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stttk A4 2 A =F5AY %ﬂ.%ﬁﬂiiﬂsﬂzﬂ-J gy 2 A7 s s
1 Cathepsin % trypsinol] that E3xd AejAe AL v uFEA sy

A
t}. A8 AE(Egg white 2 potato inhibitor)¥2] vl nl A

o #eld 29 ZEAAAG 12 L AR H B

Ki and Vmax value 70l g A&f|7|2& H7bstd L, &%, pH 2 224

o % BAsgL

% Bt S48 48 AU AAAY obelxAud B4, 24 $4 2 PCR
2 E% 484 B

nh dojd SR EL AfAY A2 TR HETY L TAAFHA P
43
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v, Az vAEY] Hag T AA ZAAHNAY dFANITAH 28 AV
o &9

dojd dufZeiaa Al Al HH % AsjEds Asksinh

AL AR E4ANA L FRE A EY FATY
GBS g AR AS H7FE surimiE Xﬂié}cﬁ Z4d EA 2

FaeH,

ol

Kol
=

D
}AZF(ER L SHERY SRRHEL ARAS AA
AEF 2E(FR PATY A, %2 FAvonne wuARns A
AE Flstn wRARAEL ANBYL ZHsAH

. 2/ ThHd dHEFELANAY 2 2 AA
FZ5(P. yezoensis and tenera) R 27/ (E. intestinalis)®] 93l &4 A 3

Al &kl W FUHE Wi om, P oyezoensisEHE O] @M EE FaA A

weedaes B,

o Axs ZAANAY B3 2 AsAE Bt
P. yezoensis® WHEFHEZALAMAL] EHS &

=

)
plasma protein, egg white, potato powder 5 719 & - A4S @ A A< 1

i Brsrget.

2 A= (pH)oll wet beef

g, B2 gWEH g s A3A 9 N-terminal £4 2 A
= FHEHE dWMEHEAANA Y N-terminal® <7 E peptide

uh, Ao AR ELAAAY A2 ¥y 2 AxF &5 AL
Cystatin ke W E pYES2/NT_C (cystatin)& &5 (S. cerevisiae YPHA499)ol
A% st o, AxF WY E ALta] aRoA TAsHS T

o EFAY AzY 9y L AZF 2R AL
Az B S AGee TEA G DR asdade ¥ho Aan ww
2 AeATE AT,



1. 45 fd 9 EANEL AfA AT 2 FA4FAY $

7}. B (Alaska pollock egg)EH-E @RI E L AA AA 2 EX

g el dulEsasA A=

exchange , gel permeation, HPLCS ©AIE AA AHA Ao dEaio 4
T G B A= AT F HA g%, EuAde] gle dolA AAE oy
Tl g art Aagdgdo]l vA yErwTh g9Esl a4 AA JEE ammonium
sulfate precipitation, ion exchange, gel permeation®l A 22.7%, 15.3%, 4.4 %= Z+
Zy eyttt W] dl B ] g A A A= gel permeation chromatography ) & o]
o3tH 66.7kDa¥} 16kDa®] A &S Zk= 7 /=2 UEET 5 S/ w2
TAaABA Y] 7 papains A 33t cystein T3l & A A oHXﬂi A2y = o 2 o,

ammonium sulfate precipitation, ion

Y. EFX¥Y(Glassfish egg)Z2FH AEAGMEHEZLANA  (Low-molecular
wight protease inhibitor) ZA] ¥ F% E4
EHALZEEH A" 677 18 kDaol + F7F9 9 EE LA NA = affinity
chromatography©ll ¢l3] AA A Tl B ash AfAe] &3 <%=+ 18 kDa
o] #AFE zhe dMEsEaAsAle] A5 0.25%2 46.69 ©] At} 18kDa®] o}w]|

= 7}59\]:]' %%ﬂ?——-} %EHQJ %‘ﬁl%éﬂﬁﬁ:ﬂéﬂzﬂ{— 5()~65°C9,]_ pH 801]/\1 ?lA;(C_]);Q'o]
Uﬂ] egg white @L‘%B‘H}iixﬁﬂ Aol ¥ cathepsindl thdt A& & o] A e}
& agA gtk g EEAY fee ey

%)
ng_iﬂ A= cysteined] G LA NA T shUE AZFE A X

th. EZXY (Glassfish egg)Z2HEH DEAIAREHELANA (high-molecular
weight protease inhibitor) AA| ¥ T+Z &4
Affinity chromatography$} electro—elution®] <3| 673 18 kDa%] F+ /< =
A o] G EsE AN ATE FAEJAT. o] T AT & A A ) A
(HMW)+ 1846 U.mg®el A3}, 0.07%< &3 131.869 == AAHHS
=wA el aEAbdy E—ng_ﬁ:Xionﬂ.q AHBHS 9ar FAo ewel pHE
Z

7)
t}. 97.02 nM-"J KiE 2zt papain¥ H]uskl S o 7&‘%}751‘?_] A E st Ao=



Ho] [} =3 AW EFHIAES A& st egg white T E ] & A A A H T} U

L zyHoIdY. EuA U9 nEAGHESH EALANAE family M 2
Ao F FEEZI
2}, dojY(salmon egg) G EINELAFHNAY AA L EA

Aojdo A ion exchange, gel permeation®} affinity chromatography® % A%
G B gAhA S A EAFL 726 kDaolth dAoY e whuliEs)] g A
= 150%° &3 83449 +x=& AAHSI o™ SDS-PAGE®] A#E Hol 54.0%
186 kDa®] ®A#S 2zt F /)9 subunito @ o] Fo A UTE AL {2 whl
Bl g A= 20~40 CeF oF2HpH 6)ol A ¢ A olw papain®} cathepsing A
&3t cysteined] @MW EE &A% 9F chymotypsines ofyth, Aol fFafel wy
F3] 2 A 3 A = cathepsin A3 &4 S egg white W] Z A A ) A B &34
o % et W papainol A= A 2 Zlo] ApHdolth. o2k A3 Ho}
Aol 219 A 8iA= heterodimero] ™, cysteinesd TR EAAHA R FE T
o]zt

o 7l olF wlEAasARA A4 2 54

AR EaANAE o, Aol Wol, BFAst eje] 5714 o F9 2L of
gate] AAT 24 o) GuBsHEaAN A BT 120, 89, 485, 177
168 kDao.2 ebor] auRsiasqsagel 4% ol Yuur BAY
falol wMBAREANAt g AT BER & oo @R sl
of el as A d . =+ 1970 U/mgd 164.700]H 50~65 T2 pH 8
oA WA ebgHolth BEA o fae] wuwsasAsAe] Kit 44 nMol
otk

|

e}

vt A ZS E.coli25H EFA Gl EHE LA A A

AFAAEY o]K 9 FAL3l= cathepsind} alkaline @R T4 S 2o
ofF SHUHEHELE Adlfst= Aol s WA F Uvh. FALS= A &
T AT HAY WHe olfF 25 @R EsE A AsAE AHEste] A=
Zolup HA=ol e AsAe] FA F&o] vig i AFA o] & 7hsAdol i
G- vk A FEAR S AETsbg s S G EsiEs AsAle] gRANS 5

&7 1970 U/mge] Asidde 2t Zol Alel] Axd o]

A
Asgde 7117 Umg YA detwth Axd E5x dEsias AHA4 9



amino acid sequence & Met¥} Asno| W33 Ao] AfEAHE FAA7]+=d AT

e A Ao FEAY

A AZE GRS AoiY B ELANA 54

pYES2/NT_C. SC medium uracil®] 3% Saccharomyces cerevisiae YPH 499
of Wt A Ao duMlEHEAAMAE A SRS dEujA el ujfat
Atk AxF a5 Ao dwFslasAaAe] A2 pH 55904 12415 <

gFsts Aol HA zzlolth MF F AxF ARE AA i, AxF dojg

ol

W B g AA s A= His-select nichel affinity chromatographyol] 7 #)3}$<S
61%°] &3 5609 TE& YEINY. Axd A aisAdsfAe] FAHFS 35
kDa® 2 papain?} cathepsin L3} B2 3slg S o =& A S By &E9 oF

Abe] Bl A oFA A o] 9t}

of. AAEALANA FHd FAAFY F2 T AT

Saccharomyces — cerevisiae®] HHEH AFFE Ao TWMEIFIALAAFNAE
His-select nichel affinity chromatography®ll 2] A A3} t}. papain¥ cathepsin
oAl RS W AR Aol duMiEsEaAAe] A 7459 10.24
U/mgo 2 717} Yep o™ pH 503 65 CT7EA 9] 2% oA b A o] qdtt. A
Z5 dold A B E AR A= surimi-gel®] weakeningS AR o™ TCA
-soluble peptide®] &0l 23t Surimie 3¢t v AL uf Q=g Ao w9
Tl BaAAE 100 ug/gel A H7bete W 7P = AEde 7
NEE Aol TR E Ao HrLES F71eA ¥ modori gel®l breaking force
9} deformation®] #A A T7F8FATHP<0.05). AZgtiEa g A sAle] 7t
= dripd ABAS HA = TA surimi-geld] wwWS ZFUpAZow ¢ B
Myosin heavy chaing H{r3tAl Attt AxF Aol @ Eal| aiaA &) 4=
B Surimi® w2 degradationg WA= ALV} egg whiteE ol ¥ ot} b}
A Az Aol MR g AA A E surimi-gele] A G3 S W Et7] el Ak

drow $89 5 UL Ao AgHoA.

Z St gE L AZ B gy R EaL AN Hu

AN %38 cystatin® 7A-$ elastase AEA 2 tyrosinase A& FHA S L}ERLER
%gko} collagenase Al &AL 0.05 mg/mLe =0l vebwtch 28y A%
cystatin®] FEE 02 mg/mL7tA F7HAA SAS A AEdZd =7 g8

Aol 7k 1A ekgket.



k. o] % 99 A B4

Fo]dA N A S surimi geldl 1 mg/ge]l H = H7Eetd S ul F3 7o w
3to] breaking force7t 7+ #l o] F7FetATh 0.75 mg/gel FEE H7tsE S o
7 2o e Ao egg whiteE 2 mg/ge] HA H7FE A XU} breaking
force7b =A WUERRTE 3 Fojd AW A S H7e A2 surimi-gel®] v W & ¥}
7V vetston eate] gheFo] Atk mWlEd Al 075 mg/gel A 7HE =8k
ow, I ol Fe sroMe Q3 WWMALEYL Dasts AoRE UEut. nulE
7 2] egg whiteE 2 mg/gol HA H7HE ARG Hojun

FoldFAdMAS 075 mg/gS 7 AL myosin heavy chain(MHC) <]
degradation= A 4 Ja, 1 o] H7Fe AL MHCO degradations 5712

2 %5 9
2. BAEAELANA] NFPL L ARFRY A3

7h @i dggH| g o9 &44 72 A= AEFERF AA(FEF)AA
] J

WAL o] @l RS ethanolFE M2 &3 sonicationg ©]-§3 7]7
FEHS ol&et FE N o2 ARnEIHIE AMEEte] GA AT

Ethanol®Z F=3%F WAHFH A FHo @4 A= ammonium silfate®] 5=
of wg} 2 o] Y=A YEom, 0-20%2] ammonium sulfateo] A} A o] <k
o] 45 mgo = tE Fitel] HlE UE3s ot AsEdS 0.04 unit/mgE E}
TFZkel wlE] w9 WA YERE T papain A A2 40~60% T7HelA 16
unit/mg .= 7HE =4 dEtwn w3 VA4 FEUHoeR FE3 duld iR
AA A= ethanol F39 Ao Blete] dufdo] o 3o AX 127 F=5
3L, papain A& A4S 60~80%, 80~100%4 = WEMA ekokar v Sk
A= ethanol F=&3 FAFSHA Wetwtth AAld oA 2]
=2 AP °F 0.09 unit/mgelFal AHH O 2 (+) charge

q
W4o] papain Asetd EAF GTL de A2 FEL 5 9

-

2) B3 FH SHAEAETS ANA
e FF A9 ethanol FE=FE+ wlF e A4S Bicd, Sy
ammonium sulfate®] =7} 0~20%, 20~40%<] -7tollA ¢F 12 mg/mL=Z U=
A

AEH AL YAl 3k A5 0.5 mgolste] v Rt HEE AT e e o



F3H= Aglol papain A BAL 0.1 unit/mgE ] wrgren] 80~100% -7kl
Al 21 unit/mg®] AL HdS zZt= Aew Yyt weba 80~100% TFRE of =
AnEIYYE S A7 2719 peako® FREAOH S @A peak?]
Asfdde] dod ez =4 YeEsith

