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Abstract: Exploring the xanthine oxidase (XOD) inhibitory peptide from Chlorella pyrenoidosa could provide a scientific
basis for hyperuricemia prevention and treatment strategies, and promote the comprehensive utilization of microalgal
protein resources. In this study, Chlorella pyrenoidosa was used as the raw material to extract proteins. With the XOD
inhibition rate and the degree of hydrolysis (DH) as evaluation indicators, the optimal enzymatic hydrolysis conditions were
optimized through single-factor and response surface experiments. Based on this, further analysis of XOD inhibitory
peptide was conducted. The results showed that papain was the most suitable protease, and the optimal enzymatic
hydrolysis conditions were pH7.0, hydrolysis temperature 48.0 °C, hydrolysis time 4.0 h, enzyme dosage 2000 U/g, and
substrate concentration 10 mg/mL. Under these conditions, the theoretical inhibition rate was 73.78%, and the actual
inhibition rate reached 71.56%+0.51%. The amino acid composition of Chlorella pyrenoidosa XOD inhibitory peptide was
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reasonable, with essential amino acids, hydrophobic amino acids, and basic amino acids accounting for 43.17%, 45.07%,

and 14.15% of the total, respectively. Additionally, they exhibited moderate stability under gastrointestinal digestion

conditions, but their inhibitory activity decreased significantly under high temperature or strong acid/alkaline conditions.

They were also relatively sensitive to metal ions such as Fe?*, Fe*', Cu®* and Mg®". The relative molecular mass mainly

concentrated below 1 kDa, and the ultrafiltered fraction with a molecular weight <3 kDa showed the highest XOD

inhibitory activity, with an ICs, of (5.23+0.68) mg/mL. This study provides a theoretical reference for the development and

utilization of food-derived uric acid-lowering peptides.

Key words: Chlorella pyrenoidosa; enzymatic hydrolysis process; xanthine oxidase inhibitory peptide; amino acid

composition; molecular mass
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T2tk
1.2.32 FHESLE EEERIEERAN, B K
8 IR M e BE 10 mg/mL . it pH7.0. M it i B
48.00 °C ., BEEEfFRATIE] 4.0 h FINEGEL 2000 U/g, 43512
SN (4. 6. 8, 10, 12 mg/mL) | BEA#EATE] (2.,
3.4.5.6h). BHFIEREE(40. 45, 50, 55, 60, 65 °C).
7% pH(6.0. 6.5, 7.0, 7.5, 8.0) FIhnfE= (500, 1000,
1500, 2000, 2500, 3000 U/g)Xf XOD IR A5
1.2.3.3  ma it fiss: LT REE ISR,
BERE XOD HIHIZAE N Fe4%, 12 FH Design-Expert

