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Abstract: With the increasing development of plant-animal protein blended products, the nutritional complementarity of dual-protein
systems has attracted widespread attention; however, their potential allergenicity still limits further application. To reduce the allergenicity of a
soy-milk dual-protein mixture, an enzymatic modification strategy was applied using alkaline proteinase hydrolysis followed by cross-linking
with transglutaminase (TG) or laccase (LAC). Single-factor experiments and response surface methodology were used to investigate the effects
of enzyme-to-substrate ratio, temperature, reaction time, and pH of the two cross-linking enzymes after alkaline proteinase hydrolysis on the
allergenicity of the mixed protein system (1:1, V/V). Changes in IgE-binding capacity and surface hydrophobicity of the mixed proteins were
analyzed by indirect enzyme-linked immunosorbent assay (ELISA), immunoblotting, and 8-anilino-1-naphthalenesulfonic acid (ANS)
fluorescence probe analysis. The results showed that under the optimal TG modification conditions of 49 °C, 2 h, an enzyme-to-substrate ratio of
5 Ug? and pH 7.5, the reduction rates of the two allergenic proteins were 71.36% and 87.03%, respectively. Under the optimal LAC
modification conditions of 44.5 °C, 8 h, an enzyme-to-substrate ratio of 54 U g, and pH 4.5, the corresponding reduction rates were 58.24%
and 77.93%, respectively (P<0.05). Both enzymatic treatments decreased the surface hydrophobicity, IgE-binding capacity, and molecular
weight of the allergenic proteins in the mixed protein system, with TG showing a stronger effect than LAC. This study provides an experimental
basis for process optimization and the development of hypoallergenic dual-protein products.
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¥ 150 g K& H IR 408 0.5%[1) NaHCOz ¥ i/E =i MR 12 h, et a5 600 mL /K—E AT K
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TEAFESE, 5HHT-20 CORAT, VBN G SERRE SRR AT AR & .
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#1 TeEBEZATR

Table 1 Single-factor experimental levels for TGase treatment

*
A BfR/h B iREE/C CpH/AE D EE[E)S]
1 1 35 7 1
2 15 40 8 3
3 2 45 9 5
4 25 50 10 7
5 3 55 11 9

2 LAC EBBEZKFR

Table 2 Single-factor experimental levels for LACase treatment

&
A BtiR/h B IRE/IC CpH/IE D B&IL[E)[S]
1 4 30 3 30
2 6 40 4 40
3 8 50 5 50
4 10 60 6 60
5 12 70 7 70

1.4.3  PAAY SR Bl T 7ok L ) KB
i1 Design-Expert £ SR, MR 2 FACIEEFCE T2 A R 2004 5, DASA IR 500k 13 3 e e X 4
L, LA T AR EE R E R AT R (XD B (X)) BPUEREL (X pHAE (X)) 4 MHZE
SR 2 PRSI (VR A 2R AT DU R 22 =K PR R e Aitae, Sl Ribeda AT 2 B kRtiAk,
3
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4 Ji¥E SPF Mk BALB/c /N CEF=YFATIES: SCXK () 2016-0006), fEIEMPEMEFE 7 d JEBENL M 4
H, 10 X, FHEseir HATRFRMALE . BIFRM AL 20~25 'C, AHIXHESE 40%~70%. XKAT, /)
RAES A BEh HATIE NS 7 do RIS KGR A, FEA/NRITE 59 d, 47 BALB/C /MR 4ME (10
REED: ARHEET/KESHEE, RAPUIRERER T/ RSB i E R aremE A m S e,
PEECHIZARER . BN B E28 7. 14, 21, 28 RiAIGRAL/NR A HES 0.3 mL B A ERABHR (% 5mg IREHEHA
+10 pg WBLAERD F/NRIERREPAIE . BORMEL: 35058 28 K 0.5 mL MMM R (& 20 mg W& ) #
BRI ANRESE—E, ASE/NRIFEEAT R, KA1 T 200 5 B 30 min {1 HAREE], BE/SE4CH
BA 5000 r min™ fUEEE 0 10 min, Yo BIERER, T RS,

/IR BB BASARY 1) 25 I A ot 7 ST DL ] L

H AbFE
IREIFE FE S gl 75 HE C1 L HPBS+10 pg W IR 7
. R
L4 h, l 0.5 mL A 5 11 26 F1 PR CR0mgifd {5
- Airry i Pk
AFIESPEABAL M 1, ’ ]