U f2FEEY dAEHEL AEH D AEZFA AfALe EHH N
WAL Aol A ethanolF=EW ¥ 71 A4 FEHl 93] FE8taL o]2ud=
ZrtEaH IR GAg G EaiAl A= 66 kDaRth oFgF & Fto A B
Folom ol dutyg oz 4 cystatin® EA# °F 13 kDakth €4 At B
A AFRNM = BAHFH A9 ethanol FE=0 SAstE @A #
= () charge% o gfelar, Aol &
cytatinE.th+= E4 &
0

Mw RREEPEC T

'3]15‘— el el RS & 4 A 8 A= ammonium sulfate®
Aol xfol7F yrERE O™ 40~60%7-7Fe] A A 7E Bl A HE ZEoA =
A vEbst i, pH 6.00014 7HE =& AdAd s 7T slx
A A= 25~37 C, pH 4.0 ~ pH 6.0914 <tgAo|A|vt & =
el maA Aol ms] v 2molA AsdAdo]l =A e

t}. S. cerevisiaed] 9% AZF Ao} cystatin BAE AT oL F e} YT AHY
# 2 35}

ANzg Aol d R ainAsf A WS 98k S cerevisiae YPH 4999] wlj &
I A 21 AA A HAASH] 91814 shake flaskoll A A& As 722
stk whE W FARSM) BHE S8t 571A 9 WE, F medium©] pH,
v kA 7F2} YNB, amino acid, adenine®] %< A A3dte] A&s Az pH 570004
6.684 7H5 Qb v FalaL, 2% galactose’} 5.6 g/L7F H =% H7sk Zo] A o]
ATk HAH 270S bR oE AxF EEE 14 Lo LExdA 350 rppmo R XIE
3HA 1.0 vvme 2 aerationd] & A¥ 056 U/mLe ¥ #&& AJrh Z=3
45%9] cold alcoholS H7}st™, A% SR ZHE AF3 Aol o
Ao AAE & 9 44 & 5 AAgh
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SUMMARY

a stabilized fish myofibrillar protein, is the primary ingredient in

Surimi,



surimi-based products. Gel functionality, such as texture and color, of surimi
seafood is the most important aspect of product quality. However, autolysis by
endogenous heat stable proteases causes an irreversible destruction of the surimi
gel structure, especially at temperatures close to 60C. This gel softening of
surimi—based product is called as "modori phenomenon”. Therefore, surimi
industry have been using the commercial protease inhibitors to prevent modori
(gel softening) phenomenon and to maximize the gel strength of surimi. The
most commonly used inhibitors are bovine plasma protein (BPP), chicken egg
white protein, potato powder, and whey protein concentrate. Because there is
some side effect on surimi-based product such as change of color when these
protease inhibitors were applied, fish protease inhibitor is thought to be the best
one to prevent modori phenomenon.

The inhibitor of cysteine protease was first isolated from chicken egg white
in 1968. This inhibitor was further characterized as cystatin classified as the
first member of the cystatin superfamily. The cystatin superfamily is divided
into three structurally related families; stefins, cystatins, and kininogens. Family
1 (stefin) lacks both disulfide bridges and carbohydrates. Stefin has a molecular
mass of around 11 kDa, is the smallest in the cystatin superfamily. Family II
(cystatin) is also single chain with one domain protein and about 2 kDa larger
than the family I inhibitor. The polypeptide chains of cystatins contain two
disulfide bonds near their C-terminus. Family III (kininogen) consists of a
N-terminal heavy chain combined with a variable length light chain. The heavy
chain has three cystatin-like domains. Based on the length of the light chain,
the kininogen 1is divided into two sub-families; a high molecular weight
kininogen (HMW Kkininogen, ~ 120 kDa) and a low molecular weight kininogen
(LMW kininogen, ~ 68 kDa).

The interaction between proteases and their inhibitors was a target of
intensive study for the last two decades. Protease inhibitors were purified from
ovarian fluid carp, egg and muscle of chum salmon, muscle of white croaker,
Atlantic salmon and Arctic charr, and hake, Argentine anchovy, castaneta, rough
sead, and sea trout.

In this study, protease inhibitors with strong inhibitory activity against

cysteine proteases causing the gel softening of surimi-based product were



screened from different fish eggs and seaweed and then determined their
characteristics. Some protease inhibitors were cloned in microorganism for mass
production, which was then applied to surimi-based product and compared with

other commercial inhibitor.

Chapter I. Mass production of natural protease inhibitor and its

application for seafoods

Section 1. Characteristics of Protease Inhibitor Purified from the Eggs of
Alaska pollock (Theragra chalcogramma)

Protease inhibitors were purified from the eggs of Alaska pollock (Theragra
chalcogramma) by the purification steps of ammonium sulfate precipitation, ion
exchange, gel permeation, and high performance liquid chromatographies (HPLC).
The protease inhibitor was not purified well from the heated eggs of Alaska
pollock. And it showed the lower specific inhibitory activity than the unheated
eggs. The purification yields after ammonium sulfate precipitation, ion exchange,
and gel permeation chromatographies were 22.7%, 15.3%, and 4.4%, respectively.
There were two Kkinds of protease inhibitors on the gel permeation
chromatography pattern in which their molecular weights were estimated to be
66,700 and 16,000 Da. respectively. Both were classified as a cysteine protease

inhibitor because of inhibiting papain, one of cysteine proteases.

Section 2. Purification, Characterization and Inhibitory Activity of Glassfish
(Liparis tanakai) Egg Low Molecular Weight Protease Inhibitor
Two protease inhibitors with 67 and 18 kDa were purified from the egg of

glassfish(Liparis tanakai) by affinity chromatography. The yield and purity of 18
kDa protease inhibitor were 0.25% and 49.69 folds, respectively. The amino acid
sequence of 18 kDa inhibitor was N-his—-ala—asn—arg-val-met-pro-glu-met-asn-
met-glu-tyr-met-glu—-ala—C. The glassfish protease inhibitor was non-competitive
inhibitor against papain with Ki of 4.44 nM. This inhibitor was stable at 50-65
C and pH 8. Glassfish egg protease inhibitor inhibited cathepsin more effectively
than egg white protease inhibitor, while reversed on papain. Glassfish egg

protease inhibitor is therefore classified into a cysteine protease inhibitor.

Section 3. Purification, Characterization and Inhibitory Activity of Glassfish



(Liparis tanakai) Egg High Molecular Weight Protease Inhibitor

Two protease inhibitors of 67 and 18 kDa, respectively, were purified from
glassfish(Liparis tanakai0 eggs by affinity chromatography and electro—elution
method. The higher molecular weight (HMW) protein was purified with a
specific inhibitory activity, yield and purity of 1846 U/mg, 0.07%, and 131.86
fold, respectively, and was further characterized: Optimal temperature and pH for
inhibitory activity of HMW glassfish egg protease inhibitor were 40 C and pH
6, respectively, it was stable between 5 T and 50 C in the pH range of 56
with maximal stability at pH 6. It was shown to be a competitive inhibitor
against papain with an inhibition constant (Ki) of 97.02 nM. Moreover, the 67
kDa protein inhibited cathepsin, a cysteine protease, more effectively than did
egg white protease inhibitor. HMW glassfish egg protease inhibitor is classified

as a member of the family III (kininogen).

Section 4. Characteristics of the Protease Inhibitor Purified from Chum Salmon

Protease inhibitor of 72.6 kDa was successively purified from chum salmon
(Oncorhynchus keta) eggs by ion exchange, gel permeation, and affinity
chromatographies. Protease inhibitor was purified with yield and purification fold
of 1.50% and 58.11, respectively. SDS-PAGE results showed purified protease
inhibitor consisted of two protein subunits of 54.0 and 18.6 kDa. Chum salmon
inhibitor exhibited stability between 20 and 40 C in weak acid environment (pH
6), and inhibited papain and cathepsin, members of cysteine protease, but not
chymotrypsin. The protein inhibited cathepsin more effectivelythan did egg white
protease inhibitor, whereas the reverse was true for papain. These results
indicate chum salmon egg inhibitor is heterodimer, thus the inhibitor was

classified as cysteine protease inhibitor.

Section 5. Characteristics of the Protease Inhibitor Purified from Fish Eggs

The protease inhibitor was purified from five different fish eggs. The
molecular weights of Pacific herring, chum salmon, pond smelt, glassfish, and
Alaska pollock egg protease inhibitors were 120, 89, 84.5, 17, and 16.8 kDa,
respectively. The specific inhibitory activity of glassfish egg protease inhibitor
was the highest followed by Pacific herring and Alaska pollock in order. The

specific inhibitory activity and purity of glassfish egg protease inhibitor were



19.70 U/mg and 164.70 folds, respectively. Glassfish egg protease inhibitor was
reasonably stable at 50-65 oC and pH &. Inhibitor constant (Ki) of glassfish egg

protease inhibitor was 4.44 nM.

Section 6. Purification of glassfish egg protease inhibitor from recombinant E.
coli.

There is a strong demand to prevent the deterioration of surimi based
product or fish meat by inhibiting digestive fish muscle proteases such as
cathepsin and alkaline proteases, etc. The best way to inhibit the fish muscle
proteases 1s to use the natural inhibitor. However, purification of inhibitor from
natural resources 1is very low in recovery, which consequently limits its
application potential. Large—scale production of protease inhibitor for food
industrial use and biotechnique is highly demanded. In this study the glassfish
egg protease Inhibitor was successfully cloned in E. coli. and the recombinant
protease inhibitor was purified and its activity was compared.

Specific inhibitory activity of recombinant protease inhibitor, 7.117 U/mg, was
lower than 19.70 U/mg specific inhibitory activity of natural protease inhibitor
from glassfish egg. Because 7 deduced amino acids sequence of recombinant
protease inhibitor was changed, especially Met and Asn residues, it might cause

the decrease in inhibitory activity.

Section 7. Characterization of the salmon (Oncorhynchus keta) egg protease
inhibitor in the recombinant yeast

Recombinant chum salmon cystatin (RC) was overexpressed by
Saccharomyces cerevisiae YPH 499 incorporating pYES2/NT_C. SC medium
minus uracil was used for selection and cultivation of the recombinant yeast.
The optimal conditions for the production of RC from recombinant yeast were
pH of 55 and induction time of 12 h, respectively. After cultivation and lysis of
the recombinant vyeast, RC was purified by His—select nickel affinity
chromatography with a yield of 61 % and purity of 560 fold. The molecular
weight of RC was around 35 kDa based on SDSPAGE. RC showed high
inhibitory activities against papain and cathepsin L, and stabilities against

heating and weak acidic pH.

Section 8. Application of recombinant chum salmon cystatin to Alaska pollock



(Theragra chalcogramma) surimi to prevent gel weakening

Recombinant chum salmon cystatin (RC) expressed in Saccharomyces
cerevisiae was purified by His-select nickel affinity chromatography. The
specific inhibitory activities of RC against papain and cathepsin L were 7.45 and
10.24 U/mg, respectively. RC was stable over pH 50 ~ 7.0 and at temperature
below 65C. RC was used to prevent the gel weakening of Alaska pollock
surimi. RC at 100pg/g showed the highest inhibitory activity against the
autolysis of surimi based on the analysis of TCA-soluble peptides. As the
concentration of RC increased, both the breaking force and deformation of
modori gel greatly increased (P< 0.05). The addition of RC resulted in less
expressible drip, which was coincided with the increase of whiteness. More
myosin heavy chain (MHC) was retained as the addition of RC increased.
Therefore, RC could prevent the degradation of proteins in Alaska pollock surimi
was better than egg white (EW). Thus, RC could be applied to Alaska pollock
surimi to prevent the gel weakening and RC at 100 ng/g was the optimal

concentration.

Section 9. The inhibition of recombinant cystatin against elastase, collagenase
and tyrosinase

Elastase inhibitory activity : No obvious inhibitory activity against elastase
was checked at two concentrations of recombinant cystatin.

Collagenase inhobotory activity : At 0.05 mg/ml, the recombinant cystatin
showed some inhibitory activity against collagenase from Clostridium
histolyticum. As the concentration increased to 0.2 mg/mL, no inhibitory activity
could be detected.

Tyrosinase inhibitory activity : No obvious inhibitory activity against
mushroom tyrosinase was determined at two different concentrations of

recombinant cystatin.

Section 10. Characterization of rainbow trout plasma

Effect of fish plasma on textural properties of surimi gel : Surimi gel at 1
mg/g of fish plasma showed the highest breaking force which was around twice
of the blank. At addition of 0.75 mg/g, the highest deformation was obtained.
The breaking force and deformation were both higher than those of the addition



of egg white with 2 mg/g.

Effect of fish plasma on whiteness and expressible moisture of surimi gels :
Texture and color were main effectors determining the market value of
surimi-based products. With the addition of fish plasma, the whiteness of surimi
gel increased, which was consistent with the decrease of expressible moisture
(Table 2). Fish plasma at 0.75 mg/g showed the highest whitening effect,
Further addition would decrease the whiteness. The effect of fish plasma was
better than that from 2 mg/g of egg white powder addition.

