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Abstract

This study investigated the effects of high pressure (HP) treatment combined with enzymatic hydrolysis on the antigenicity and
allergenicity of soybean 2S proteins. HP treatment alone (100-600 MPa) did not induce noticeable changes in the protein profiles
or antigenicity. Enzymatic hydrolysis resulted in enzyme-dependent changes in protein degradation and antigenicity. Among the
enzymes tested, alkaline protease showed the most substantial degradation of soybean 2S proteins, resulting in the residual
antigenicity of < 10%. IgE-binding analysis using sera from patients with soybean allergy further demonstrated that alkaline protease
treatment markedly decreased allergenicity to a level comparable to that of the negative control, whereas papain treatment only
resulted in limited allergenicity reduction due to partial protein degradation. Alkaline protease treatment conditions were optimized
to reduce the enzyme concentration or hydrolysis time while maintaining the low antigenicity level of soybean 2S proteins; however,
the ideal conditions were not achieved yet, necessitating further investigation. These findings suggest that alkaline protease-
mediated hydrolysis shows promise for hypoallergenic soybean protein production.
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M E Fepofu| At 240 ferstol A AAIZ SR AE, AR Y 7
A 22 o] SEET glo, SA0) el g2 4

AE o 27| B4 AE chlo] s HZEE B (Ig)  AlEoz Hedr) ouldoz g ok2r]o] 9SS oF 02~
7F oi7liske ZWIRkg-C g, 2T 4 WXt A AR SR fHE 04%z B2 WRak 34] u]ok Aol AlE o2 s]e ot
o] Z7ISIaL Qom, Al BAA Fgto] wiEA S/ Ik = sh= 38 Y9l % shbE BaElo] QJTK Wiederstein et al., 2023).
YoM Aot 9 gJfols FAoZ AE dH 27| 9 AE {3 S BBE Qo] Hew, AE o=y ZAS mel oofol
ORI A AL} ASH 02 BuE|T glon], ofo] Wk AE 6507} i) MRSl A0 LhERFThKim et al, 2011). S
QP E AR} Srofl |2l Helo] F840] A7IE ) I =7] SAEL TR F79} Zo] tiFrt A 23ld 4B
(Kim et al., 2017; Yang et al., 2024). th5F+= A o] =11 SSHe A0} BAju AlElo[} GRS Zo] e IS 3
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ohe 297 WE WY S gl Zo] @Aolch YuHow
9A1E ThE-Roli T Shdo] SulaRt gtwo] U

27] 9SS S ks A0 URA glou, UFEt B
o =

07k A4 SJoRBoIt HRATt 2

A= B35 v Qlth(San Miguel-Hernandez et al., 2018). o|Z2 A

T e Aol TRt 7RAES] 7R FHSIsHA o8-
of wpe} o AJRo] A% 1] & el = A(hidden allergeny O
285 7FsA4d0] A71=AL ITHGu et al., 2001; Wiederstein et al.,
2023).

olZgt FAE FHEH] Al A= FE TS B A
F= MESHIAL sk A7 S 0= ojofA grom, I,
a, a4 7leadl, sk 4] e, 1 3 oot Bk
A2 59 A% 7Fs 340l 8= o] th(Giinal-Koroglu, 2025).
ol2fgt FA4o] diF L =A] AA}F F20h AY oHELE W3}
AA IgE 2R S A7l 8 Hol7|® siglou 34 £
A3 A2 o] we} A o) FRA Mygo] A2 ouELS
FAF RN, 23] Y =T0] S7HL 7hes/d e A Al7]E
QJtH(Panda et al., 2015).