F 1 M R AR

Table 1 Response surface factors and horizontal design

K- ARfRIREE(C) Bt ] (h) CHfFfgpH
-1 45 3 6.5
0 50 4 7.0
1 55 5 7.5

13.0 A" 1Y) Box-Behnken J5 2, it b M i ft 1im
BE(°C) | FEfEatTa) (h) DL i pH 19 — R 2 — /K7
i 7 T (2 1) o
1.2.4 XOD il Ay E S AR 1 kIt
FYVEIIE . B 5, 78 96 FLAR I A 100 pL f3EAE
S (10 mg/mL) Fl 50 pL XOD ## (0.02 U/mL), &
¥ 30 s LIRS 194, 25 °C FARIE 5 min, A
50 pL BEPEEIAS U (0.48 mmol/L), FHIKIEY 30 s 1R
A, REEAE 25 °C AR 25 mine F&J5, 7E 290 nm
PR T MERSEE . XOD kIR AU T .
A -A,
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i, DH $8 85 U853 F T B /K i i 22
A% JURARE P B PR 40T R MR AY EE 485 b A R K A
JEFE g 5 T 24 00 KB, mmol/g; h,, 10 A
g JEUBLE 15 i ) IREEE, mmol/g.
1.2.6 ZRREALLE NG 25 (1
125, SR BCA P50 St e AR 254 T r il 45
118 22 AR B8 R4 TAGI
1.2.7 HFERHEAMSTHT =75 GB 5009.124-2016KE&
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1.2.8 FEMHEMST
1.2.8.1 REEE . pH AN 4 85 FIREExtfa ek
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ANJE pH(4.0, 6.0, 7.0, 8.0, 10.0 F1 12.0) DL Sz A< ]
&8 BT HMEE N (K. Ca?', Na', Mg*'. Fe*', Fe* I
Cu®', B THJE N 500 pg/mL)HCE 2 h, TP HAE
ANFEZEAF T ke
1.2.8.2 FEHIE G FRE e %9
B PO (IR IS EIE . B 10 mg/mL FE S
WH 1 moL/L HCI ¥JH pH £ 2.0, IILAJKY &
S3ET 2% B9 B B AN, 37 °C KW 2 h, B 10 mL
THALBOK I K, V330 2 28 5 350 B RIS, Bl)S
4 °C P~-AF; B4y B EALE WU 1 moL/L NaOH ¥
P pH 2 7.5, JINANCH) T H 5350 2% R AR,
37 C KN 2 h, 7K KB, 31 28 283055 B0 H
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2 mg/mL FRE R IR G B, X A 74T B o AE
PRI o
1.2.10 HEESFES  BCHIHE S 10 mg/mL B 5ER
FrL I, SR 3 kDa B UENRIEA THEIE, 43 B AEANE]
2143, ¥ TR D 2 XOD il =R .l i iRk
Origin 2024, {1 HAELR BN 5T S 2134
2H 53 1Cs, 1B
1.3 #HiELIE
T SEY ST B 3 IR, SRHERMY: TBM SPSS
Statistics 27.0.1 X SZIEAE AT ANOVA FLEIZR T
20T EMEZE AT (P<0.05 2257 B3, P<0.01
25 35 s & ) Origin 2024 #cf2:, X S8 8P 3k
AT AR AL BRITE IR, a4 R 2 LA CE I E bR TE
)TN
2 HBRESH
2.1 FERZNMIKEEBRZE
FEARLH 53 o3 M2t SRR B, 3B A/ N ERBE SO vh
E S ER R, N 59.81%+0.29%, = T3 B A< 3
(48% ) FIAIAER B &R 11 7 1 (47%) P, HoAHNR G . 2=
W 7K G IRGY FIRHET 4 & B 5AIK, 435010k 3.48%+
0.00%. 12.99%+0.46% . 6.30%+0.00% . 5.54%+0.00%
1 9.90%+1.71%, 3= W85 A% /NER O 58 B 85,
I R AR, SRR PRI . 6 Rl A i e R
DURG R Ik, S R TS 2 AR 1, A% h
25.78%. AR TR SIS RIS R & =
SH 65.05%, HEHLEE R FR W IHR /3 R A 257
B, Befs T i S SR S g TR =R o
22 F|ERNIKEERMEER T ZML
2.2.1 FEABFRLE L XOD #H|ZF1 DH g

801 mm XODIIZ 132
2 IR
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XODHIZR (%)
S 3

393
(=]
T

HBERIE
B 1 ERFIBGRIZET XOD H i SRR i B 1 5
Fig.1 Effect of protease types on the XOD inhibitory
rate and DH
T AR TR R[] —Fe b ] 22 57 8.3 (P<0.05), [ 2, [&] 4,
EIRNEI

b, Sy BIFE TP FadE TR AN pH T 2E TR .
& 1 Al %1, XOD il A1 DH #9481k 3ok —
B, 5 HAh 4 FPEGAH LG, AR IR XOD #IiH] 3
1 DH 5 &5, 50 3 AT 35 62.12%+1.62% Fl 22.75%+
1.25%, P FREERY XOD MRk > . X Al fEj
i T8 AR S S5 F A AT R S e, ATV P
FEEAEH PRI AR IR . H 2R . iR
FER R L R, U FIRRRBEXT XOD HAT 4R
TR PEVE AR, PRI, 356 A TN A il o) 55 il
R

2.2.2 FRPHZRELG

2.22.1 JERMIME  HE 2(a) a5, BEE Y E )
Hn, XOD i seiul IS 28 T 4, SRk
J#°4 10 mg/mL B, XOD #il5aAE I KAH 65.08%+
1.48%, 4RI BE T2 12 mg/mL B, XOD i %
B T RE(P<0.05) . BHIE ISR BRI, B i 14
=S [t/ IS LIRS iy N 3 T ey R SN S P L BN
BBt 0 SR BE S i, IS TRz B 1
AL N, SO S 0 A2 B RR B, PR, 3
B 10 mg/mL AEAEIRYIME .