S R N R

B 1/ RBUEHR RS & i e
Fig.1 Schematic diagram of serum sample preparation from a mouse sensitization model
147 ) RAEBGEARITS
iR ELISA Rl BRI P BUR R e 1I9E /K. K SRR SR AR O TR, 4 Cilk,
W RE P 5N B BOSE, HEINBEFbE — Ll BTN IgE Fidk . 5 I TMB #8UR BE 15 min, F 2 mol L
WBRIRZ LR, FHAE 450 nm AbTIEROERE, ARk EE 3 )P,
NI BUEIRVE PR 3.

v

& 3 MNRIEFRERITAIRER

Table 3 Scoring criteria for allergic symptoms in mice

AL PR I
0 R, RESEFR,
0.1~1.9 BT AUEE: 15 min A S3kAe 0 3R T 10 K.
2~2.9 B2E AR T R e O B 2R Y, K 15 min A S o kst 10 K.
3~39 AR BREE A O B A B, A SRR AN B R S A0 R
4~49  BEIHEE: BIEE. PREME. OEARERLL. BB, A RREEA G R,
5~5.9 FRIHER: MMERES, LRIRBRE.
=6 MEESHBRE: SR,

148 RIZFPIEE
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F| PVDF ¥ (045 um) | 1.5h. I 5%[BHRYH (m/V) 7€ 37 ‘CHJ TBST "t 4] PVDF i 60 min, F] TBST
el 3K, X 15 min, FESEEUNRINE G 1.70) 76 4 C I ELR. Yeik)a, F PVDF 5 LERR IgE
HRP {5 (Fiks 1:3 0000 7E 37 C R H 60 min. ¥EEk/E, 4 PVDF 5 HiZ ECL & 5 FIILR AL 25 'C T
558 10 min, SRJ5 15 Western-bolt 345 0 37 4K, 2 0 SR I 2347 Ha I

15 HE

KHGETH A SPSS24 XIS AH AT Iy ZZ 0 My MHSGTERZ - 1 (P<0.05) 70#f; KM Origin 2020
BRI O T 2 53 HR PR i ST 4347 ) Design-Expert B P38 7E7.

2 FER5vHS
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Fig.2 Effect of different factors on the content of major sensitizing proteins
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2 TG B 2 h I LAC B 8 h iy, PRPEUBR A8 S BIA RIS, T ER Sy, BEEEaE, R
Vs IR AR B, PR SS S AL RS, B B S AR LR, I ] RS MBS = ) o
WRIEHRL R, SR AR S TR ERT, T A et S S A e PR P, S5 b, BRI
P FFJ AP RTE) 3 3102 2 h F 8 h #EAT fE S Ak o
212 REMIEHHMEALSENIN

ANFIR BN B A S BRI 2c. d FR. AR 30~70 CHR B VG N BUBER A AR, AP
SCHRBEEC I 1) B 52 2 h A1 8 hy pH i 8 Il 4, BEJEKLL 3U g 140 U g™ I, B PRl Sc ICRIE IR BE 1) T
e, B B R R A B D SR IR S, PR IR 2359 0 35 "C R 30 CIY, BUBUR A& B,
Al REAE PRUOMARIR S5 AR T BRI SN o 4 5 40 'CTH2 45 Cib R iR 7R RN BUEUR FHZ M T 1%, 45 °C
I TG B ViR & RS BB A B AICE: 50 CI LAC Bt &1k R B 3R FIA B AE . T4
=T 50 CIY, PFEEVER S A RBUBER A& B G T, REFDVIRE N S SRl 0. 45 5, i
PSRRI ORI FE 2373 R 45 ‘C N 50 CHHT IR kil
213 pHIEM T ZHEE G S 07

ANIE] pH B B F s & 2e R . PSS IR SO 1E] 350 [ 5E S 2 h A8 h. RN 45 'CHI
50 'C. FEIKHCA3 U g A140 U g if, pH {EHEA AR R AR EBAILE pH AR PRl S BRREE 24 A5 L,
TG Flgfidi pH EAE 9 /o7, 2 pH (E KT 9 INEUBuR A & BB n; LAC Bekod pH (H7E 4 24, 2 pHEK
T4 B EUGR A S BTG N . F 83 pH H X B AR, s R R, B pH Ee
FERBR T R Sl N 2 E8 7y, REMISEN SRS VIR AR, RIS TG Bfkid pH 164 8, LAC Rfxid pH
1B 4 AT IR EARACRTR
214 BRI I ZHEHEG S TN

