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Optimization of preparation process and characteristics analysis of porcine

hemoglobin modified by enzymatic hydrolysis-phosphorylation
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Abstract: [Objective] This study aimed to make high-value use of pig blood and improve the application range of pig hemoglobin (Hb).
[Methods] Hb was modified by enzymolysis and phosphorylation, and its optimum preparation conditions and characteristics were
explored. The optimal parameters were determined by response surface test to study the effect of enzymatic hydrolysis-phosphorylation of
porcine hemoglobin (HP-Hb). [Results] The optimal parameters for phosphorylation were 10 g/100 mL phosphate addition, pH 9,
8 /100 mL pig hemoglobin peptide (pig hemoglobin peptide, H-Hb) addition, and a reaction time of 2.1 hours. Compared with Hb and H-
Hb, HP-Hb showed significantly improved emulsification properties and antioxidant activity. Electrophoresis results indicated no significant
change in molecular weight. Structural analysis revealed that the phosphate groups were mostly attached to the N atoms. The change of
secondary structure of HP-Hb enhanced its structural stability. [Conclusion] Enzymolysis phosphorylation co-modification significantly
improved the emulsification property, antioxidant property and thermal stability of porcine hemoglobin, indicating that co-modification is a
feasible method to improve protein.

Keywords: synergistic modification; enzymatic modification; porcine hemoglobin; phosphorylation modification; structural characteristics
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KM # 10 min, [ FE S 10 pL. Bl 5% A4 ¥ 45 5 A
10% BY 40 BS e o & A 1% % 5 i 52 8 R-250.30% H B
8% LR MR W AT Y 0, TiC i 10% SR Rl 5% 2 T 1Y
JIE €38, B0 €5, 4 b JS B4 B €8, R 12 h R S AR
1.3.7 FURMEREIE B8 Xue & k. (DM
K2 A AL IS e B (EAD M FL AL R 2 P (EST) -

2 X 2.303

:—px(1_¢)><1o4XA"X100’ (1)
A
S="1%100%, (2)
0
e

E——FLAL TG P8 4L

S—FL AR E

Ao Ay A TE 0, 10 min 19 OGAE ;

o—THAH R FE 43450 Coth 19 A B /2L OB I IR D) L %

o— & [T T VR , g/mL
1.3.8 DPPH A MW BREE S R Liu 55" 7 16 -7
YRR, 52 T AE SR D 55 44 T % DPPH [ H 2 0149 35 BRI
£ ¥4 Hb . H-Hb Fl HP-Hb ¥ fi# 76 4l b K | A2 R 8]
kR (0.5~2.5 mg/mL) B A 5L AR o 456 200 mL FE
WA 200 mL DPPH ¥ (0.2 mmol/L) #£ 47 DPPH A&l
PR AR 30 min J5 , B HE 10 s, 78 517 nm 2 55 1%
JGRE . #esX(3)115 DPPH [ AL R 2
A—A,

A

0

D=<1— )XIOO%, (3)

Ko

D——DPPH [ 3G BR 3, %05

A B W

Ay——FE R WO R E ( L BT E DPPH)

A% B B /R AR B ) 1 W 2
1.3.9 ABTSPHE F A HZWERGE S S M Untea 51
o AR5 i R B R B AR s kT R

BE 2758 | 2024 F 9 A | BR&BS5HM

1.3.10 B FHRIEAE S S RO S ik
13,11 R A mBEIERWEENE S 800S0 5k
DLV A Ry BE A % B
1.3.12 fERFZLAMEIE B S BT A Y 1k
1313 #AREMEM I 25 8 A RS BT A
Fa s, B (5.040.1) mg i Hb  H-Hb Fl HP-Hb ¥} A i A
R R ARE SR AU P #E 30~200 CHY
LB S TR A, #2510 °C/min,
1.3.14  BdEamr a3 AL I AR UES +
Frifi 25 (SD)FRk o K SPSSH M HEAT B 2% 40 B . R
FH 7 22 53 B e AT B0 23 BT, W3 KPR P<<0.05. i
Origin 2021 FRAF BEAT A S 43 BT FLECHE 7T AR AL -
2 RS0
2.1 BB HMRERRRE

METTT LU, B pH B I) B I AR VS Jn i AN 2R
P4 S i (4 60, HP-Hb 1) 5 2 10 A2 5 52 0% B TS T B
P ER-TN

pH 2y 7~9 B , B R b B B 7B i 7t o , 7€ pH 2k 9 B B35
Fere L Y pH 4k B2 T i W 19 A0 AR B I BR R AIC, T IR T R
pH I, & R AR SRS MR & ko, 5
O R AL N R Bl IR pH ad R R R R M 5
PGSR, 3 S0 R AL R B AR

J2NE B8] Ry 1~2 b B, W R Ak R 380 o T v L o RN
I I] Sy 2 b S 3 v, T 0 B0 B U B R Ak R O T
UARRAR . PR AT S22 7 2 ho i R Ak 2 7 ik B A0, P 4
R N7 B (e ol 12 A T R 5 R 1 7 A T AR B PR L S SO
PR A0 IR