o A2 AR ofs] 28, 78, 118, 158 #Eo= 1
|, o] F 28, 78, 11S £¥o] +8 dF=ror HIHIITh
(Shibasaki et al., 1980; Koshiyama et al., 1981). 413§ &i=Lo] u}=
H, i 28 22 A diol e EAPIAA Rt IgE A%
RS vEhlen, diF 28 ©id F 8 A=Al SKTI
(soybean Kunitz trypsin inhibitor)= &#A}gF0] 2F 20 kDal2, &-
AHAL Aol vl A QHgsto] 91 HO| 428} Fo A=Y
‘do] &3] 2AUEA = RUTHSung et al., 2014). EIF A7 LA}
o= 2319 IgE HEg-gdo] F7tsto] &2 HELS] =& 71
gol A71=oH, o=jt ik o Ao 2 T 2S T
HEe] G 2rde avtEoR FAAF]7] offthe HS A4
St HIE tiF 28 Tl Ee 2 7 32 dEEe s By
A9 B FA—CIY HiFf 5 BAIE tiF AlEelA AEE
© & gEEdo R A8 7is7go] ot v 28 TES #
Aglgt deEl27] Azpst Ae] o] QE T Wiederstein et
al., 2023).

wEbA 2 Aol i 28 Tl 219k Aot a4 7h
TEINE 28t & A =T HekE BrIslalA} 5o, E9
Mg g 84E o83t 7l Ao whe thild 54 2 &
27144 HkE vl BARto A T 28 THiEo] A=
At 7Fs8E HESkLA Sl
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& Aol ARSE BA Sung et al. (2014)9] AollA ZEE
T2 3 @4 457 5, diF 28 TS WAl 9 7| REY
AoR % ViRt ol IgE WS RAI5H HiF 28
chai o] s e o= 73t IgE vke-de yehd 3719 E4S
Aste] ARESIITHTable 1). 015 Bol & AtolAl= oiF 28
chil o] sl A o® 73t IgE HHe/dE UEhlle S-S
didos dE=r|d Hals Hrketaat sl

T

o5 25 Tl ) s RS olgsio] AT Sung et
al,, 2014)9} U3 W o2 Fulstel o, GA|tfFEE 3} SKTI
+ Sigma-Aldrich (St. Louis, MO, USA)OlA 43}t

Z0Y X2

%31 *E]+= Penas et al. (2006)9] WHof whe} 219 AT
ZFA|(HPP; 600 MPa/5 L; Boutou KeFa High Pressure Technology
Co., Ltd., China)E- 0|-85}o] 100, 300 & 600 MPa, 14£1TC 9] A
oA 1587 s oH, AT F Alge SA F45te] 24
AEBAY 20T oA Haskct

ST H7|YS

SDS-PAGE 42 15% Bis-Tris gradient gel (NuPAGE, Invitro-
gen, Carlsbad, CA, USAyS ARESIIOM, A3 242 AgPAT
(Sung et al., 2014)°] 7|&% WHES w=ith SDS-PAGE Ai}ofA]
TEE 9 7x I Image] AT EJ|o}E 0]83F densitometric
A= B3l B S w42 A4 Ao wE Wit Ak
Hslo] ANEAQl AFS A o= SRlsl] 913t H2AQl o
& 28

g4 Ikl

4 TR 54N TR B4R 34 AR g

Table 1. Biological characteristics of three selected sera from forty-five
soybean-sensitive patients

Patient number A(‘\g/)e Sex EESL}E)E So}’:ga (T(Lf K/ef)'f'c
1 4442 2 M 15,740 101
2 3480 1 M 5,001 81.5
3 4145 2 M 5,001 101
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HEs] 9 27] A3edoR Sust 2] B A &

O 7% Ambrosi et al. (2016)% Zarstod 713 o] 10%(w/iw) G4

SEE AAoIt) ZF a4 71ES= Clemente et al. (1999)Q] ®f
2 o welo] BT kg AHE0R) B2, o o] 2

pH @ 2= R0 2otglom, 7F 549 E4ut &2 AoflA]
283t 745E8) 222 Table 20 Heldto] AAISATE WS FR
%, fh 28 HAN717] 98l 9sTolA 1082 FHEfsigct
S U uy27|y ot

P 2 =7 Frhe AAHASAH(ELISA)S ol-&st
413 A7L(Sung et al., 2014)0]| w2t 539511
o} T 28 Thiido] 29 dEAea A SKTIof st g
4 HokE 7Rl {8, 2 AolA= SKTIO| Rkedhe FAI<
anti-soybean trypsin inhibitor &A|(Abcam, Cambridge, UK)E AR
St} a4 ZleEsf W 219k Aol WE FEE F4 oRE &
Fepdalgict. o)y Wk AEE B4 25E olgsiol
IeE ZeRe Bhsieic

=0 X0 OE oiF 25 H

239t ol whE oiF 28 ThlAo] child wie @ A
iSRS Qoltt. 2% A2l o 25 Shge] g
e el mxE g2y} §229 AolE HolA] gkskeH
(Fig. 1A), anti-trypsin inhibitor A& o]-85to] 43t FUHT
ekt w|Ae 71o] Jol7h ek QsichFig 1B). T 25
hiRlo] g 27191 SKTI HA| THid sf= v} g B
oA AR 23S UERSItHFigs. 1A, 1B).