2.2.2.2 [t B 2(b) BN, XOD #Hi 3R K i
fii st TR 2B B TS T M. 4 4 h
A, HCHP R S5 B A 65.06%+2.80%, ik 35 2 T H Ml
A (P<0.05), ZE/#HTE S h J5IIHIRSCR S T 2%, iX
AT HESE T RO I TRl Jeh Bl nT B - 3U AT 11
T IR B IR, Bl 2R 2Pl s RS, PR,
BEH AT A] 3. 4. 5 h JE47)5 SEmHi LAk
2.2.2.3 BHEEE  BE 2(c) A, BRI Rk
T2 S 8RR P2 ) XOD e R g, 4
@A S 50 °C B, XOD 1l 25 S fe W i, 4100 7 =%
M 65.16%+1.6%. AJNEE FHEEIY S R E R 50 °C,
(KT BasE IR T4 HGHR R, B S5 I EAS
B0 B U R T 9 e R L B oS B 1 B 744
BE 45,50, 55 C #HA7 /e SLmffr it biss: .

2.2.2.4 [igfit pH  FHIE 2(d) ATH, BEEBGH pH 1934
K, XOD il Z B0 H S B s vsl My a3 il
AR ZR pH Sy 7.0 B, ISR e fd: . pH i 5 2504
D K TT BE 23 52 i Jifg 114 4 G2 A8 Ak, 16 b Tk M BE R
KB, R, BH pH6.5. 7.0, 7.5 47T Jm LBl
1Ei5

2.2.2.5 Jnfifgi BEE NG ESG 0, XOD i o
SCLR IS RGN, 7E N R 2000 U/g BF XOD il 3
TR YNGR ARSI =G, XOD ] SR 2 25 14
IR (P<0.05) (&l 2(e)) o Nl A R, JIKY45rF I
5 S A I RN A T o il Ml A e,
FRGy Tk BE /K e, 1 B 5 IS A R HIR 27585 55
S, 5 H A 5 PR ER SR AE L, A TR i AT,
XOD il RAR s /N, P, 454 SEbRmh N
£/ 2000 U/g.
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Fig.2 Effects of different enzymatic conditions on the enzymatic hydrolysis efficiency
of Chlorella pyrenoidosa

2.2.3 Wil e
2.2.3.1 WA ARG ST G5 R MRS A s

B 45 L, e 5 I A UL RE | TR AE IS TR RN A pHL, LA
XOD il 3 A BB T = B 3 =Ky E Ak
TR, IR AE R LK 2.

2.2.3.2 WA AT SASE AR A Ny K 22558 A
Design-Expert 13 X W 5 T 120 5% BT 15 204 i 47 2
G TG 53 M7, 15 2] XOD #11 i) % SR *F A (il figt
RS . BORR B[R] ) A C R A pHD) /9 — ¥k [\ 15

WIEES

Y=72.89-1.77A+0.9475B+4.36C+3.33AB—
0.1925AC—0.0450BC—2.95A>2.59B>~7.95C?

MFE 3 AT [ (P=0.0002) 1) ik 2, 2R 42)
W1(P=0.4373) A 3%, R?=0.9669, R, ;=0.9244, il
IZASTY AT LU e s O i LSS IR
FAEM, FRBIZ P X XOD 1 il] 5 5 ni) £2 )2 ik
K, FHi, =FEZEXT XOD il 552 m KNy . CO
fitt pH)>A (P ILEE )>B (B IS A]) o

2 WA A

Table 2 Design and results of response surface experimental

WS AR BEERETE  CABEpH Y XODIHIR(%) || RIS ABHRIRE  BESWOS  CH#EpH Y XODHIHIA(%)

1 -1 -1 0 72.82 10 0 0 0 73.74
2 -1 0 -1 58.87 11 0 0 0 70.32
3 -1 0 1 68.10 12 0 0 0 73.11
4 -1 1 7 66.00 13 0 0 0 74.73
5 0 -1 -1 56.02 14 1 -1 0 62.06
6 0 -1 1 64.72 15 1 0 -1 56.28
7 0 1 -1 60.07 16 1 0 1 64.74
8 0 1 1 68.59 17 1 1 0 68.54
9 0 0 0 72.57
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Table 3 Variance analysis of regression model
FERE  CFIOM BHE ¥ FE Pl WEN
e 586.28 9 65.14 2273 0.0002 o
A(BHRIREE) 2510 1 2510 876  0.0211 *
B(RfgRIE) 7,18 1 7.18 251 0.1575
C(Hi#pH)  152.34 1 15234 53.15  0.0002 o
AB 4422 1 4422 1543 0.0057 ok
AC 0.1482 1 0.1482 0.0517  0.8266
BC 0.0081 1 0.0081 0.0028  0.9591
A? 36.54 1 36.54 1275 0.0091 o
B2 28.32 1 2832 988  0.0163 *
2 266.17 1 266.17 92.86 <0.0001  **
B2z 20.06 7 2.87
AN 9.20 3 3.07 113 04373 ARE
4R 10.86 4 2.72
syl 606.35 16