Effect of fish plasma on protein degradation in surimi gels : Below 0.75
mg/g, the fish plasma could inhibit the degradation of myosin heavy chain,

further addition will increase the degradation of MHC.

Chapter 2. Mass production and optimization of manufacturing process
of protease inhibitor

Section 1. Characterization of protease inhibitor purified from laver and sea
lettuce

1. Laver protease inhibitor

Laver protease was extracted with ethanol or sonication and further
purified by ion exchange chromatography. The yield of protease inhibitor
extracted with ethanol was different depended on the concentration of
ammonium sulfate. The concentration of protease inhibitor, 45 mg, was higher in
0-20% ammonium sulfate, but its inhibitory activity, 0.04 unit, was very low.
The inhibitory activity against papain, 16 units/mg, was highest in 40-60%
ammonium sulfate. Laver protease extracted by sonication with water had
similar concentration in the all range of ammonium sulfate. The inhibitory
activity against papain was not in 60-80 and 80-100% ammonium sulfate and
was similar to ethanol extract in other range of ammonium sulfate. The highest

inhibitory activity of laver protease inhibitor against papain was 0.09 unit/mg.

2. Sea lettuce protease inhibitor
Large amount of sea lettuce protease inhibitor, 12 mg/ml, was extracted
with ethanol in 0-20% and 20-40% ammonium sulfate, but less than 5 mg/mL

in other ranges of ammonium sulfate. The inhibitory activity of sea lettuce



protease inhibitor against papain was very low regardless of its concentration.
Its inhibitory activity was 21 units/mg in 80-100% ammonium sulfate. Hence
protease inhibitor in 80-10026 ammonium sulfate further purified. Two peaks
were purified by ion exchange chromatography, in which small peak showed

higher inhibitory activity against papain.

Section 2. The characteristics and inhibitory activity of seaweed protease

inhibitor

The molecular weight of laver protease purified with ethanol and sonication,
and further by ion exchange chromatography was 66 kDa, which is much higher
than 13 kDa of cystatin. Based on high molecular weight and high concentration
of (+) charge, the molecular weight of laver protease inhibitor might be much
higher than that of egg white cystatin.

Seaweed protease inhibitor showed different inhibitory activity depended on
ammonium sulfate concentration, temperature, and pH. The inhibitory activity of
protease inhibitor extracted in 40-60% ammonium sulfate was relatively high
over all experimental temperatures and highest at pH 6.0. Seaweed protease
inhibitor was stable over 25-37 C and pH 4.0-6.0. The inhibitory activity of
seaweed protease inhibitor was higher at lower temperature compared to that of

agricultural and livestock protease inhibitors.

Section 3. Optimization of the culture condition and scaling-up fermentation for
recombinant chum salmon cystatin production by S. cerevisiae

The culture condition for growth and induction of S. cerevisiae YPH 499 to
produce recombinant chum salmon cystatin (RC) was optimized on the basis of
former experiments in shake flask. Response surface methodology (RSM) method
was applied to carry out the optimization for the recombinant yeast cultured in
shake flask. Three significant independent variables with five levels, pH of
medium, inducing time, and inducing assistant (YNB + amino acids + adenine)
amount were studied in this work. Experimental results were approximated to a
second-order model with the principal effects of pH of the three factors
considered being statistically significant (P< 0.05). pH 5.70, inducing time of 6.68
h, and inducing assistant of 5.6 g/L with galactose maintained at 2% were the

desirable conditions for enhanced RC production from the recombinant yeast



based on a desirability function. Thereafter, the effect of agitation speeds and
aeration rates were studied for the recombinant yeast cultured in a 14-L
fermentor upon the optimized conditions above. The highest yield of RC to 0.56
U/mL was obtained with agitation at 350 rpm and aeration at 1.0 vvm. Addition
of cold alcohol to 45% (v/v) could help the purification of RC from the

recombinant yeast.
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&~ cysteined] @RS &4 E cathepsin (Seymour
of okA3 Azl Wl E g4 (Boye and Lanier, 1988)°]t}.

240 A4S AAsteE B
o2 AFHo g, 1 olfFE & dojups F5x49] o] #7
He B2 dWMEEshd, A, $4) ke e 247 g
gel weakening (modori)e] FHJo =2 2&3}7] wit-o]t} (Wasson, 1992; An et
al, 1994). =, Wi+ @8 (gelation)S A7) 93kl 7MEAHE e, 7HEE
A ek 47 A cysteineAdl 9l WEA d R & o 93 gel 7} HAE =

3

=, A& Al(inhibitor) S 3 7}eto] BAZAES AASH] geld =5 HAdsslr] ST

and Liener, 1989; Jo et al, 1989), @ Z3x} (Barrett, 1981; Nicklin and Barrett,
1984), & (Kondo et al., 1990; Abe et al.,, 1987), 7+A (Pompe-Novak et al., 2002),
44 (Joshi et al., 1998), ¢+ (%) (Kirihara et al., 1995), 4¢} = x¢ I
(Morrissey et al., 1993; Weerasinghe et al, 1996, Benjakul and Visessanguan,
2000) ¢ & - FAF=EOlA ALkET, Al (Kim and Lee, 1990; Kim et al.,, 1991),
QAEE (Hellberg et al, 2002) SolAx £g - Aol o]g¥ i v}t (£ 1).
gy ols AdAls Ul asE Addte] gel s AT olFe] A
ARk, DAekA] e Aoy e e FERgel o, I o5 Ao &
= ofFoly urate] Alzwwe wel @& zol7l Wb (Akazawa et al, 1993;
Reppond and Babbitt, 1993).
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2 dalrt dojuysd], olgst a4 #ge tidk AT W o]E AHIAE o] &3



F AT A9 gl AAFoln. FakEel A e
g W8S 2R B wgEo]

TRAEENA 7]t dHEHF L AHA A5, EvlE (Rogelj et al,
2000), A AW (H &5, 1993a; H & 1993b), 1L (Li et al, 1998, 2000), 1o
¢+ (Yamashita and Konagaya, 1991, 1996), ¥ ©] (Tsai et al., 1996), Zebrafish
(Gong et al, 1997) SolA AeAo=m e - BAsIA = A7 BaEo o
H (G 1), ol AsAE st AitetE = A5 (Walker et al, 2000)%= HiL¥

-

B oglont ofd zrlwAel vEes 4ot 53, A@Fe T AAES o
@ W R 9zt geod, b4t Haed urgAsAs A7 w
=gl Aoy,

HzFAA 71 FYRALE AHAN e Q7= F8) = golrh,

A x7F9 9U%< Padina gymnospora®t Acantophora spicifera®] A =] #¢] trypsin
inhibitorg°] 2 A 0™ (Perez-Lorenzo et al, 1998), ZxF SodA F=4¢
dextran sulfate, carrageenan, Fucus fucoidan &< sulfated polysaccharides (&4F
tdF)7F pepsin (Shibata et al., 2000), protein kinase (Religa et al., 2000),
heparase (Hershkoviz et al., 1995), HIV (Schaeffer and Krylov, 2000), 2 endo—(1
—3)-B-D-glucanase (Yermakova et al., 2002)¢] &4 & oA gte] Huxth o
Wt o s HxRe; FxFoe Ao diido] (10-47%, dry basis) &= o3l
=, 52524 FY79 987 HE Ulva pertusad 729 oz 3heko)
20-26%, &-Z ol sl ddk 71o] 57} ¥ = Porphyra tenera®] @iz shake
oF 47% Axz FFHRUYE =t} (Fleurence, 1999). U2 %% 7F<l Palmaria
palmata®l = °F 35% A== w2 ko] vl o] &ttt (Fleurence, 1999).
ZRrY TE2FY] =2 9d e ags & o o5 dxRFole I 3

AL AdA} EAGF] AL ob4 olo] HE ATFE o] FoAH %u 9

oft

O fAAze O3 HaBAEL ANAL A

FAA 245 ol &ste] duMliEiE s AsAE dHFANSE = AT FE &
FEE29 A&, = human cystatin C (Abrahamson et al, 1987), human
cystatin S (Isemura et al.,, 1986), chicken cystatin C (Colella et al., 1989), mouse
cystatin C (solem et al., 1990) % rat cystatin (Cole et al., 1989) %ol =35 o]
AFHo] gtow o5 uglo 9§ Hul¥ = Leishmania® (Selzer et al., 1997,
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d& k53t o, Cathepsin ¥ trypsinel] gt EFXd AsjAe] Aa|dd S 4
wEAEA T A8 AEF(Egg white ¥ potato inhibitor) 2] Hlnl Ad s

o B22E JA E2ANAY £ £ A 7Z HU}
Ki and Vmax value 5740 ¢s A& 712ts H7Fstda, 2%, pH ¥ F224

o 9% BHL gmatgnh

obml= il BA, FH4

g 537 53T FAE Fd AsA 9
54 % PCR & 53 F4A EA

o
=
2w A AT SR HEiX
=

S B3 fHA EAE Re
Cloned E. coli ¥ 25E Azs dwWisgrAaxe H4 wIdxzas s
Mz G R g AR AA L A vuE 9535k, Calpain inhibitor?]

HE, A2 vAEY TEE 533 I S42AHNAY dFAFHY
£ 3 ZAZEy g

Aojd chulEal g AdAle] AA W 2 AgEAHS AFs A

Ab Az EAASH A F4E
3 ‘Hxﬂf‘— H7FeE surimis
s Al g AEE dsstdTh

iy
N
PN
o
£

A A 2 R AA

=% (E. intestinalis)®] &

-

3l & A& A 3l

(0]
,
2
ME
=
Wa, t‘b"

T
EZF(P. yezoensis and tenera)



{

[¢]

NAREs] & A s A

A @] Hlal HrE Pt om, P yezoensisEH-E S T

ExANA B3 R AL B
545 &% % A=@EH)dd w2t beef

o fx5
P. yezoensis® T3l g A ) Al 2
el A Al m

plasma protein, egg white, potato powder 5 7]£9 F - 4=

o

2 B
3] A 9] N—terminal ¥4 2 34

2 EFX gHEHEL A
S35 d25HEH FUHEHE dWMEEAAA Y N-terminal® 7= peptide

NarAN A A=z HE R Az &= AL

o dolg wuR
Cystatin &¥&d ¥ pYES2/NT_C (cystatm) FH(S. cerevisiae YPH499)ol
0 i e P B s R

W, A=E e

i, EEH YL xﬂzz} Wl 3

S ES R

H 2z 3Uel 7ZlsHd dF

L @R EH 8L A&
=5, FEEE, FivE, dEFESYH AR duddias AdAE =, A
NS e Sl g A A s Al

ob# X i1El wp gl
2%, Kim and Lee (1990) ¥ Kim et al. (1991)°] Streptomyces spp.°l



A M EL] (extracellular) thiold] ©@¥E& & A AfAS 2 - AASFe] o] A

4 d@g 7R A7k Qo et o FoAAE ekw Ak,

2. MBS AoAe] ABFAA UF AN

72 %2} (gene cloning, genetic engineering, recombinant DNA technology),
43 (fermentation), &% A3} (optimization), ¥2] 2 AA| (separation and
purification) ¢ AE&&s 7|ES o] &3 AFAALS Tl AR SEstA o] Fo
A o ol YEe dwkste Aot 2y G ES s AAle] e

Fobd Aol Ya A obd malsle] 9lx vk

Rl

3. +ANES BHEHEL

hoRARe e as

SRR FAAES TN 2 AFe FYsm gout ol B T AR}
= Fagolr wAFY FALHE YA A% A7 2 HE wRRAE
deol HlF A obd zmulel vielgln

1} AZFY auEs
3 Fao] HF ATE o] (1968), A % o] (1989), A

AT e w R E
L=
o

(1988), & & (1994)9] A olglol= Zolr 7] FEv. ol A 4 AAL
waof oigk o] oyt HF AAE xgidd digh 7|z Aol Eeith =3
G g4 origin B ol EAE AT F dE W O dTe obF §l

= Aot

.

e A3fAe] o] &
i

I
FabRaAE]d AEFE Avtadtas R vAEe] Enshe @Y

™
:?1:1'
kol
b
o



(

A} 73 =]

oja] FHdo] el 554 S UehyA d=l ols Z4ae #ZEo] Y
BetAY o8 Aol HW FHALIE VAR 53], Wzl 4 z
1 (egg membrane)®] A7l AW Wt AA S FHEIE TPV Wl olE
= wéllele dEs e GAdS Ayl AR AsAY A= Al

L} o} & o] W3k FY AFR e ge Aot}

_4

Jm
f

T g Al ol 25 duliEalas S48 A
s Folde wFgFoz AFHogk=d, W5 (Hines et al, 1991;
Dipietro and Liener, 1989; Jo et al., 1989), ##} (Pompe-Novak et al., 2002), %2
(Kondo et al., 1990; Abe et al., 1987), =< (Joshi et al., 1998) SolA T2 F=
A} ol5 AdfA= HEF cysteined] SR T AE A= A A (cystatin)
= 4EA

A A= F2 Gz (Barrett, 1981; Nicklin
and Barrett, 1984), % (%) (Kirihara et al, 1995) % 49} #x¢e &
(Morrissey et al., 1993; Weerasinghe et al, 1996, Benjakul and Visessanguan,
2000004 FE=E  ols  AdAeE FE OFAIAAEA wtEF (95F)
(surimi-based product)®] ©¥ R a4 &S At FALI}E JAH =
Aoz dyH gtvh 28y ol AsiAls dMENELE Asste] gel F=
E Asr7IE olxlol UAR, kA = Aoy BhE U FAEo] low,

S AsAe &I ofFolu stike] AlxwRiel uwel W2 Aelrt drt
(Akazawa et al., 1993; Reppond and Babbitt, 1993).