AN [ i ook SR A BRI SE R AN ] 29 h BT o AP RS IBCEE S RN 1) 73 ) [ 7€ 9 2 h A 8 h il JE o 45 C
50 C. pHAEA 8 M AW, BEERGEIIIGI, SYNRAERNESEBERASEBH T, 2 TG BB
3U g, LAC MERUBEIECEL A 40 U g™ i, T A 2 R SR (1 il BT, I3 DA B R B 42 255,
SR SR AR R, SR (KRS A, 2 TG BB 7~9 U g, LAC FRMIRBRIES LM
50~70 U g™ i, SR (& BT, Gk mi ki A R A R BB SR/ o ST B R A R A,
HI AR LNy 5 Ik S SRS 7, TR SRV 45 & IR WRCR S TR %S,
PSRRI L4 500 3 U g™ RT 40 U g™ HEAT IR St AbiREe
22 BYMTLHEEHRAKRER
2.2.1 @ L d IR AR

PR 2RI B T R 5 45 R 3k 4 FIZk 5 PR

4 16 BN NI RRER
Table 4 Design and results of the response surface experiment for TGase modification
X% BE BN Bkt pHAA SELEREGRKE  pEXEREAORKE S48 S

1 45 2 5 9 39.8240.12° 34.89+40.39" 0.46
2 45 15 7 7 738241522 66.7940.14° 0.86
3 45 1 3 8 47.2140.21° 66.1540.11° 0.70
4 45 15 5 8 74.9540.69° 74.1142.10° 091
5 5 15 5 9 48.0342.12° 18.0040.36° 0.40
6 45 15 5 8 73434.34° 76.5843.78" 092
7 40 2 5 8 5362+4.12° 72.0140.79% 0.77
8 45 2 3 8 46.140.48" 57.961.04° 064
9 45 15 5 8 75.8940.56° 72.0140.11° 0.90
10 45 2 5 7 68.5040.82 82.98:4.47° 093
11 50 15 5 7 76.8240.31% 69.4141.79 0.89
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12 40 15 7 8 50.2842.32° 43.484.01° 057
13 40 1 5 8 44.2742.21° 36.52:40.84 0.49
14 45 15 5 8 76.0840.79° 78.5843.24% 094
15 45 15 5 8 73.35:4.32° 69.7743.15 0.87
16 45 1 7 8 48.21:4.43° 58.004).79° 0.65
17 45 2 7 8 47.792.13° 59.4243.01° 0.66
18 50 1 5 8 55.194).62° 66.07-4.03° 0.74
19 45 15 7 9 45.1442.17° 23.09:4.08° 041
20 45 15 3 7 69.86:46.32° 86.7242.03° 0.96
21 45 1 5 7 69.004.52° 69.93:+.89° 0.85
22 40 15 3 8 59.45:4.11° 64.05:.70° 0.76
23 40 15 5 7 70.1942.14° 63.0940.32 081
24 40 15 5 9 49.8041.77° 423941 45° 056
25 5 15 3 8 54.95:4.25% 48.1340.83" 063
26 5 15 7 8 57.6343.79" 59.4040.21° 0.72
27 45 15 3 9 47.18+2.02° 40.374.65 053
28 45 1 5 9 4249421 29.7940.75 044
29 50 2 5 8 483442, 72° 46.1740.39 058
A AP EFRRR B FERFEFRESE (P<0.05) . FAF.

5 LAC BRI EINI S RMEGER

Table 5 Design and results of the response surface experiment for laccase modification

Wit RA BE BRI pHAE  fILREAMESE  fHREREAMRRE RN
1 3 8 50 3 455142.81° 52.62:40.62° 0.72
2 40 10 40 4 52.7841.79° 61.0742.12° 083
3 50 8 40 4 4343054 445430 81° 0.64
4 40 10 50 5 45.2040.15" 51.06:+1.32° 0.70
5 0 8 50 4 58.02:40.23" 71.98:0.39° 0.94
6 0 6 50 3 50.33:+1.56" 48.60+1.24° 0.72
7 3 8 50 5 52.20:+.03" 37.7540.49° 0.68
8 0 8 50 4 60.88:40.63" 7211:4.32° 0.96
9 50 8 60 4 41.8940.12° 41.2530.81° 062
10 40 8 50 4 50.96:40.62° 70.9242.24° 095
1 40 8 50 4 59.9542.79" 7434 34° 097
12 50 10 50 4 48.10:+1.54° 46.01:40.15" 0.69
13 30 8 60 4 46.58:42.02° 36.500.31° 061
14 40 8 40 5 53.63:40.02° 4955+41.79° 0.76
15 40 10 60 4 38.63+1.04° 42.3330.56° 059
16 40 8 40 3 58.23:+.23" 43332.72° 0.74
17 50 8 50 3 46.3640.11° 30.830.34° 0.64
18 40 6 50 5 48.95:0.38" 51.94:1.23° 0.74
19 30 8 40 4 45.49:+1.09° 56.83:+1.01° 0.76
20 40 6 60 4 50.28:+1.29" 56.68:42.19" 0.78
2 50 6 50 4 41.6840.21° 38.40+1.39" 059
2 4 8 60 5 48.3040.32° 4115:0,03° 0.66
22 40 6 40 4 48524224 49.00:+1.36" 071
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24 40 10 50 3 44114.17° 55.7640.42° 0.73
25 30 10 50 4 45.2040.19 47.9140.63 0.68
26 50 8 50 5 40.7240.62° 32.68-41.35° 0.55
27 30 6 50 4 49.19-4.09° 61.8340.76 0.80
28 40 8 60 3 4858474 45504249 0.69
29 40 8 50 4 59.68-4.26° 77.7740.53° 0.98