e+ PR BE R (P<0.05), **FRi B 22 7 (P<0.01) .,

2.2.3.3 WA A BAEM AT WK 3 B, AB Y
S S THEIRDE Ho SRR R iy, BRI Bl Al ] Rt
St B S8 H AR P, PRI 2R3 H.X XOD il 14 5%
me 55 4l 255 BC Al AC 1945 /i i b HLAS T 13
T8 I Pl sk 1) 5 Pl pHL . e JIEL R RN pHL B4 T
PIAE HAE %S HANGEE o F 3D Mg i 1 1T ] 0, 3
JEE e i 0 1 PR 22 R AR pHL, PT UL HEGE XOD il v%
PEFE M e Sy Wk 35 LU B UL L, TR A 1) 1) 3 B8
FOV2%, BABHHXT XOD i 5524/ IN . i [ 38
HAEHEE RS I 2285 R34

2234 HhFHFER T E%UE  FIH Design-Expert

XODH 4 (%)

XODHIHIZ (%)

13 T 4 Tl e v e AR At T 22 A pH7.139, B i
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Fig.3 Effects of interaction of various factors on the XOD inhibition rate
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Table 4 Amino acid composition of Chlorella pyrenoidosa

XOD inhibitory peptide
e AR 3 it (%)

KA (Asp) 10.57+0.22
I (Thr) 5.38+0.25
22542 (Ser) 3.23+0.34
HER(Glu) 11.56+0.10
HER(Gly) 5.64+0.15
[E=NAVNEY) 8.53+0.33

Ji LR (Cys) 0.56+0.00
#4542 (Val) 7.80+0.04
A (Met) 2.130.67
SR (1le) 5.40£0.01
5552 (Len) 9.88+0.06
1% 2R (Tyr) 3.83+0.08
RN (Phe) 5.47+0.07
2R (Lys) 5.92+0.11

ZH % % (His) 1.79+0.04
FEEBR (Arg) 6.44+0.01
Jifi %2 (Pro) 4.67+0.24
{651 (Trp) 1.18+0.31
WA AR (EAA) 43.17+3.62
Bk PEE AR (HAA) 45.07+0.78
TPE SRR (BAA) 14.15+0.05
FEEAILM (AAA) 10.49+0.15

W AT EIERR: Lys. Phe, Met, Thr, Ile, Leu, ValfllTrp; Bi/K & ILRL:
Trp, Phe, Val, Ile, Leu, Ala, ProfiIMet; S 3EM2: Lys. HisflArg; J5
Fr AR Tyr. Phe M Trp.
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Fig.4 Effects of different temperature, pH, mental ions, and simulated gastrointestinal digestion on the stability

of Chlorella pyrenoidosa XOD inhibitory peptide
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XOD TE DR a5
25 HFESH

R 5 iR, K48 2R AE 1 kDa LA
T, A 70.95%, Hirf43rF-1<500 Da 19 KEL 5 Lk
46.15%, ULBHEE FIAZ/Nkise XOD ik =2 LI/ NGy
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Table 5 Relative molecular weight distribution of Chlorella
pyrenoidosa XOD inhibitory peptide

SRR REAEES I SsTiR EES T
(Da) (%) (Mn) (Mw)
>5000 2.87 6883 7554

5000~3000 4.65 3742 3822
3000~2000 5.66 2407 2440
2000~1000 15.89 1342 1395
1000~500 24.78 688 714
500~189 38.03 300 318
<189 8.12 / /

T R TA RN E SR

2.6 BiELHS XOD HIHIESE S

S8 ST B AT B P20 53, B 43§ 55 <3 kDa
>3 kDa. U1l 5 ffrzs, 73 <3 kDa ZH 53 1Cy,
k7 (5.23£0.68) mg/mL, i 3 Ik T (P<0.05) ¥l XOD
1 41 Ik (IC5,=7.18+0.67 mg/mL) #1453 >3 kDa
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