T3 o

o v AE EESEL A A

nAE Fo dWEdl gL AsiAl= Al (Kim and Lee, 1990; Kim et al,
1991) ¥ YA E = (Hellberg et al, 2002)°4 &8 - AA A= Hirp 9lom,
T2 AZWY Al HX = G EA 7] st AH T

% +AFE SRR EL A A



FhsE fral Gl Eas AsiAe B%, #wrlE (Rogelj et al, 2000), =7
AR (A &, 1993a; H & 1993b), Fold (Li et al, 1998, 2000), doj
(Yamashita and Konagaya, 1991, 1996), ¥ o] (Tsai et al., 1996), Zebrafish (Gong
et al, 1997) TolA AegAo=m Z¢ - At A7F Bado] oy, F=

SR Es BAe A4S wHHE S0 Aram Ak adu, oy
AR F OANE W L D o) duEAEs Ao U AT B
A glet

vl | 2F GHEHEL A A

Perez-Lorenzo et al.(1998)& &l%F<¢ <U%F<  Padina gymnospora%}
Acantophora spiciferall /] "] #9] trypsin inhibitorE< 2Zrol9l o Shibata et
al. (2000)2 ZzxFolA F=73F dextran sulfate, carrageenan, Fucus fucoidan % 9]
sulfated polysaccharides”} pepsin® A4S AssS H sy dubygo=w =
ZF9t T xFol= AdEe] dwEo] (10-47%, dry basis) $FEH o YdEH, H2F
24 g d87F ¥ Ulva pertusa®l 2% w@ild dhako] 20-26%, & %70l
&3t Ak 719 987} ¥E Porphyra tenera® w@alz SFaFo ok 479 A LR
FT7 BEux =t} (Fleurence, 1999). & t}2 % *7F< Palmaria palmatao]®= <F
35% JE=2 =2 e dwdo]l EA sttt (Fleurence, 1999). SxfF4Y 379

=

2 o s add = o o)F sEFode AR Ee] duEdas AA

b EAFel algE ok old] Ylg A ol FoiX A % gk

2. GUEHE L AfA BT F B4

A2 22HE o]&ste] dHMlEEs AfAE RN EE A FE S
%2 A&A, = human cystatin C (Abrahamson et al., 1987), human cystatin
S (Isemura et al.,, 1986), chicken cystatin C (Colella et al., 1989), mouse cystatin
C (solem et al., 1990) 2 rat cystatin (Cole et al., 1989) %ol =3lx o] &5 o]
gtom 2ol oa HutE = AW WAVE FE St HT FANE] (Li et
al., 2000), #FFdo] (yamashita and Konagaya, 1996), 9o] (Tsai et al., 1996),
zebrafish (Gong et al., 1997), @2 (Rogelj et al., 2000) 59 A=A F# 3k
cystatin AAE FHd2 =23 A% =S ol &ste] HilstEls ATE0l

B uE ok 22t o]y s WEFE)



A
ol
fol
M

A= Ul dWiEsgaAs T2 cysteined @
S &A= cathepsin (Seymour et al., 1994) 2 do otk L7y Tl B g

(Boye and Lanier, 1983)%1 Ao = &= )

B

. ;ﬁ%lf °of g EHEaL

ARE S nho AFelmz A%

b ANAE FAAFAZN e A7

(1) staFod dg AfA Y o &

HRE gY94s A7 St JHEAEE sted, tEE8E EEeA
cysteineZl WA @l Za| g Aol &gt zrtastzE Aste] gele] uh¥ 7 AR SH

LN

A g A dTh mabA SAAE FH SR Es AsAlE HUkste] AlE
A4S A7 g A7 SRS o] Fol A gtk (Wasson, 1992; An et al,
1994).

(2) AZFA g AfAY o] &

AzdFolo] dEsas AsjAle] o] gl gk xe] AFAtdl= HiE wHf
sich
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A3 & +MSE R Hy2dss R
Mgt U A Zolo S8

A 1 A HF (Alaska pollock egg)CEH-E Gl T AL A3
A A 2 EA

S22 dstel FE 1A 2™ (An et al, 1996), A&

o] A (geD3tE AT 7FdeA < WEAd I Es kol oaf duldo] Eaf ¥
of 553 2AE FA5tE gel 7+E7F 39 (modori) T (Saeki et al., 1995).
T3 AAFE Artastas 2 nAdEe] EHleks G Es kel o o= Ak
717kl A g Hol o] FR7F AbgRA AL A Fe] AstE e o F4
d3l7F dojdt) (Cha and Lee, 1994). 2822 o5 A& F&7| A4 2+
Agds e addos duRsdlasre 48 AdAsE o] AFHolt
gl g &S AAletr] Qo] o WREo] HE&Ho gtov HAA
AE ol&ate= Aol 7HE migA g Wl stuE delAa vk o] dE
e 2o Feste 5olA <l A8 Al(inhibitor)oll oste] & o] Asjuw, &
ARl FFo wel cysteine, serine, aspartic acid 2 metallo G EH T AR H
FE (Kenny, 1999). o] & TS F+ YA HalaihE cysteined &3

o

84 = cathepsin (An et al, 1994) % <ol <bgst dztg]d TR s g4 (Boye
and Lanier, 1988)c]t}. A Gl B g aA A= @233 4~ &3, AAHAE 5
o /] Egldk Aol g} (Weerashinghe et al., 1996), A~ dF f @R E s
AsfAle FE BAR ARl FAEHASH ot AA] FAkEA EET AL ©
A e AAo|th, w=A do]@ (Yamashita and Konagaya, 1991) % <ol
(Tsai et al., 1996)ol A duliEefa s AfAE 2 - ZA A77F B HIAS

FESEA = ZEATh B AT E bR 2 Ade] F4 diE WAT K

E =
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Aglo Algd WS 20039 109 =dlekrt WE) (Theragra chalcogramma)©l
A AFHT AP g2 40T A - AFstel HeAl sEste] ARSI
Papain, azocasein, molecular marker (Sigma MS-70)%= Sigma A} (St. Louis,
US.A)AFES AHE38Ed

U, gl as A FA

gk 250 gol 1 Le buffer A (25 mM sodium phosphate buffer containing 50
M NaCl, 1 mM EDTA, ¥ 1 mM 2-mercaptoethanol, pH 7.0)& H7}s}e] 2
stk 5 A& (10,730 x g, 25 min)ste] AT s FHstAth S HES 20~40%
T (NH4)2SO4E5 H7gk v A7ish 22 23oA dAieste 42
dHdEo] 10 mLe] buffer B (25 mM sodium acetate buffer containning 50 mM
NaCl, 1 mM EDTA, and 1 mM 2-mercaptoethanol, pH 55)& # 7}t %20 o5&
2o gujo] 2447 FAEe] AS A AU CM-Sepharose  column (2.6 x
30.0 cm)oll F43% AlE 20 mLE loadingste] E3 &t @wadS 0~1.0 M
NaCle] s% oAl ZHFuje] oste] 4 1 mL/min® & %3t} Papainol] U
3k A8 &A (inhibitory activity)e] =2 3 E9 FH o peake 50% ©]4F fraction
S HolA buffer C (25 mM sodium phosphate buffer, 0.15 M NaCl, 1 mM
EDTA, and 1 mM 2-mercaptoethanol, pH 75)% FA3F t}S 3+e]ojztz 15 mL
2 5=3}9 Sephacryl HR-100 (Pharmacia Biotech, Uppsala, Sweden) column
(26 x 90 cm)el loading 3te] +% 05 mL/minS.= & %3S},

3

kel
1=

t}. A& A (inhibitory activity) =3
o Ma A A A FAL Borla et al. (1998) 2 Weerasinghe et al.
He At FA43A. = AlFE 200 uLE 80TlA 1083+ 71<E 3}
L buffer Coll =< 0.1 U papain £ 100 uLE 7}ste] 37Col A 587 w847

T e puffere] =9 250 pul9) azocasein €9 (0.32 mg/mL)S #7}ste] 30&

S35tk 20% trichloroacetic acid (TCA) €9 700 pLE 7}ste] W8-S A X

A (10,730 x g, 5 min)ate] Y&FF 43 1 N NaOH &4E& 911

o A

Ruiy -3
oo
()



(v/v)e] Hl&=2 38t 440 nmol A FFEE SAGFow, e A A
o] A& 1 unit (U)2 papain &4 1 U9 A= Aot

2}. High Performance Liquid Chromatography (HPLC) purification

Sephacryl S-100 column chromatography® ##] % peakE 25 mM MgCl2 ¢}
0.2 M NaCl& @3 50 mM Tris-HCI buffer (pH 7.2) & 24417+ F413F t}& 3t
2oy 3 (YM-5, Amicon, US.A)= 50 uyL=® =3} HPLC Shodex 803 column
(Showa Denco Co., Japan)ol loading 3te] #& &w& AF&3te] % 0.5 mL/min
2 §E3IA

e g A AsAe] 2% 4 pH HBAH FAS &% 5~80 C, pH 4~89]
He A Gl gAE 303t H P8}t papain ¥ azocaseiny} Egske] 37
o

TolA 307+ ¥H&A1Z1 T papaindl dlgk k& 4S|4 (residual inhibitory

o
o
.
<
=
=
ftlo
Ay
o
ol
o
32

. =

AAE g Rl EaAsAe] EAES Laemmli (1970)¢] wWel wah 12%
polyacrylamide gelS A}&3le] SDS-PAGEZ =A39 o H7]A95AZ13 Rm
(relative mobility) atell w2} =4S 2Aetr A dWESH 42 Rm 7
S s AA AR G M-S Coomassie brilliant blue R-250 (45% methanol,
109 acetic acid, 0.1% Coomassie brilliant blue R-250)8 <3} silver stain kit
(BioRad Laboratories, Hercules, CA, US.A)E A}&€3t99 2™, 45% methanol +

10% acetic acid 3-8 o2 A5}

4
N
>

}\]. l:]-l:lﬂig A=
g o] ko Bradford (1976)¢] ®H o 2 BioRad protein assay kit (CA,
USA)ES AHE35te] 439 o WA hovine serum albuming AFE3FA

ol AT Fo gl o] ok 280 nmol Ao FHE FroE F AT
3. 2% 2 1%
7}, B EA AHA Y AA

Ammonium sulfate 5% 20-40%0°l A H]&A] (specific inhibitory activity)< 1.1

U/mg, yieldE 22.7% %= YEl o 2 Fx9 A4 337k vste] 7H =& o9
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Table 1. Purification of protease inhibitor from the eggs of Alaska pollock

(Theragra chalcogramma)

) Specific
Total protein Total o ) i
) o inhibitory Yield Purity
Sample concentration inhibitory o
o activity (%) (fold)
(mg) activity (U)
(U/mg)
Extract 1,191.7 354.0 0.3 100.0 1.00
Ammonium Sulfate
702 804 1.1 22.7 3.90
(20~40%)
CM Sepharose 6.5 54.0 84 15.3 28.20
Sephacryl HR-100
Peak 1 1.1 11.3 10.2 3.2 34.10
Peak II 0.3 4.3 15.6 1.2 52.51

CM-Sepharose chromatography®l Al + 7019 peakE Ao ©o]= Tsai et al
(1996)°] o] (Carp, Cyprinus carpio) Y4oA CM-TSK chromatography %= +
3l gl Bl § A A 8 A 9] peake} A patternS YFEFU QLT

3.0 - 0.30 r 1.0

—o— Absorbance at 280 nm e
—— Inhibitory activity

—-——- NaCl gradient L r 0.2

25

r 0.8

r 0.20
r 0.6

r 0.15

NaCl (M)

r 04
r 0.10

Absorbance at 280 nm

r02

Enzyme inhibitory activity (U)

r 0.05

0.00 - 00

Fraction volume (mL)
Fig. 1. CM-sepharose chromatographic pattern of ammonium sulfate fraction (20-40%)

from the crude extract of the eggs of Alaska pollock (Theragra

chalcogramma).