222 RAEME T 5T o

FIH Design-Expert #Axt FiR 25 34T 7347, 45t TG Bl it 5 Bis A IR LR S PR3 Y O BRI (A |
BFE (B). BEIKEL (C). pHAH (D) FAS{E M k2 Tilla] = /7 F2:

TGy1=-23.14+0.604*A+0.063*B-0.046 1*C+2.141 1*D-0.001*AB+0.007*AC-0.012*AD+0.003*BC-0.001*BD-0.002*
CD-0.005*A=0.001*B=0.028*C=0.109*D=

LAC B 5 BUBUR I FRIRRER G TS Yo MBS ER . (AD INTE] (B). BJELL (C). pHA (D) ZwfidfH
ity € AT =iy h

LAC,,=-8.955+0.105*A+0.509*B+0.143*C+1.223 9*D+0.003*AB+0.001*AC-0.001*AD-0.004*BC-0.006*BD-0.001*
CD-0.002*A=0.026*B=0.001*C=0.134*D=

TIZTAER IR 6 MR 7, ZBMFHUS T RRAME R R B, B RIHIUEE (P<0.000 1), KAUIA L
% (P>0.05), BAHAFE TG (R?: 0.980, LAC (R%): 0.983; TG (R*Adj) 4 0.961, LAC (R*Adj) A 0.965,
TI]RGO B, #ioa] R I AR of wi S B (B EA T B I . S8 P AGES EERAS AN
TG BEH & F otk D>C>B>A, R pH {H >BgJR > I8 > . LAC BE1 % 7 otk FAK KN
A>C>D>B, IR > Hg b >pH 8 > ],

# 6 TG Bl S phE ElIHRB S ZE 4
Table 6 Analysis of variance of the response surface regression model for TGase modification
FERR FrA AWE  HF F1& P&
AR 0.8653 14 00618 501197  <0.000 1**

A-BJZ 00000 1 0.0000 0.0082 0.929 2
B-H Jd] 0.002 1 1 00021 16656 0.2178
C-Bg/&kt 00100 1 00100 81365 0.012 8*
D-pH{& 05196 1 05196 4213251 <0.000 1**
AB 0.0495 1 00495 401441 <0.000 1**
AC 0.0184 1 00184 148881  0.0017**
AD 0.0148 1 00148 119705  0.003 8**
BC 0.0011 1 00011 0.8565 0.3704
BD 0.0010 1 00010 0.8046 0.3849
CD 0.000 1 1 00001 00732 0.7907
A= 0.1125 1 01125 912426  <0.000 1**
B= 0.116 8 1 01168 947392 <0.000 1**
c= 0.0806 1 00806 653425 <0.000 1**
D= 0.0770 1 00770 624442  <0.000 1**
KA 0.0173 14 0.0012
LI 00146 10 00015 22359 0.2276
thig £ 00026 4 0.0007

B 0.8826 28
E: ek REE R E P<0.01; “PEFRE P<0.05 TH.
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Table 7 Analysis of variance of the response surface regression model for laccase modification
FERR FrA AEE HF F1& P14
A 04102 14 00293 564005  <0.000 1**