Xi & He (2017)2 200~400 MPa2] 2119}t T= A7} tis: A
% S % Sl fconglycinind] FEE WA BUHE F
oJgos Atk BusAT 2 GTol gl Haos

Eo He}

Table 2. Characteristics of the proteases in analyses

= o
283t A3}, SDS-PAGE £-4 ‘s—l T BelA TSt
TR Akt olgt Axk= B 289 8 dH=A
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Fig. 1. Effects of high pressure treatment on the structure and antigeni—
city of soybean 2S protein and SKTI. A: SDS-PAGE patterns after high
pressure (HP) treatment. B: Antigenicity determined by ELISA. Error bars
indicate standard deviations. M: molecular weight markers (kDa); lane 1,
atmospheric pressure (0.1 MPa); lanes 2-4, HP-treated samples at 100,
300, and 600 MPa, respectively.

. e Optimum

No. Enzyme Manufacture Origin Characteristics

pH Temp.
1 Alkaline protease Genencor Bacillus licheniformis Serine-type peptidase 6.5-8.5 55-70
2 Bromelain Great food (Biochem) Pineapple stem Cysteine-type peptidase 5-8 50-60
3 Flavourzyme Novo Aspergillus oryzae Aminopeptidase 5-7 45-55
4 Papain Sigma Papaya latex Cysteine-type peptidase 5-7 55-65
5 Pepsin Sigma Porcine Gastric mucosa Aspartic protease 1.5-2.5 37-42
6 Proteinase K Sigma Tritirachium album Serine—type peptidase 7.5-9.0 55-65
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o] Z-gstth= H-S 1123 w(Braspaiboon & Laokuldilok, 2024),
£ Aol A83 20 271 SKTI9| 724 W3lks fies}
A Folglon, ol QI 21} A2 Sof|e thild uije ol 9kl
goll ozt Wslks YehliA] o2 Z0& st

B4 Jte2oll0] M2 MiF 2S THEZE9| Foff 3
tHs}
B4 71Eofo] mE o 28 ©EiEo] Eoff A2 SDS-PAGE
B AR Aat, 849 S0l wet od Esf) Aol g &
o]7} A= ITHFig. 2). Pepsin 42| A] 20 kDaQ] SKTI7| 7[5
off Fol|iz o s TElo], ATEAQl Eoff B} AFHAR] o=
LFERSATY. Papain 2 bromelain #|2]of|A+= 20 kDa Q. Tl Wi
TO| A= AAasiel o, siiofA Miert S5lstA wZl e
= WEEI ¥HH, Flavourzyme A2|ofAl= 20 kDa RHE &7}
2 IR GA1E Zos Hof o 28 W] gt o &
7} vl AgHAQ] Ao 2 Uebgth Proteinase K A|2joA=
ol E57F ER1E ] o Shetof] oFjt fHET Holglglom,
HekAQl B3l 222 papain L bromelain 2|2} -GARE 522012
t}. ofo] H|8f alkaline protease A|Z]flAli= T 28 THHA WiE o
W] LAE0], & Ao ARG BA T 7P AR o
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Fig. 2. SDS-PAGE patterns of soybean 2S proteins after enzymatic
hydrolysis with or without high-pressure treatment. Panels A-F: pepsin
(A), papain (B), bromelain (C), flavourzyme (D), proteinase K (E), and
alkaline protease (F). M: molecular weight marker (kDa). Lanes 1-2: 0.1
MPa; lanes 3-4: 100 MPa; lanes 56: 300 MPa; lanes 7-8: 600 MPa.
Lanes 1, 3, 5, and 7: before hydrolysis. Lanes 2, 4, 6, and 8: after 60
min of enzymatic hydrolysis. Lane 9: enzyme only.
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0 s Gne eyl
s Z15RH0] o 28 o) JUgS Wk Ak
P WMok SDS-PAGESIH THEE T 25 oyt A3}