Borla et al. (1998)2> % &9 ofFolA dWRdaAA|AE ion exchange

chromatography = At uf v|&A L 1-7 U/mge B2 Husoy 2 4



o] = Peak II (elution volume 310-370 mL)ol A 84 U/mgl & U ¥ H|EA
o] Sl Synnes (1998)7} o] A Ao A AHA|S cysteine G 8 &4 A 3l
Al ®E3F jon exchange chromatographyol” 702 peakEs YEHI oW F HA

peakoll A =& A LS vEtlo] & A ARt FASAT F HA peaks
H A ZA (maximal inhibitory activity)e] 50% o] @48 717 fraction=
pooling 3 % buffer Ceo H43t9] Sephacryl HR-100 gel (filteration
chromatography 3+ 4 3= Fig. 20| YERASIT

3.0 1 r 0.10
Peak |
—o— Absorbance at 280 nm

—a— Inhibitory activity ~
2.5 4 | 008 2
€ BN
< >
8 2.0 A 3
Y Peak Il 006 O
o 3
© 154 =
= 5
-rés 0.04 -E
S 1.0 1 °
2 3
0.02 ¢
0.5 1 w

0.0 4©990000000000000000000C oohasBatad! 0 s 0002000 0.00

0 100 200 300 400
Fraction volume (mL)

Fig. 2. Sephacryl HR—100 gel filtration chromatographic pattern of Peak |l fraction

from CM-sepharose chromatography.

Sephacryl gel filteration chromatography® A A3} <= W Peak I ¥ Peak 119
HgAl e Z+zE 102 2 156 U/mg, purity:= 34.10 ¥ 5221 folds® Peak I 7}
Peak I ®Ht} =9kou 82 ukgith (Table 1). Peak T 2 II 25 <dojgho] thy)
walaAhAsAl (3.8 U/mg 2 66 folds) (Yamashita and Konagaya, 1991)el H] s}k
of M| &AL =R o puritys W3om F&2 747F 32 # 12%% & 433
wAAl AATE oF{Fe @M E A A= Aol S (Synnes,
1998), dwtA oz ofghel A e - FAg G FaE A A= Dol A8k A
Al A T 7t AYE S o7 Y dAd dESH 2L (endo-protease)
AAZL &olstttal st oy (Barrett, 1981), & A A Al Es = A

SR g o] HAgS 98 7hER o (80T, 156 min) A7eF wdI A A
oA BAstdS W GHAAE LT = (20-40%)9 EEE] A&l

7V =mokont vl g4d 9 purification yieldv 0.13 U/mg R 12.6%= 7FEebA] &
= =

of Hlste] wokt} (data not shown). 1B 2 HAFA= 7L A



SHA] &2 AlRE Ago] A&t CM-Sepharose column chromatography ol 4]
= 7tEsk Alge 7HEshA] g2 Al BT T N9 peakE UERNI oY (Fig. 3),

Sephacryl gel filteration chromatography® &39S w 7}1€3 Alg= 3

peak‘ﬂ’% e S (Flg 4) HPLCA A =

(Fig. 5. Al8E 7

o 27 A4y FxE A oz AZET dudey 4y FxReE EA4F A7)
olgl Hgl8 S 7|x = 3} gel filteration chromatography  HPLC Abol
o FE 7t &olatA &2 Aoz & Atk (Welling, 1989).

=

=
7kgdetds wW (80 C, 15 min) A8 &2

t} uH

L |

Mol peakzZ Z o] FH A

el A A Al =

3.0~ 016 10
Peak Il 4
—o— Absorbance at 280 nm
—— Inhibitory activity 0.14
254 - NaCl gradient L § | 08
g r0.12 2
o 20 2
& 010 81 06
5 2 €
o =
815 r0.08 = )
5 2loa s
2 006 £[04 %
3 1.0 A @
3 £
< 004 2
05 // Sr 0.2
s 0.02
-
/,/
0.0 + P . C 000 -00
0 100 200 300 400

Fraction volume (mL)
Fig. 3. CM-sepharose chromatographic pattern of ammonium sulfate fraction (20-40%)

from the crude extract of the heated eggs of Alaska pollock (Theragra

chalcogramma)

2.0 q r 0.08
—o— Absorbance at 280 nm
—— |Inhibitory activity
2
£ 1.5 1 r 0.06 >
c B
o =
@ 13}
N I
= 2
Y 1.0 A F0.04 2
S 2
£ =
2 2
< 05 +0.02 E
w
0.0 0.00

0

100

200
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400

Fraction volume (mL)

Fig. 4. Sephacryl HR-100 gel filtration chromatographic pattern of Peak Il fraction

from CM-sepharosechromatograph
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Fig. 5. HPLC pattern of peak fraction from Sephacryl HR-100 gel filtration
chromatography.

. SDS—polyacrylamide gel electrophoresis
Sephacryl gel filteration chromatograph@ 7] 3 Z3E Fig. 6°] YEFHS]

. Peak [ F709] protein bandE YWEW Sl Sephacryl HR-100 gel filtration
chromatographyoll A 42 F712] &4 Peak (I ¥ INDE AU (not data shown)
Peak II+= & 719 bandE YEMA ST
A) (B)
24 kDa —

14.44 kDa —

10.66 kDa —

8.16 kDa — 'h

Fig. 6. SDS—Polyacylamide gel electrophoresis of Alaska pollock(Theragrchalcogramma)

protease inhibitor. (A) standard marker ; trypsinogen (24 kDa), myoglobin [+l

(14.44 kDa), myoglobin I+lll, (10.66 kDa), and myoglobin | (8.16) kDa. (B)
peak Il

Peak 19 A719F A2 Aoz 2719 bande] EAFS 247 66.7 2 16 kDa
o] 21 t}t. (not data shown) 66.7 kDa band® Barret (1986)¢] cystatin group®] ¥+

(stefin, cystatins % kininogen) % kininogen¥} #&x}aFo] H|S=3F Zl o2 o AwTH



(68-120 kDa). 16 kDa band+= 1o ghol| A H&| st i dl g4 A& Al (Yamashita
and Konagaya, 1991)¢] &A=y dX|stgom Aol o, A I AAdA] &g
st Gl Bl gaAsfAle] EAES 13 kDa ©]t} (Yamashita and Konagaya,
1996). 3+ Jojet @ EalmaAsfAle] EAE (12 kDa) (Tsai et al, 1996) 3
Wl cystatin (12 kDa) (Barrett, 1981) H.th: oF7b =gkor} dukA el cystatin®
LA (10-20 kDa) (Abe et al, 1987)¢] =<9l <tel A Ath. Peak 119 &AM
16.6 kDalo. & Peak II ®3F cystatin® = Iet¥ o}

o. 2% ¥ pH UHAA
He gpsaaAdAel ANFAS 35 C oA FAs Fassl Adel
o 80 TolA Hx AsAel oF 10%7F 74Tk
S 100 A‘IOO
< S
2 S
> 80 2 g
o 2
> g
S 6o f > 60 |
5 g
= a
£ 40T £ 40 |
B °
% 20 T % 20 |
x °
x
0 ‘ 0 3 $
0 20 40 60 80 2 4 6 8
Temperature (C) pH

Fig. 7. Effects of temperature and pH on the stability of Alaska pollock (Theragra

chalco—gramma) protease inhibitor.

Aol Ao dMEHEAANA= 80 CelA H=x
(Synnes, 1998) & Age] Ay} FAsG om yado
& B deEEsAfAE 60 CTolAd 303 whgats w IE AfEA
ATh FAF AAlFe HEH A
4 (modor))®] FHUQleZ &e#A A+ cathepsin B, H, and L 5 22 W14
Sl R E Al 50-60 Col A Shdar Moz okl 9y W (An et al, 1994),
g Gl g A A 7F cathepsinfFel G ENELE As|ss e AL
= Ao AZdEn. pH A TAF2 pHel A b4 Aoz veyton
pH 4 2 8 oA+ Asjdde]l Al &ttt (Fig. 7). ol W IEsk= HAA

TR g 49 cathepsin B, H 2 L2 $4 Tt 47z pHolA A=

— _1_4
:?L_’/
L
(o))
N
X

N
-~
LR
B
ol
o
£

(residual inhibitory activity)©] ¢F 35%7}A] A5}



(Visessanguan et al., 2003) B vl s g

Al maAaAe]l SAAE Al AHES

(soft milt)oll Al A GFafjaiAsfi#Ale] 45 pH 5-7olA <tgsom

(Kawabata and Ichishima, 1997), dojgtoA] Ea¥ @ Egig A si4= pH 4

oGl Asf & dol FAsty] AlEste]l pH 7 o]/l &zl pHel A= A2 9
80% o]o] A= AolE H Yt (Yamashita and Konagaya, 1991). whebA]

oF
e SR as AAE FAdAEe] FEEtE dAsy] A Wdd o
wel A A L] Aol AR B WEAol ofF ZAlFe] & 4 dev pH

)
Gl B g A A S A = cysteine TR E A2 papain ¥ cathepsin L&

AeletsE Ao g YeEs o (Table 2). serine Al ¥ &8 &4 <1 trypsinol] 3k A

Table 2. Inhibitory activity of Alaska pollock egg and egg white protease

inhibitor against papain and cathepsin proteases

Specific inhibitory activity (U/mg)c

Inhibit
fHmbror Papain Cathepsin L
Alaska pollock egg 1560 b 29.04 a
Egg white 3771 b 16.05 b

a,b, Means in the same column with different superscripts are significantly different (p<0.05).
¢ Mean values obtained from four replications.

AlFE Q= UM AsiA (egg white inhibitor)9] papain % cathepsin Lol tf 3k
A vgde 3771 2 1605 U/mg= W& dllFalaaxsiAl (15660 2 29.04
U/mg)¢t ¥ astlS wl papaino]l gt As|&d 2> =9k} cathepsin Lol &k
Al ZA] e ekl Cathepsin Al @RS &A= oS £439] Surimid gel
Astdd (modord)oll & FFS WA= oz L&A Jdom™ (An et al, 1994) ™3
o gl R g e A= 2= kAol oFgh efxlo]l ot 37TolA e Al dAd
oA Wl 34 Rt} cathepsin Lol 3 Asj&Ado] H=goE 2 surimio

modorigs HWX|o] Ao ALET £ 98 Ao Z AlgHEU}

>
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1. Introduction

The changes in functional and organoleptic properties of fish muscle are a
consequence of proteolytic activity (An and others 1996, Stoknes and Rustad
1995; Visessanguan and others 2003). Cathepsin was a member of cysteine
proteases in which cathepsin B and L. were shown to cause softening in chum
salmon (Yamashita and Konagaya 1990). Heat stable alkaline protease was
hypothesized to responsible for the heat induced softening of surimi gel at near
55 to 60 oC (Hammann and others 1990). Cathepsin L was found to be
predominant proteinase involved in heat induced degradation of the myofibrillar
protein in Pacific whiting surimi (An and others 1994). It is necessary to
improve the functionality of lower grade surimi by adding protease inhibitor
such as cystatin which can inhibit the endogenous cysteine proteases (Morrissey
and others 1995).

Cystatin 1s widely distributed in animal tissues and body fluids and divided
into three groups on the basis of molecular structure (Li and others 1998).
Family I cystatin lacks disulfide bonds, for example, cystatin A (Takahashi and
others 2000), cystatin B (Osawa and others 2003), and rat cystatin (Makita and
others 1998). Typical family II cystatin contains two disulfide bonds, for
example, human cystatin S (Isemura and others 1986), chicken cystatin (Colella
and others 1989), mouse cystatin C (Yamaza and others 2001), and rat cystatin

A (Takeda and others 1994). Both families are also characterized by molecular



weights between 10 and 20 kDa. Kininogen belongs to family III (Abe and
others 1987). Kininogen are single chain glycoproteins containing three
cystatin-like domains with molecular weight of 68 to 120 kDa (Barret and
others 1986).

Cysteine protease inhibitors, cystatin, were reported to be purified from
ovarian fluid of carp (Tsai and others 1996), chum salmon egg (Yamashita and
Konagaya 1991), Atlantic salmon and Arctic charr (Olenen and others 2003). The
inhibitor in the egg of fishes might take part in the protective role from
microorganisms, embryogenesis, and the regulation of early embryonic growth
(Burley and Vadehra 1989). Cystatin may also contribute to defense against viral
proteases which are required for virus replication (Argos and others 1984).

There is a strong demand to prevent the deterioration of surimi based product
or fish meat by inhibiting digestivefish muscle proteases. The most effective
way to inhibit the fish muscle proteases is to use natural inhibitor. Therefore,
the objective of this study was to purify and identify the protease inhibitor from

glassfish egg.