B R R R AN 4~10 /100 mL N, Bl 92 1k e 2 1%
G, E R SR AR N4 O 10 g/100 mL BF ik B 45 ok, 4k
S B R R B R AR B R AR . TR I AT BE R
RS T T VR AR R R AR B B, VAR e 2
TARAY T RE £ 52 e 1 R AR B T 5 A IR AR Bk A A B AR
FH o T 1 AR A 38 22 b 2 A0S VR TR pHL, S B0 1 T 1
N N = o AT G G o AR R Y NN (TR S
PR B 1 FEAE

L H BN AN 4~8 ¢/100 mL W, B AL F2 L 17T,
MR RN 8~12 g/100 mL I, BERRIL AR FIE . Ji
PRI T % VA YR v R ) B 1 P F R R AR A i A R
TRE T HRR S H SRR NE S, BRIk
T2 REA
2.2 WEERL BUME M AL TR 06

B e 5 L SR e B T, DA 1R Ak R
JE A bR, L pH (I T B R £ VS IR AN 2R 11 (CH-Hb) %
R S R B AT e R R 86 . K 86 TR KO L
LRI R E2,



F&M | Vol.40, No.9

0.71

I
2N
.

PR AL RS
Degree of phosphorylation/mg
e
W

0.4

<
o
=
—_
(=]
—_
—_

0.551

0.50

0451

WAL
Degree of phosphorylation/mg

Il Il Il Il

6 8 10 12
WL VS

Addition amount of phosphorylated salt/(10? g - mL™)

() BERRILEINE

L

AniEd BE-HRUDEEEENIZEAFNS T ZRAREESN

0.60
0.581
0.56
0.541
0.52
0.50
0.48
0.46
0.44 1+

0427575 5 2.0 25 3.0
i [
Time/h
(b) S ia)

BRI AL
Degree of phosphorylation/mg

0.621
0.60
0.58
0.56 -
0.54 -
0.52
0.50 -
0.48
0.46

BRI
Degree of phosphorylation/mg

6 8 10 12
EABTME
Protein addition/(10? g + mL™)
(d) HEEasma

L

B BEmeie ey B m E R

Figure 1

F1 WEEREEITERKFER

Table 1 Level table of design factors for response surface
experiment
KF ApH B i/ ijfq’f ‘?ff i zfgﬂf%j
—1 8 1.5 8 6
0 9 2.0 10 8
1 10 2.5 12 10

i FHl Design-Expert V8.06.1 F 4% 12 56 FicH i 4 7 22 3
ST RLG A BB AL R 5 45 DR 3R R R O B

Y=—13.626 62-+1.548 334+0.304 83B+0.883 42C+
0.599 46D+ 0.0744B—0.023 8754C—0.026 6254D—
0.000 6BC+0.060 25BD—0.010 875CD—0.070 8754°—
0.3348°—0.027 813C*—0.020 406D>, (4)

2 3 Al 0, BB Y P <C0.000 1, 4% i 3, i 2 4815
PEH 0.257, K &3 BEHT LA (1R 22 80/, BE R e 454
PR 2% 15 A AL R B P I R I A 8 10 T A v R
T 1Y) R*=0.996 6, 3% B 50 (A 15 7000 16 A3 4R 45 19 4 ¢
P 5 R5,=0.980 4, & WA #44 Al L it ¢ 98.04% (14 1) 37 {f 2%
Ao ik BH A5 Y AT FH 0 A 0 00 A — e 1 A A ) ke

Single factor test results of phosphorylation degree

PR AT R A R B IR AL AR . b, B.C.D .AD M1 AC X}
HP-Hb (85 B2 b F2 B A 1 3 52 (P<C0.05) ,A A \B*.C’
D2 WA 3 (P<<0.01) , Hofl % i AN g 35

Design-Expert V8.06.1 3 {4 X% 32 55 14 {1 £k 45 3y
W2 7 i & 10.35 /100 mL., pH 8.8, & 1 IR M h
8.35 g/100 mL ., JZ Ji I 6] 2.09 h, iZ% fi 06 55 144 F 19 s 12 1k
2 B WO A 7 64.69 ¢/100 mL. & ML AL 5 9 2 50k 47
B UE 525, O O A K S B0 A Sy 8 R R S
10 g/100 mL.pH 9.4 F ¥ il & 8 ¢/100 mL . JZ Ji B [H]
2.1 he it 3 CFAT 56 UF 55 560 S5 I 45 09 B IR Ak B2 B Oy
(64.694-3.76)% , 15 M 7 [F1 A5 250 ) 9503000 41 b = 22 %, U0
VU Tl 2 2R ) 2 0 A A
2.3 SDS-PAGE Bk 4 #7

2 tf M g AR i 2R 11 Marker, Hb 76 14 000 Z2 45 M 81
T 475 ,H-Hb 1 HP-Hb 7£ 2 000,2 800,5 200,21 000 {1 Bt
T A o SRR S B A X T R
1%, U6 B Hb 28 52 W % I A5 S 7R [6) AH 4T 43 52 & 19 /K
2SR AR A R & DO D 7 el s o o T
b, B8] Sy Tl T AR 199 42 ALK IR A9 A X 43 o S o AR RN L A
HLTK 25 FRMET . 21 000 1 4545 1] g L B A Bl i 52
S EHRELETRE,