ARE 00217 1 0.0217 417249 <0.000 1**
B-8 i) 0.0012 1 00012 23877 0.144 6
C-Bgj&kttk  0.0198 1 00198 382028 <0.000 1**
D-pH{4 0.0019 1 0.0019 37063 0.074 8
AB 0.0127 1 00127 243636  0.000 2**
AC 0.003 9 1 0.0039 75196 0.015 9*
AD 0.000 7 1 00007 13013 02731
BC 0.022 7 1 0.0227 43.6023 <0.000 1**
BD 0.000 5 1 00005 09317 0.350 8
CD 0.000 7 1 00007 13013 02731
A= 0.203 7 1 0.2037 392.0419 <0.000 1**
B= 0.070 4 1 0.0704 1355538 <0.000 1**
c= 0.1000 1 0.1000 1925887 <0.000 1**
D= 0.117 2 1 01172 2256907 <0.000 1**
KRE 0.007 3 14 0.000 5
£ 0.0058 10 00006 15154 0.366 4
iz %2 00015 4 0.000 4
&A= 04175 28
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Fig.3 Factor response surface for the interaction of two cross-linking enzymes
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figi') AB. AC. BC Z M EA BENAHAEH (P<0.05),

FF S AR, BER TG Bt TES80h: IR 49.39 C, EHLHA] 1.85 h, KL
543 Ug™, pH fH 7.59, BEAMIKEREAIEN N 096, B 2 FESUBEE AR MIA: f-FLERE A RRKE
70.12%; p-tEKEERE ARER 86.91% (P<0.05). LAC il T. 2B HONIRE 44.55 °C, BHEHT IR 9.24 h, R
EL53.78 U g™, pH 1H 4.48, R AR LEAIEN )9 0.99, I 2 Pl AIFIRE S BN p-FLERE A K
R 59.73%; p-f1RTERER FAPFKE 78.26% (P<0.05). N T IS E A BIHER I, AL 5 1S BT 5,
SO, PIRGSAESH MR 49 “CH1 445 °C, pH 1 7.5 145, FEEL5U g 154U g7, FEoeEmt
1] 2h fI 8 ho TEMLARAF NI 3 K, THHEIMLEEVE BRAMMES N 0.98, IR 2 M (B-AFREAS pER
TERERAD BHERDHIN TG f: 71.36%. 87.03%; LAC fff: 58.24%. 77.93%, SHAITIMMELE 5% 20 FE A,
IAIE [ AR RE BE AL RS BOTSEER, AP RN, B UK RS & TG Bk LAC BE<CRE, HIRES
EREEARRT p-ARREOM pERTEREASE, HP TG MBS T LAC fiy. FEfRAbslnT 250
RFLE R AR TR AU, AR U P o 240 R 1 2 TR AT R A T B gt — 20 I IgE S Bidtk:

2.3 K ER AR AT

RIFKVERFORE F RS T 5K Z R TARHE R OPEEVERT, W& E R R e e s E 2 E AR, [/ 4
RN PR IRBEAC B A (R PR K VE RS . SORACERALALL, WM BB KR TR, B TG
B AL B S IR /K PR ZE L LAC BgARTE 5 B/ 5525 PR, 3 R /K R PR A B R T RE AR AE A BRI AF AE I 21 T
AR T NG TR AT N R 0 TR AR A, KR B Sk PR = SR R, AT
{fi 2 (IR IHKYE T %, Gauche PMRFSCh R L, AR ERAZKI TG BELER, AR R M
LR SN, 7= A A A I IR (AR B IR R AR, IX AT RE 2 S8R AR IR ME NI R A
KT w RS RS RASHE R TR AN BRI, PSR 5 & A S RSO D R A, RmgiK
R PE SRR, N5 ELISA R ENIEEE RES Gk, T ANRE P E OB L ) ELHEAIE AR
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Fig.4 Effect of two cross-linking enzyme treatments on the hydrophobicity of soy milk protein blends
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Fig.5 Effects of different enzymatic modification treatments onallergic symptom scores and serum specific IgE levels in mice (n=4)
Er oA WA EIRITS b it IgE KR

25 & B RREWLLERAT

AR ER A S EE A R A 6. G EMCA AR P A R A A M IR AE T IgE HLikas &
5y p-FLEREE (1 R0 F IR RAR T 17 KDa /N kit — D B B 2™ {H TG Mgkt Bkl 2) 1 LAC
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Fig.6 Immunoblotting of soy milk blend protein after enzymatic modification
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FigAbPHZH 58.24%F1 77.93%, LA VAN S BRI TG B RCRAE T LAC . ZWFcBiEtE G, IRAEEAR
HBK TR IgE 456 R8I35 035 T, 0RO T PR it PR M BB 11 19E RRE 7T, RIS B
R P, Hot TG BB T LAC Bl HJSEPRTREFE T TG Bt B2 1 7 F ML ACE B2 (1A BN 4%, HE
i 1S Z KA ANEUEER AL, T LAC BT U SRS M AR B o S BNt Rt — D3R, et B2 it
T ARG EREE A 5 f-FLIREE A KN T IR IR fR BRI BC , INTTHISS T 8 I is IR R ) . Ak
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