2. Materials and Methods

7}. Materials

The eggs were taken from a mature glassfish, Liparis tanakai, immediately
after caught and stored at 40 C until used. Papain, trypsin, cathepsin, azocasein,
and protein molecular weight marker were purchased from Sigma Chemical Co.
(St. Louis, MI, U.S.A.). The other chemicals used in this study were the first
reagent grade. Sephacryl HR 100, CM Sepharose, and CNBr-activated Sepharose

4B were purchased from Amersham Pharmacia Biotech, Ltd. (Uppsala, Sweden).

1}, Purification of protease inhibitor
250 g of fish egg was homogenized in 1 L of 25 mM sodium phosphate

buffer (pH 7.0) containing 50 mM NaCl, 1 mM EDTA, and 1
mM2-mercaptoethanol (buffer A). The cell and tissue debris were precipitated
and removed from homogenate by centrifuging at 10,000 g for 25 min. The
supernatant was heated at 80 C for 10 min, cooled at room temperature, and
centrifuged at same condition as described above. The heated extract was

fractionated with ammonium sulfate at 40 to 809 saturation. The precipitated



fraction was dissolved in buffer A and then dialyzed overnight against 50 mM
sodium acetate buffer (pH 5.5) containing 50 mM NaCl, 1 mM EDTA, and 1
mM2-mercaptoethanol (buffer B). The dialyzed was applied to CM Sepharose
column (26 x 30.0 cm) equilibrated with the same buffer in advance. The
protease inhibitors were eluted from the column by application of a sodium
acetate-buffered (pH 5.5) linear (0 to 1 M) NaCl gradient at flow rate of 1
mL/min. Fractions containing greater than 50% of maximal peak activity were
pooled and dialyzed against 25 mM sodium phosphate buffer (pH 7.5) containing
0.15 M NaCl, 1 mM EDTA, and 1 mM2-mercaptoethanol (buffer C). Pooled
fractions were concentrated by ultrafiltration (10 kDa cutoff membrane, Amicon
Co., Beverly, MA, US.A.) and then loaded onto Sephacryl column (2.6 x 90.0
cm) equilibrated with the buffer C. The protease inhibitor was then eluted at

flow rate of 0.2 mL/min.

t}. Affinity chromatography
7 g of CNBr-activated Sepharose 4B was washed and swelled on glass filter

(size G3) with 1.5 L of 1 mM HCL 20 mL of 5 mg/mL papain solution in
coupling buffer, 1 M NaHCO3 (pH 8.3) containing 0.5 MNaCl, was mixed with
gel and stirred at 4 C overnight. The gel was transferred to 40 mL of blocking
agent, 0.2 M glycine (pH 8.0) and stirred at 4 C overnight. The gel was
washed with 0.1 M acetate buffer (pH 4.0) containing 0.5 MNaCl and then with
coupling buffer. Finally, the gel was packaged in column (1.0 x 20.0 ¢cm) and
equilibrated with buffer A. 50 mL crude extract of fish egg was loaded on
affinity chromatography column and the column was washed with buffer A.
Protease inhibitor was eluted with 50 mMtrisodium phosphate buffer (pH 10)
containing 50 mM NaCl at flow rate of 0.3 mL/min.

2}. Inhibitory activity assay

According to the modified method of Borla and others (1998), protease
inhibitory activity was determined by measuring the inhibitory degree of papain
activity against azocasein as the substrate. 200 pL of 1.7 pg/mL inhibitor
solution in buffer A was added to 100uL of papain solution (0.1 U of activity) in
buffer A. The inhibitor-papain mixture incubated at 37 C for 5 min was added

to 250 pL of 3.2 mg/mL azocasein solution in buffer A. This mixture was



reacted at 37 C for 30 min and then its reaction was stopped by adding 700 pL
of 20% trichloroacetic acid (TCA). The control was prepared by substituting 200
uL. of inhibitor solution with 200 pyl. of buffer A. Blank was also prepared by
adding 700 pL of 20% TCA in advance before adding 250 pL of substrate
solution. 720 pL of supernatant centrifuged at 10,000 g for 5 min was added to
800 uL of 1 N NaOH for exposing the color. Papain activity was expressed as
the absorbanceat 440 nm. Inhibitory activity was calculated by difference
between papain activities without/with inhibitor. One unit of inhibitory activity

was defined as one unit decrease of papain activity.

v}, Determination of Ki

0-30 upg/mL inhibitor, 0.5 mg/mlL papain, and 0.1-6.4 mg/mL azocasein
solution were prepared for determining the kinetic parameters. Km and Vmax
values for papain acting on azocasein were calculated by hyperbolic regression
analysis of Michaelis—-Menten (Michaelis and Menten 1913). Ki was determined
using a Dixon plot analysis (Dixon and Webb 1979). Inhibitory activities of
glassfish egg inhibitor were measured at three different azocasein concentrations

(2, 1, and 0.5 times of Km).

H}. Heat and pH stability
Heat stability of the purified inhibitor was determined by incubating the
inhibitor preparation at 580 C and pH 4-10 for 30 min. Residual papain

inhibitory activity was then determined at 37 C as described above.

A}. Electrophoresis

Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) was
done using 129 polyacylamide slab gels at pH 8.3 as described by Laemmli
(1970). Purified protease inhibitors in sample buffer (100 mM Tris-HCI buffer
containing 2.5% sodium dodecyl sulfate, 0.01%6 bromophenol blue, 2% glycerol,
and 10% -mercaptoethanol, pH 6.8) were heated at 95 oC for 4 min. 5 uLL of 1.5

mg/mL protein inhibitor in sample buffer were electrophorized.

o}. Amino acid sequence
Protease inhibitor was transferred from 12% SDS-PAGE gel to

polyvinylidene difluoride (PVDF) membrane as described by Gravel (2002).Amino



acid sequence was determined using PERKIN 491 protein sequencer (Perkin

Elmer Inc., Wellesley, MA, U.S.A.).

A}. Synthesis of glassfish egg protease inhibitor
According to the modified method of Salas and others (2004), the glassfish

egg protease inhibitor was synthesized by the Fmoc solid—phase method by use
of an automated peptide synthesizer (Peptron TM III-R24, Peptron, Daejeon,
Korea). After deprotection of the synthesized protease inhibitor from the resin,
the peptide was purified and analyzed by reverse-phase HPLC (Waters 2690
Separations Module, Waters, Milford, U.S.A.) using Waters C18 analytical RP
column. The glassfish egg protease inhibitor was identified by use of a mass

spectrometer (HP 1100 Series LC/MSD, Hewlett-Packard, Roseville, U.S.A.).

Z}. Protein concentration

Protein concentration was measured according to the manufacture procedure
of Bio-Rad protein kit (Bio-Rad Lab. Inc., Hercules, CA, U.S.A.) using bovine
serum albumin as the calibration standard. The relative protein content of

chromatography fractions was estimated by absorbance at 280 nm.

3. Results and Discussion

7}. Purification of protease inhibitor

The conventional purification step of protease inhibitor was summarized in
Table 1. Because protease inhibitor was a heat stable, heating treatment is
known tobe very effective to eliminate the other enzymes or inhibitors in the
fish egg (Barrett 1981). When the heated fish egg extract was precipitated by
ammonium sulfate precipitation, the specific activity and purification fold were
0.31 U/mg and 3.38 folds, respectively.

The fractionation pattern of protease inhibitor by CM  Sepharose

chromatography is shown in Fig. 1.
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Fig. 1. CM Sepharose chromatography pattern of glassfish egg protease inhibitor.

There were two protein and three inhibitory peaks in which Peak III showed
the highest inhibitory activity with 1.41 U/mg of specific activity and 15.36 folds
of purification degree (Table 1). Tsai and others (1996) reported that protease
inhibitor peak from ovarian carp was eluted lately on CM-TSK chromatography
pattern. Borla and others (1998) reported that specific activities of some fish
species between 1 and 7 unit/mg were obtained after pooling azocaseinolytic
active ion exchange chromatography fractions, which was similar to above

results.

Table 1. Purification of the protease inhibitor from glassfish egg by ion

exchange and gel permeation chromatography

Total Total Spesific Vield
ie

Purification Step Protein activity activity Purity

. ) (%)

(mg0 (units) (units/mg)

Heated extract 20,031.00 1,840.00 0.09 100.00 1.00
40-80% (NH4)2S04 1,504.60 465.00 0.31 25.30 3.38
CM Sepharose (Peak III) 29.50 41.50 1.41 2.30 15.36
Sephacryl HR-100 (Peak II) 1.09 1.56 1.43 0.10 15.57

There was a single protein peak on Sephacryl HR 100 chromatography
pattern with three papain inhibitory peaks (Peak I, II, and III) (Fig. 2).
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Fig. 2. Sephacryl HR 100 gel chromatography pattern of glassfish egg protease

inhibitor.

But on the result of SDS-PAGE, two protein bands were corresponded to
highest inhibitory active Peak II, in which their molecular weights were 67 and

18 kDa, respectively (Fig. 3A).

116Kda< 66kDa<
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Fig. 3. SDS-PAGE pattern of the purified glassfish egg inhibitor. M, protein marker; A,
Peak Il of gel permeation chromatography; B, Peak | of affinity chromatograph

; C, Peak Il of affinity chromatograph.



Heating treatment in the first step of purification eliminated heat labile
protein and increased specific inhibitory activity of extract glassfish egg from

0.08 U/mg (Table 2) to 0.09 U/mg (Table 1).

Table 2. Purification of the protease inhibitor from glassfish egg by affinity

chromatography
Total Total inhibitory Specific . L
e L . .. . .. Yield Purification
Purification step protein activity Inhibitory activity
(%) (fold)
(mg) Q) (U/mg)
Egg extract 23,437.50 1,875.00 0.08 100.00 1.00
Affinity chromatography 1.18 4.69 3.97 0.25 49.69

But protein structure might be changed from globular form (tertiary and
quaternary structures) to linear form (secondary and primary structures) by heat
denaturation. Therefore, two protease inhibitors could not be separated by ion
exchange and gel permeation chromatography very effectively. In generally,
linear form of polypeptide could not be effectively separated by gel permeation
chromatography (Welling and Wester 1989). Otherwise, glassfish egg protease
inhibitor is considered to be dimer with big and small molecular weights, thus
resulted in single peak on gel permeation chromatography and two bands on
SDS-PAGE. In this purification step, specific activity and purification degree of
glassfish egg protease inhibitor were 143 U/mg and 1557 folds, respectively
(Table 1), which were lower than 3.8 U/mg and 66 folds of chum salmon egg
protease inhibitor (Yamashita and Konagaya 1991).

Because of two bands on SDS-PAGE, affinity chromatography,
CNBr-activated Sepharose 4B coupled with papain as a ligand, was applied for
purifying the protease inhibitor from glassfish egg. There were two protein
peaks on affinity chromatography pattern, but only small protein peak showed

two inhibitory active peaks (Fig. 4).
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Fig. 4. Affinity chromatography pattern of glassfish egg protease inhibitor.

The big band with MW 67 kDa is corresponded to Peak I (fraction volume
36 mL) in affinity chromatography pattern and the small band with MW 18 kDa
is Peak II (fraction volume 39 mL) (Fig. 3BC). Approximately 170 pg of purified
protease inhibitor was obtained from 250 mg of glassfish egg. Yield and purity
of affinity chromatography were 0.25% and 49.69 folds, respectively (Table 2).
Yamashita and Konagaya (1991) isolated protease inhibitor with MW 16 kDa
from chum salmon egg in which its purity increased by 78 folds with 1.3%
recovery.

CNBr-activated Sepharose 4B coupled papain as an affinity chromatography
matrix was effective to purify the protease inhibitor from glassfish egg. It is
possible to purify the protease inhibitor by one step purification of affinity
chromatography, which resulted in saving the time and labor of purification. On
the other hand, the conventional purification procedure of inhibitor by ion
exchange and gel permeation chromatography is time—consumingprocedure and
results in losing target material. Therefore yield of purified inhibitor with single
step purification, 0.25 %, was the higher than 0.10 % of yield with conventional
procedure. When glassfish egg extract was loaded on affinity column and then
washed with buffer A, protease inhibitors were usually bound on active site of
papain-Sepharose 4B matrix. The weak bound inhibitor(67 kDa) was eluted
earlier at fraction volume 36 mL than strong bound inhibitor (18 kDa) at
fraction volume 39 mL. The protease inhibitor of glassfish egg with small

molecular weight (18 kDa) but strong inhibitoryactivity against papain was used



for further experiments in this study.