HE 8T 2 HAEE | vleR gHlste] Hlwsigich
Pepsin 2|2 3¢ Tld Za7} AljEA 0 & vERd A} fARStH
A TS AAl IR FASke A HAPoH, TR Fol=
o2 oy ghAdo] Algta oz ZhAekrt. S Egke vl
Stk wl, A2ete] /S vlAEE HiH] 54~59% ol AT
Oli= pepsin 73O 2= HiF 28 T g AVE F
3] A|ASH] offth= 21 AIARITE Papain 9 bromelain #]2]
ofAli= SDS-PAGEO||A =8 Thlld Wit 0] 747} Sholw] 3l Zofl =
Er51, U A avks AIRHA QL 420l ZLAIE Papain A2
2 ORI HiE] ojd3] 80~90%2] /S 7HAIAL o,
bromelain &2 74~88%2] THAJo] AH35}FT}. Bromelain 7}
TE5fol| ot A =71 A Bt A AtolA] e Axt
2 YERAL Ql=t, Lamsal et al. (2007)< bromelain®] % 8
glg Bolg maHoR Bae 4 9SS Husifior, Panda
et al. 2015y T TS bromelain 2 7B A| LH27]
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Fig. 3. Antigenicity of soybean 2S proteins after enzymatic hydrolysis with
or without high—-pressure treatment. Panels A-F: pepsin (A), papain (B),
bromelain (C), flavourzyme (D), proteinase K (E), and alkaline protease (F).
Samples were untreated (0.1 MPa) or treated at 100, 300, and 600 MPa.
Bars represent absorbance at 450 nm measured before enzymatic
hydrolysis (T0) and after 60 min of hydrolysis (T60). Data are expressed
as mean=standard deviation.
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/o] 33 SRRl HAlstiH. Flavourzyme 2|0 A
- SDSPAGESIA] S92 Belpt A9l B gk A5t AR}
A G AT EHE e 9k 931 Gelke] Z7Rhe
o] BRI, Proeinase K AZo|IE B2 Fapyh 34
0% FRIBYSOE B9 Flavouzymesh SA1517 Fe14]
Z/1HSIE 3, SDSPAGE Ao B B 2ot 34 3
R4 A= ofolAlis 22 o, o= YA7F LB epitoped)
R o] tiet Yeo] 94 4 ] ol Ee B4 7}
TE3) TgoflA o] Tl Sk WSl Qls] 7)o keEEA| Rt
¢ 2717 EEvAY AEA 342 4 Ate A2 ol
F(Clemente et al., 1999) ¥ <& Th2)(Cabannillas et al., 2010y
WOz @ Y a7 Aste Qg

HHH, alkaline protease Z|2]o]|A= SDS-PAGEO||A] 25 3+
Q1% i Foieh A FUAdol FSlsHAl Aaskint. el
9] JE FEES vAEE HiH] 7.8-9.5% FEollon, & A

rp

Tl G i B Vg Zeeha QuE Wy A bt
UERE 242 8918 4+ 9lir. ol weae] SAQ) eo] of

T

o Tz e B3k P A7l we} B S UL A
ARSI}, Alkaline protease= THJSH HElo|= AR H|Eo|Z o7
Adsh= E4o] 9= ZACoE IEA U2 (Gupta et al., 2002),
o2fgt Ta3 EAdo] tiF 28 o) g 247] =25 At
Aoz mysk=t] 719%e 7FsAdel et RARH Aed B
AL Aoz 3t Ad AFA L alkaline protease A|E &AT}
T+ protease] B|3f & B3] 7I+23f S4S UERdt= 2
7} QUci(Humiski &d Aluko, 2007). 3HH, TloEE AA|SHA=
SIARE i 28 Thde] = A=Al SKTIO| HisiA: &
A3t A 7leeEsl 2 FEA A4S R 23 ARl
] 23l P I ek BEF2 28 28 AL FABH
pepsin, papain, bromelain, Flavourzyme 3 proteinase K Z]gof|A=
A A7 a7 AIgHE 01924 alkaline protease *]Z|ofAl=
A At FEEsH BEE:

T B, & AT ks 84 7leEsfol] i e Ak
At eheet Sl 2of of fEvhs 5] 28 S99 T
o] digt Z3f #elol ols #¢-de HolErh 53| alkaline
protease AFjollAl= Tl Zafie} e Mot dud FEFE
uehiio], A4 FH =714 Azt ado] tigt 7t A=V 289
S AR

o &

i

84 IR0 M2 HF 25 Hemo)
H3|

A 7ppRsfo] W diF 28 Do) A=) Wl o

dy=7|d

——
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Fig. 4. Effect of enzymatic hydrolysis following high—pressure treatment
on IgE-binding reactivity of soybean 2S proteins. Panels A and B: alkaline
protease—hydrolyzed soybean 2S proteins under high hydrostatic pressure
at 0.1 MPa (A) and 600 MPa (B). Samples were collected before (0 min)
and after 60 min of enzymatic hydrolysis. IgE-binding reactivity was
evaluated by ELISA using sera from soybean-allergic patients (patient)
and non-allergic control sera (negative). Bars represent absorbance at
595 nm. Data are expressed as meanz*standard deviation.

A WAL o}83F ELISA £4S B3] BISCHFig 4. A4
7ol Wew, 39t Aelol] whe g 73 Wk oz
400~600 MPa H{JollA] 7Hg SFSishA Uehde, 2714 37}
oM e QY 20e qEsoR Hgae 20 WikHolrt
(Pefias et al., 2006). o]of & dtofAe 219 ] 9= HE:
Moz BrIek] 915 600 MPa 2L IgE 2% BHe| tfE 27
0% ST 1ok ARRS FRe A ARTOE /E0R
ZkE Y =714 HIEH(%)= ARSI Alkaline protease 42| &
ZE =71 2319 AP Qlo] 7Rkt AlzolA 10.6%,
600 MPa A2] & 7}=E5fst A|RoA] 7.2%=2 YERY, 2319 A
2] ojFo] mE I =714 AaE] Fon|gt Aol FEEA]
%Rk O 1} alkaline protease A2l % 2S TiA 9] [gE 23S
T 02 AT ¥, papain AZFONHE IgE AFO)
T ARHOR Uehton Flge] 5 B IE AR 2
G =X Al 75%, 600 MPa A2 A] 78% 0= LB 71
S A Alm ] dElE7)1d A 2t mjejsiginh. T3k 21
A2 ol whE IgE A=) Aol WHEA| gfgkor, o2
T SDSPAGEOIA] BRI S Tl o} A4 2
7] WF&-Z Hi7iShe IgE 2% 591 AIAR olojAA] W= Al

t

de

o

Ut ol

l
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ARRICY. Papaine A&/ ©Hd 7lisf 9 =71 Aa
FAHo8 oot AY AFolA AREEC] Eom Panda et al.
(20152 7 SIS papain & 7RSS W 4 230
A] IgE HEg/go] @A5| HAstgle2 Harstyith ol v
J2sto] & ALoflA|= alkaline protease #|2] BIME H| - H55}
7] §13t tiE B4= papaing AT vt & AtoflA of
7 28 A fido = gk ROl papain A 2o TE IgE
2% davt AtE o' Y, a4 7ieEse] IHE714 A
4 2t i FRel a4 40 wet 24 2EHE & e
Hoj&d.

Alkaline protease™= subtilisin | 82| A ZZHo[A|Z thst
HEfol= ATE HlS0]5 02 Hristo] Bl 7 AL By
SJp] ook 4 7HIEKGupta of al, 2002), ol et HAA
S o 25 BhAe 1gE 28] Tolele 3 297 TEE
Az og wsh=t 719 7FsAdol Ak AAR Bacillus
subtilis = Bacillus licheniformis 32 subtilisin A8 47} 4,
26 9 o= YA Ik B AUEOR T AR
7} B1% ¥} Q) O ™(Frias et al., 2007; Phromraksa et al., 2008;
2009), & A+ At oj2et A AEI duE AFe B
th ole =714 Aol loiA Tt Tl Baf of fEch
40| 2g EAT #3) HeH 8 837 849U AARITH

