRe I mumn kB . 4551
gk 7 Fron, Hop, Ik FFFR 578 45 568 J1 A%,
—8.2 kecal/mol, R 5 L 22 F A% . Ik FFFR
A4 B BB TR 3 IR Ak 2r g R an el 7 B o, | oy,
y2 N y3 S35l MIREE C T IR AR U™ A= e
B, a5 ke a8 yl BT A
NH,-CH(R)(H")-COOH™,

FERK FFFR 5 INOS #E743F XA, —4EFn
—HESrPAREAENE 8 iy, IR FFFR 5 iNOS i
PEAV 551 ARG-260, SER-256 & KLiR T il & s AH 1.
YEJH, 5 VAL-346. ALA-345, ALA-347. HEM-901

3167

L 5442
37.41
4002
3613 3891 40.09 4545
O g Lo
4306

53.80

5071 5243
4667 4976

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54
At I (min)

K6 WKBPsl —Z i A
Fig.6 Primary mass spectrum of WKBPs1
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Fig.7 Chemical structure and LC-MS/MS mass spectrum of peptide FFFR

#7 WKBPsl 5 iNOS 454 B Rl T4 kBt
Table 7 Ten peptides with the lowest binding energy
between WKBPs1 and iNOS

Nz i (Da) 254 B (keal/mol )

FFFR 615 —8.2
ADIPAETY 878 -8.1
AEPEWK 758 -8.0
EPLPHG 648 -7.9
EVKVPFQS 932 -7.9
GWTGGE 605 =79
FPFPSPHT 928 -7.8
GEGPVVL 669 -7.8
EAKPHT 681 =7.7
IFAP 446 -7.6

TE AR 4y i 7K AH AR, 33X e AH TAE T LA AL
PR IZ AR S 8 IR S E A%, AT S 20K FFFR
A 2 RN iNOS BYBE F1, RIEE LAY hT 4
T

- = BKAH AR

-

Pl > ARG-260
>F '

5ol i 26 |

/ 2.4,
3 _GLN-257 I
%5 ASN-348 1
ALA-345 |

ALA-347

Bl 8 A agE R
Fig.8 Molecular docking result
¥ B (A) R Ik FFFR 5 INOS 454 (R 2 45 4 454); IK(B)
7R Bk FFFR-INOS B & ) (4 T 45 & A8 ] (C) & Ak
FFFR 5 iNOS 456G fUR A 2 [ i A BAE ] -

3 #Hig

AHIFGE LA F 25 H R AFIE T 52, 38 asd 2P PRl 2R
R T SEEAS 3] T WKBPs BB T A2 80N: 8
FEIIRE 166 W, B INE " 18000 U/g, Hfffi A [a] A
128 min, MEfRIRE K 46 °C, H&MF WKBPs X4+
ML 85 AR PR3P0 86.57%.. GPC 45 R N
WKBPs 43> T EAEFFE 1 kDa LU, HEUEJS 145y
H WKBPs1 BIHT 5 16 PR AT, X 48 i vE 25 [ AR P .
75 W] BT R i A1 NO BEHC M ] % A7E 0.25~16 mg/mL
R RE Y Rl P 2 1EAH =6 ELA Rl Ao, e 1C,, 1H 5351
S 1.181. 9.244., 10.887 mg/mL. 18 i it i % 52 HY

3306 5PN, K L P 3~10 DN KELR =
], Y B 73%. HEHIHZETS 25 iINOS 454
REEARMI AR 51 A 4 BK FFFR, 4 K FFFR 3 i SR
MigE KA TAEH S INOS 19 2GS = A 454,
T L5 R R A AR, TSI IE . ASFST
£ T HEGZARIIE, Rit—2E5Y WKBPs 1Y)
PrRAEWIEMESRALE IS S22 e . HATAs 3L
R BT WKBPs FYHEHL . KB 1Y 25 12 55 0 1 A
SNEERFSTE, AR AT DAL T AU sh i 92586, ik—2
PRITHAR N BTRIG AR, X A 2= 5 a9 hn TR A Bt
PR R e N A A FE R
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