1}. Amino acid sequence

Amino acid sequence of the inhibitor with 18 kDa was N-his—ala—asn—arg
-val-met-pro-glu-met-asn-met-glu-tyr-met-glu-ala-C. = Among the 17 amino
acid residues, there were 9 different kinds of amino acid in which 5 of them
were the same amino acids in protease inhibitor from chum salmon (Yamashita
and Konagaya 1991). Amino acid sequence of glassfish egg inhibitor with 18
kDa was compared with that of cystatins; human cystatin C (Abrahamson and
others 1987), human cystatin S (Turk and Bode 1991), andchicken cystatin
(Colella and others 1989). However, no apparent similarity between the sequence
of the glassfish inhibitor and the known cystatins was found. Only 3 amino
acids were coincided with the other amino acid sequences of cystatins. Because
no cysteine residue was found in amino acid sequence, glassfish egg inhibitor
was classified into family I which had no disulfide bond. The disulfide bond
would be formed by SH group of two or more cysteine residues in inhibitor.
Chum salmon egg inhibitor hadcysteine residues which formed disulfide bond

and was classified into cystatin family II (Yamashita and Konagaya 1991).

t}. Properties of protease inhibitor
The glassfish egg protease inhibitor inhibited papain and cathepsin, cysteine

proteases (Table 3), but did not inhibittrypsin, serine protease (data not shown).

Table 3. Comparison of inhibitory activity of glassfish egg protease inhibitor

with others against papain and cathepsin proteases

Papain Cathepsin
Natural glassfish egg 19.7b 36.84a
Synthesized 16.98b 32.76a
Egg white 37.71a 16.05b
Chymotrypsin potato I 2.00c 4.12¢

a,b,c Means in the same column with different superscripts are significantly different (p < 0.05).
d Mean values obtained from four replications.

Specific inhibitory activities of natural glassfish egg inhibitor against

cathepsin and papain were significantly different in which against cathepsin was



the higher. Animal protease inhibitor is the stronger binding ability to animal
protease like cathepsin than plant protease inhibitor like papain.

Comparison of inhibitory activity of glassfish egg with other inhibitors is
shown in Table 3. Specific inhibitory activity of glassfish egg and itssynthesized
inhibitors against papain were not significantly different. Specific inhibitory
activity of glassfish egg inhibitor against papain, 19.97 U/mg, was rather higher
than 1698 U/mg of the synthesized. But both activities were the lower than
37.71U/mg of specific activity of egg white inhibitor. Otherwise, specific
inhibitory activities, 36.84 and 32.76 U/mg, of glassfish egg and its synthesized
inhibitors against cathepsin, an important protease in fish muscle, were
significantly different from and the higher than 16.05 U/mg of egg white
inhibitor. Based on the above data, glassfish egg inhibitor was more suitable to
use in surimi industry to inhibit the heat stable protease than egg white
inhibitor. Glassfish egg and its synthesized protease inhibitors were classified
into the group of cystatin family I because of the lack of disulfide bridges.
Otherwise, egg white inhibitor with disulfide bridges was classified into cystatin
family II (Turk and Bode 1991).

To determine the Ki value of glassfish egg inhibitor on papain, the velocity
of azocasein hydrolyzed by papain was measured without/with inhibitor at
different azocasein concentrations. Ki was calculatedby Dixon plot, plot of 1/V
vs [Il (Dixon and Webb 1979). Glassfish protease inhibitor was noncompetitive
inhibitor against papain (Fig. 5) because the X value (inhibitor concentration) of
three different linear regressions based on the substrate concentrations was the
same, 444 nM and Y value (inverse of velocity) was at inverse of Vmax, 11.07

unit-1.
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Fig. 5. Dixon plot of papain inhibition with glassfish egg protease inhibitor at

different concentrations of azocasein.

The inhibitor constant (Ki) of glassfish egg inhibitor, 4.44 nM, was the higher
than 0.1 nM of chum salmon egg inhibitor (Yamashita and Konagaya 1991) and
1.45 nM of tomato cystatin (Wu and Haard 2000), while the lower than 4.70 nM
of transgenic tomato cystatin (Jacinto and others 1998) and 6.10 nM of cowpea

cystatin (Fernandes and others 1991) (Table 4).

Table 4-Inhibitor constant (Ki) of glassfish proteases inhibitor

Source Ki(nM)
Glassfish 4.44%
Salmon 0.1 (Yamashita and Konagaya 1991)*x*
Tomato cystatin 1.45 (Wu and Haard 2000)+*
Tomato transgenic cystatin 470 (Jacinto and others 1998)*
Cowpea cystatin 6.10 (Fernandes and others 1991)#x

* Azocasein as substrate
#+ 1.4-M benzoyl-DL-arginine—3-naphthylamide (BANA) as a substrate.

In this case, Ki values of chum salmon egg inhibitor, cowpea cystatin, and
tomato cystatin were determined using papain as a protease and BANA as a
substrate. On the other hand, Ki wvalue of transgenic tomato protease inhibitor
was determined using papain as a protease and azocasein as a substrate, which
was the same as in our study. Glassfish egg inhibitor with lower Ki value was

more effective to inhibit papain than transgenic tomato inhibitor at the same



condition.

The glassfish egg inhibitor was relatively stable at alkaline pH 7-10 with
maximal activity at pH 8 (Fig. 6). The residual inhibitory activity after
incubation at 37 C and pH 8 for 30 min was 70%. There was no inhibitory
activity on papain at acidic condition (pH < 6). Tomato cystatin lost the
inhibitory activity by 10% at the pH range of 411 and 4 C for 24 h incubation
(Wu and Haard 2000). Alkaline protease inhibitor from Actinomycetes was stable
at pH 5-12 and room temperature for 1 h incubation (Pandhare and others
2002). Glassfish egg inhibitor can be used to inhibit cysteine endoproteinasesin
surimi gelling process, in which its optimal activity is at neutral and weak
alkaline condition. Most of fish muscle cathepsin is also active at neutral and

weak alkaline condition (Visessanguan and others 2003).
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Fig. 6. The stability of glassfish egg Fig. 7. The stability of glassfish egg

protease inhibitor at different protease inhibitor at different

pHs. temperatures.

The glassfish egg protease inhibitor was more stable at higher temperature
(Fig. 7). 60.8 and 40.1% inhibitory activities were retained after incubation at 65
and 80 C for 30 min, respectively. The inhibitory activity of glassfish egg
inhibitor was lost by 90% below 20 C. The stability of glassfish egg protease
inhibitor with 60.8% residual inhibitory activity incubated at 60 C for 30 min
was more stable than that with 40% of alkaline protease inhibitor of
Actinomycetesat the same condition (Pandhare and others 2002). Glassfish
protease inhibitor with 60.8% residual inhibitory activity at 60 T is able to
inhibit endogenous fish muscle proteases such as cathepsin B, H, and L with
optimal activity at 5060 C (An and others 1994). Based on above results,

glassfish protease inhibitor will be one of the most effective ways to inhibit



heated—alkaline protease in fish muscle which causes the deterioration of surimi

during gelling process.

4. Conclussions

The molecular weights of glassfish egg protease inhibitors were 18 and 67
kDa, respectively. Those inhibitors were not separated by ion exchange and gel
permeation chromatographies, but separated well by CNBr-activated Sepharose
4B chromatography. The yield and purity of 18 kDa protease inhibitor were
0.25% and 49.68 folds, respectively. The amino acid sequence of 18 kDa inhibitor
was  N-his—ala—asn—arg-val-met-pro—glu—-met-asn-met-glu-tyr-met-glu—ala-C.
The 449 of amino acids was identical but no apparent homology to cystatin of
chum salmon. The inhibitor constant (Ki) of glassfish egg protease inhibitor
against papain was 4.44 nM, but its inhibitory activity was stable at even 50-65
C and pH 8. Glassfish egg inhibitor is classified into a cystatin family I of
cysteine protease inhibitor because of no cysteine residue for the formation of
disulfide bonds.
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1. Introduction

The inhibitor of cysteine protease was first isolated from chicken egg white in
1968 [30]. This inhibitor was further characterized as cystatin and the first
memberof the cystatin superfamily [3]. The cystatin superfamily is divided into
three structurally related families; stefins, cystatins, and kininogens [3]. Family 1
(stefin) lacks both disulfide bridges and carbohydrates [3]. Stefin has a
molecular mass of around 11 kDa, is the smallest in the cystatin superfamily.
This family includes cystatin A and B found in different mammals; human [1,
271, cow [37], rat [34], sheep [28], and pig [20]. Family II (cystatin) is also
single chain with one domain protein and about 2 kDa larger than the family I
inhibitor. The polypeptide chains of cystatins contain two disulfide bonds near
their C-terminus [3]. Family III (kininogen) consists of a N-terminal heavy
chain combined with a variable length light chain. The heavy chain has three
cystatin-like domains. Based on the length of the light chain [3], the kininogen
is divided into two sub-families; a high molecular weight kininogen (HMW
kininogen, ~120 kDa) and a low molecular weight kininogen (LMW Kkininogen,
~68 kDa).

The interaction between proteases and their inhibitors was a target of intensive

study for the last two decades. Protease inhibitors were purified from ovarian



fluid carp [36], egg and muscle of chum salmon [40,45], muscle of white croaker
[29], Atlantic salmon and Arctic charr [23], and hake, Argentine anchovy,
castaneta, rough sead, and sea trout [5]. The specific inhibitors of cysteine
proteases are needed in preventing unwanted destructive proteolysis, which can
be used in therapy and research [13, 42], toxic for pest [10, 26], and food
industry [11, 12].

In industries of surimi-based product, commercial protease inhibitors are used
to prevent modori (gel softening) phenomenon and to maximize the gel strength
of surimi. The most commonly used inhibitors are bovine plasma protein (BPP),
chicken egg white, potato powder, and whey protein concentrate [11, 41].
Because there is some side effect on surimi based product such as change of
color [2], fish protease inhibitor is thought to be the best to prevent modori
phenomenon.

High molecular weight (HMW) cysteine protease inhibitors were purified from
Atlantic salmon (Salmo salar L.) [33], plasma of steelhead trout [7], bowfin [8],
Atlantic cod [25], and the sarcopterygian lungfish [21]. HMW cysteine protease
inhibitor from Atlantic salmon skin was purified and characterized, and its amino
acid sequence was found to be homologous to kininogens [47]. In our previous
study, HMW and LMW protease inhibitors were purified from glassfish egg
[39]. In the present study, HMW protease inhibitor of glassfish egg was further

purified and characterized in order to have basic data for commercialization.

2. MATERIALS AND METHODS

7}. Materials
Eggs from a mature glassfish, Liparis tanakai, were harvested immediately
after capture and stored at 40 T until used. Papain, trypsin, cathepsin,
azocasein, and protein molecular weight marker were purchased from Sigma
Chemical Co. (St. Louis, MI, U.S.A.). The remaining chemicals used in this
study were the highestreagent grade. Carboximethylated (CM) papain
immobilized resin was purchased from Calbiochem-Novabiochem Co. (La Jolla,

CA, USA).

1. Purification of Protease Inhibitor



HMW protease inhibitor from glassfish egg was purified by the modified
method of Brillard-Bourdet et al. [6]. An &0 g of glassfish egg was
homogenized in 240 ml of 50 mM sodium phosphate buffer, pH 6.5, containing 1
mM EDTA (buffer A). Cellsand tissue debris were precipitated and removed
from homogenate by centrifugation at 27,390 xg for 30 min at 4 C. The
supernatant was loaded onto CM papain immobilized resin column (1.0 10 cm)
at a flow rate of 0.3 ml/min and washed with 50 mM sodium phosphate buffer,
pH 6.5, containing 0.5 M NaCl and 1 mM EDTA (buffer B). Proteins were
eluted from the column with 50 mM K2HPO4/NaOH (pH 11.5) at a flow rate of
1 ml/min. Fractions (1.4 ml each) were collectedin tube containing 0.25 ml of
250 mM KH2PO4, pH 4.5, to bring the pH to neutral.

Because there were two protein bands shown on SDS-PAGE, electro—elution
method with GeBA Gel Extraction Kit (Gene Bio Application Ltd.,
Kfar-Hanagig, Israel) was applied for further purification. After staining, the gel
slices containing proteins were excised with a clean sharp scalpel and
transferred to GeBAflex-tubes. The tube (midi size) was filled with 800 L of
running buffer (0.025 M Tris-base, 0.192 M glycine, and 0.1%6 SDS), and then
closed gently. The tube was placed on the supporting tray in a horizontal
electrophoresis tank containing running buffer. Electric current was passed at
100 volt for 8 min. The polarity of the electric current was reversed for 2 min
to release the protein from the membrane of tube. Protein suspension was
transferred to 1.5 ml micro-tubes and centrifuged at 14,000 g for 1 min to
remove gel residues. The purified inhibitor was concentrated by ultrafiltration

(cutoff 10 kDa, Millipore Corporation, Bedford, MA, USA).