AY27|d MAS et 5iols

Alkaline proteaseE ©]-83F tiF 28 THlA Q] A 27]/d A7t
= 9o 24 s 2 ViR AR wE aYE gAFeE j
7o1itt. Alkaline proteaseS 1%, 0.1% 2 0.01% L2 A 25}
<= o 28 ThEe] 8 WETE iR AAERIOW, 0.001%
4 0.0001% FEoA= Tl Zoi7F Ao WA= A] ehlth(Fig.
5A). ©]% alkaline protease©] 25t B¥}ZQ1 thild EiE 3|
U 5 o9 54 Tt Ya3hE HojEoh Tl Haojjrt
gelE 7oA FE BSHE B7IeE 23, alkaline proteaseE
1%, 0.1% 2 0.01%=2 H25t9S o thF 28 thao] Ao
B7}eEs] 2 oie] 22 9.3%, 23.6%, 71.7% 2% T4
SPITHFig. 5B). ARHAQl S Ejlsh] 3t X AmE
SKTIO| tjsto] FUgH AdS s3It 5% 5= 22004 3
DAo] Zkzt uA 2 thH] 8.1%, 13.5%, 60.2% FF0 & 7HAs}
of tiF 28 W AAno] A dAsilth o] Ak
SDS-PAGEO||A] -FARRE E6ff i oot i A7 2t
+ B4 5o gt £ AolE UEid S Q32 AR

U A4 a7 FRsH e 1% 2 0.1% A2 279
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Fig. 5. Effect of alkaline protease concentration on protein degradation
and antigenicity of soybean 2S proteins. A: SDS-PAGE patterns of soy-
bean 2S proteins following enzymatic hydrolysis. M: molecular weight
marker (kDa). Lane pairs 1-2, 34, 56, 7-8, and 9-10: samples treated
with alkaline protease at concentrations of 1%, 0.1%, 0.01%, 0.001%,
and 0.0001%, respectively. Lanes 1, 3, 5, 7, and 9: samples before
enzymatic hydrolysis (T0). Lanes 2, 4, 6, 8, and 10: samples after 60 min
of enzymatic hydrolysis (T60). B: Antigenicity of soybean 2S proteins
measured by ELISA before (T0) and after 60 min (T60) of enzymatic
hydrolysis at different alkaline protease concentrations.

tish =2t @82 ol8sto] IgE 2 S 7= B7IsHth(Fig.
6). 1 2}, alkaline proteaseS 1% % 0.1%=2 A 2|st F$ A&
A =27AL Z1ZF 30.4%, 51.3% =02 A4S a4 10%
A9 Al SAHERT 7] LU EZVSS FARE A vl
< o, i 2S A e] A 2714 &S] Addsh] flsiA=
10% <22] a4 A7t 9572 o= e o= AA &9
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Fig. 6. Effect of alkaline protease concentration on IgE-binding reactivity of
soybean 2S proteins. Panels A and B: soybean 2S proteins hydrolyzed with
alkaline protease at concentrations of 1% (A) and 0.1% (B). Samples were
collected before (T0) and after 60 min of enzymatic hydrolysis (T60). IgE-
binding reactivity was evaluated by ELISA using sera from soybean—allergic
patients (Patient) and non-allergic control sera (Negative). Bars represent
absorbance at 595 nm. Data are expressed as meanz*standard deviation.
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Fig. 7. SDS-PAGE pattern and antigenicity of soybean 2S protein after
hydrolysis with alkaline protease. Absorbance was measured using
ELISA. Hydrolysis for 0, 10, 30, 60, 90, 120 min, and overnight. Error bars
indicate standard deviations.
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Fig. 8. Application of optimized alkaline protease hydrolysis to whole soy-
bean proteins. A: SDS-PAGE patterns of whole soybean proteins; lane 1,
untreated whole soybean protein; lane 2, after 60 min of enzymatic hy-
drolysis. M, molecular weight marker. B: Antigenicity evaluated by ELISA
before (T0) and after 60 min (T60) of hydrolysis (absorbance at 450 nm).
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