39



40

E Al 33 FUNDAMENTAL RESEARCH

BE 2758 | 2024 F 9 A | BR&BS5HM

x2 BIBUBEMEERITRER

Table 2 Response surface design and results of phosphorylation degree

K A B c D BRIRIL RS /mg || RIS A B C D WEIR AL B /mg
1 1 1 0 0 0.624 16 —1 1 0 0 0.467
2 0 1 1 0 0.504 17 0 0 —1 —1 0.346
3 0 1 —1 0 0.497 18 0 —1 —1 0 0.646
4 1 —1 0 0 0.465 19 0 0 1 1 0.432
5 0 —1 1 0 0.547 20 0 1 0 —1 0.387
6 0 0 0 0 0.411 21 1 0 0 —1 0.641
7 0 1 0 1 0.366 22 —1 0 1 0 0.405
8 1 0 1 0 0.408 23 1 0 0 1 0.625
9 0 —1 0 —1 0.492 24 —1 0 —1 0 0.378
10 0 0 0 0 0.417 25 —1 0 0 1 0.626
11 1 0 —1 0 0.391 26 —1 0 0 —1 0.623
12 0 0 0 0 0.378 27 0 1 1 0 0.622
13 —1 —1 0 0 0.467 28 0 1 —1 0 0.451
14 0 0 0 0 0.551 29 1 —1 0 0 0.271
15 0 0 1 —1 0.475
®3 MAEMBBRLEEFESN M Hb H-Hb HP-Hb
Table 3  Variance analysis of phosphorylation degree of |
regression model f?
G2 B 20 000 *u —
Sl SFOrEL HmE By F{d P WM 16000
BB 0.300000 14 0.022000 291.36 <<0.000 1 % .3 -
0.009464 1 0.009460 127.75 <<0.000 1 § S0y
3300 « m -
0.009 690 1 0.009690 130.80 0.0125 -
0.005334 1  0.005334  72.00 0.0245
D 0.093 000 1 0.093000 1256.75 0.0301
AB 0.005476 1  0.005476  73.92 <C0.000 1 #% &3 B2 Hb.H-Hb#= HP-Hb %) SDS-PAGE & 7 &
AC 0.010 000 1 0.010000 137.70  0.047 8 {3 Figure 2 SDS-PAGE electrophoregram of HB, H-Hb and
AD 0.011 000 1 0.011000 153.10 0.0421 23 HP-Hb
BC 0.001440 1  0.001 440 1.94  0.1850

BD 0.015 000 1 0.015000 196.00 0.000 2 % i3
CD 0.009 900 1 0.009900 133.64 0.000 7 H it 3
A’ 0.037 000 1 0.037000 499.09 <<0.000 1

B? 0.044 000 1 0.044000 599.55 <<0.000 1

c? 0.082 000 1 0.082000 1113.07 <<0.000 1

D? 0.039 000 1 0.039000 529.26 <<0.000 1

2 0.001037 14 0.000 740

JL 3 0.001 027 10 0.000 102 5.69 02574 AR FE
4l 2% 0.000 001 4 0.000 025

BT 0300000 28

T R'=0.996 6;R%,=0.980 4,

24 EM—MBRUHREREELIZEENI LI

[ 3 &8 T Hb . H-Hb HP-Hb iy LAk fE . HP-Hb
i) EAT 5 Hb Al H-Hb A tb F+ & T 6.31,12.42 m*/g, ESTJF
T 3.04%,6.37%. JiL 5 AT g 2 B ] e 1k 5 30 Hb 1Y 45 4
RA T AR R T S ok R A R . I AL
T 1R AL 38 5 25 5 A B ey R AT B 8 A s A b, T DL
P12 Bl TS £ D A I i 1 = Wi A
Z R B 51 T, DT A BT A K S DR R AR i EL
R G0, 2 WP ) eV T DA RO 0 i 4T 2 R FL Ak
PERE , 500 I AT AR AR A R — 3
25 EM—MBRUHREHEELIZEENRELHE

i 15l 4 AT L i, HP-Hb 5 Hb F1 H-Hb 48 [t ,DPPH H
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PR HL A 0 A A AR BR3P Rk EE BT RE 23 B AR 1 BT I Y
AT AR A4 AR B 7 S R g K AR AR ] o BRI AR 1Y
2 N4 3 3 H-Hb (19 45 1 & B A2 AL, S5 B0 Ml iy e
o BB R S R BT R R A DG o-IRIE 1
F 3G 0 AT B B 0 AR B BT A 25 A R E R, HP-Hb Y
a-BRTE S fE I, 2 WY R e PR O

A X 5 B
Relative strength/%

Hb
H-Hb

3500 3000 2500 2000 1500 1000 500
b4

Wave number/em™
H5 Hb.H-Hb#= HP-Hb & FT-IR &
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