T}. Assay of Inhibitory Activity
(1) Against papain
Glassfish protease inhibitory activity was determined by measuring the
degree of inhibition of papain activity using azocasein as the substrate. A 200 1
aliqguot of 1.7 pg/ml inhibitor solution in buffer A was added to 100 pL of
papain solution (0.1 U of activity) in buffer A. The combined solution was
incubated at 37 C for 5 min and then added to 250 pL. of 3.2 mg/ml azocasein
substrate solution in buffer A. Following a 30 min incubation at 37 TC, the

reaction was stopped by adding 700 upl of 20% trichloroacetic acid (TCA). A



control was prepared by substituting 200 uL of inhibitor solution with 200 pL of
buffer A. A blank was prepared by adding 700 pL of 20% TCA before adding
250 uL of substrate solution. For color development, the reaction mixture was
centrifuged at 10,000 xg for 5 min, and 7201 of the supernatant was added to
800 pL of 1 M NaOH. The absorbance was measured at 440 nm. The inhibitory
activity was calculated by the difference between papain activities with and
withoutinhibitor. One unit of inhibitory activity was defined as a one unit

decrease of papain activity [5].

(2) Against cathepsin L

Inhibitory  activity  against cathepsin L  was measured using
Z-Phe-Arg-NMec as the substrate. A 3 ng aliquot of cathepsin L in 500 puL of
0.1% Brij 35 was added to 250 pLof 340 mM sodium acetate buffer (pH 5.5)
containing 60 mM acetic acid and 4 mM EDTA, and the mixture was left at 30
C for 1 min to activate cathepsin L. A 1 uL of 3 ng/pL inhibitor solution and
250 pL of 1 mM Z-Phe-Arg-NMec solution in dimethyl sulfoxide were added
and then mixed immediately. Following 10 min incubation at 30 C, the reaction
was stopped by adding 1 ml of 100 mM sodium monocloroacetate (pH 4.3)
containing 30 mM sodium acetate and 70 mM acetic acid. Activity of the
enzymewith and without inhibitor was determined by measuring the fluorescence
of the free aminomethylcoumarin at 370 nm for excitation and at 460 nm for
emission. The inhibitory activity was calculated by thedifference between
cathepsin activities with and without inhibitor. One unit of inhibitory activity

was defined as a one unit decrease of cathepsin L activity [4].

(3) Electrophoresis

The glassfish protease inhibitor was analyzed by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) and polyacrylamide gel
electrophoresis (PAGE). Briefly, purified glassfish protease inhibitor was added
to sample buffer of SDS-PAGE (100 mM Tris-HCI, pH 6.8, 25% SDS, 0.01%
bromophenol blue, 2% glycerol, and 10% -mercaptoethanol) to give a final
protein concentration of 1.5 mg/ml. After a 4 min incubation at 95 C, 5 L of
the prepared sample was applied to a 12% SDS-polyacrylamide slab gel at pH
8.3 [17]. Sample buffer of PAGE [40]lwas composed of 155 ml of 1 mM



Tris-HCI buffer, 25 ml of 1% bromophenol blue, 7 ml of water, and 25 ml of
glycerol, pH 6.8. The further procedure of PAGE was the same as described

above.

(4) Thermal and pH Stability
The purified glassfish inhibitor was incubated for 30 min at various

temperatures, ranging from 50 C to 80 C, and at varying pH values (pH range:
4-10) to determine thermal and pH stability of the protein. Residual papain

inhibitory activity was then determined at 37 C as described above.

(5) Inhibitor Constant (Ki)
Aliquots of 0-30 pg/ml glassfish protease inhibitor, 0.5 mg/ml papain, and

0.1-6.4 mg/ml azocasein were prepared for the determination of Kkinetic
parameters. K., and Vmux values for papain on azocasein were calculated using
the hyperbolic regression analysis of Michaelis-Menten [22]. Ki was determined
using a Dixon plot analysis [9]. Theactivity of glassfish egg inhibitor was

measured at three azocasein concentrations (2, 1, and 0.5 times Km).

3. RESULTS AND DISCUSSION

7}. Purification of Protease Inhibitor
The fractionation pattern of glassfish protease inhibitor by affinity

chromatography is shown in Fig. 1.
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Fig. 1. CM—papain immobolized resin affinity chromatography pattern of HMW protease



inhibitor purified from glassfisg egg.
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Fig. 2. SDS-PAGE pattern of HMW glassfish egg protease inhibitor. Lane 1. MW
protein marker ; Lane 2 and 3. protease inhibitor purified by electro—elution ;

Lane 4. protease inhibitor purified by affinity chromatography.

There was one protein peak with high inhibitory activity (8.42 U/mg) against
papain. However, on SDS-PAGE, there were two protein bands with MW 67
and 18 kDa (Fig. 2). These two proteins were separated and purified by
electro—elution using GeBaflex-tube extraction kit. The specific inhibitory activity
and purity of protease inhibitor with MW 67 kDa were 1857 U/mg and 132.64
fold, respectively. The specific inhibitory activity and purity of protease inhibitor
with MW 18 kDa were 19.70 U/mg and 140.71 fold, respectively, a little higher
than those of HMW protease inhibitor (Table 1).

Table. 1. Purification of HMW protease inhibitor from glassfish egg.

Total  Total inhibitory Specific ] S
Purificats . e it [hibit it Yield Purification
urification step protein activity ibitory activity
(%) (fold)
(mg) (U) (U/mg)

Egg extract 2505.72 360.00 0.14 100.00 1.00
Affinity chromatography 0.25 211 8.42 059 60.14
Electro-elution 18 kDa  0.012 0.23 19.70 0.06 140.71

! 67 kDa 0.014 0.26 1857 0.07 132.64

Because of high vyield, the higher molecular weight protein (HMW) was
selected for further experiments in this study, and its properties were compared
with other protease inhibitors. In another study, molecular weight of cysteine

protease inhibitor from Atlantic salmon (Salmo salar L) skin was 52 kDa, which



was classified as a kininogen based on its amino acid sequence [47]. Cysteine
protease inhibitor with MW 50 kDa was also isolated from the muscle of carp
and inhibited both papain and calpain [35]. Family III of cystatin superfamily is
divided into two sub-families; high (=120 kDa) and low (-68 kDa) molecular
weight kininogens [3]. Therefore, based on its molecular weight, the purified
glassfish egg protease inhibitor with MW 67 kDa might be a member of

kininogens.

Y. Properties of the Protease Inhibitor
Optimal pH and temperature for inhibitory activity of HMW glassfish

protease inhibitor were pH 6 (Fig. 3A) and 40 C (Fig. 3B), respectively.
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Fig. 3 (A, B). The effect of pHs and temperatures on inhibitory activity of HMW

glassfish egg protease inhibitor.

The HMW glassfish egg inhibitor was shown to be relatively stable within a
pH range of 5 to 7, with maximal activity at pH 6. The residual inhibitory
activity after preincubation at 37 C and pH 6 for 30 min was 85%, but more
than 50% of inhibitory activity was lost at extreme pH (< pH 4 and > pH 9)
(Fig. 4A).

Other study has shown that human plasma kininogen with MW 83.5 kDa had
high inhibitory activity against papain and cruzipain at pH 6.5 [38]. In contrast,
LMW glassfish egg inhibitor was shown to be relatively stable within a pH
range of 7 to 10, with maximal activity at pH 8 (Fig. 5).
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Fig. 4 (A, B). The stability of HMW glassfish egg protease inhibitor at temperature
and pHs

Fig. 5. Dixon plot of papain inhibition with HMW glassfish egg protease inhibitor at

different concentrations of azocasein.

The residual inhibitory activity after preincubation at 37 C and pH 8 for 30
min was 70%, but no inhibition of papain was observed under acidic conditions
(pH < 6) [39].

A raw material of surimi is fresh muscle of fishes. During processing, it will
come to be In postmortem stage and decrease in pH of fish muscle or surimi.
Because the fish muscle is weakly acidic pH, cysteine-like cathepsin may play
an important role in softening gel of surimi before proteases such as alkaline
heat stable proteases are active to cleave myosin heavychain and other proteins
[18, 24, 19].

The 67 kDa of the glassfish egg protease inhibitor was even more stable at



lower temperatures: Inhibitory activities of more than 90 % were retained after
30 min incubations at 5, 20, 35, and 50 C. The inhibitory activity of 70 %6 was
lost when incubated at 80 C (Fig. 4B). In contrast, the LMW glassfish egg
protease inhibitor was even more stable at higher temperatures: Its inhibitory
activity of 60.8% and 40.1%6 were retained after 30 min preincubations at 65 C
and 80 T, respectively [39]. Cathepsin B and L have been found to soften chum
salmon [43, 44], tilapia [31], and mackerel [15]. The strength of surimi gel with
cathepsin B and L decreased significantly after 2 h incubation at 55 C [16].
Because HMW protease inhibitor from glassfish egg was stable at 50 C, this
inhibitor might be able to inhibit heat stable cathepsin B and L in surimi gelling
process.

To determine the Kivalue of HMW (67 kDa) glassfish egg protease inhibitor
with papain, the velocity of azocasein hydrolysis by papain was measured with
and without fish egg inhibitor at different azocasein concentrations, and the Ki
was calculatedusing a Dixon plot of 1/V vs. [I] [9]. The result showed that
HMW glassfish egg protease inhibitor was a competitive inhibitor against
papain, as the inhibitor concentration (X value) was the same (97.02 nM) for
two different linear regressions based on the substrate concentrations, and Y
value (reciprocal of velocity) was at the reciprocal of Vmax, 11.07 unit-1. The
Kiof HMW glassfish egg inhibitor (97.02 nM) was higher than the Ki of
transgenic tomato cystatin (4.70 nM) [14] and LMW glassfish egg inhibitor (4.70
nM) [39], and was lower than that of the human kininogen (170 nM) [32]. The
Ki wvalue of human kininogen was determined using cathepsin B with the
fluorogenic peptide substrate, whereas the Ki value of the transgenic tomato
cystatin and LMW glassfish egg inhibitor were determined using papain and
azocasein as substrates. As HMW glassfish egg inhibitor has a higher Ki, it
would be less effective than the transgenic tomato inhibitor to inhibit papain at
the same assay conditions.

As shown in Table 2, the HMW glassfish egg protease inhibitor was

compared with the activity of chicken egg white cystatin.

Table 2. Comparison of inhibitory activity of HMW protease inhibitory from

glassfish egg and chicken egg white against and cathepsin



Relative inhibitory activity(%)d

Protease inhibitor

Papain Cathepsin L
HMW glassfisg egg 98.09a 26.47b
Chicken egg white 97.13a 15.69¢

a,b,c Means in the same column with different superscripts are signficantly different(p<0.05).
d Mean values obtined from three replications.

The HMW glassfish egg protease inhibitor was able to inhibit papain and
cathepsin L. The relative inhibitory activity of the glassfish egg protease
inhibitors against cathepsin L (26.47%) was significantly higher than chicken
egg white protease inihibitor, 15.69%. Otherwise, there was no significantly
difference between inhibitory activities of two inhibitors against papain. In a
recent study, the LMW glassfish egg inhibitor against cathepsin L (36.84 U/mg)
was also significantly higher than that of egg white inhibitor against cathepsin
L (16.05 U/mg) [39]. Therefore, both of the glassfish egg protease inhibitors
might be used to substitute commercial chicken egg white inhibitor to prevent

"modori” phenomenon in surimi-based products.
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1. Introduction

The cysteine protease inhibitors, whichare widely distributed in animal muscle
and body fluid, are classified into three families based on their structural
complexities (1). Family I cystatins lack disulfide bonds and include cystatins A
(2) and B (3), and rat cystatin B (4). Family II cystatins are characterized by
two disulfide bonds and include human cystatin S (5), chicken egg white
cystatin (6), mouse cystatin (7), and rat cystatin (4). Molecular weights of
Family I and II cystatins range from 10 to 20 kDa. Family III cystatins include
kininogens, which are single-chain glycoproteins containing three cystatin-like
domains with molecular weights ranging from 68 to 120 kDa (8). Protease
inhibitors of the fish eggs are thought to be involved in the protection of eggs

from microorganisms, embryogenesis, and the regulation of early embryonic



growth. Cystatins may also contribute to the defense against viral proteases that
are necessary for virus replication (9). In addition, cysteine protease inhibitors
have also been used for medical treatment of parasite diseases (10) and malaria
(11), as well as prevention of modori phenomenon,in which endogenous protease
causes deterioration of the gel quality of surimi-based product (12). Some
food-grade protease inhibitors such as egg white, bovine plasma protein, potato
powder, and whey protein have beenused to prevent modori phenomenon (13)
however, they cause side effects such as color changes in surimi-based products
(12). Cysteine protease inhibitors were purified from ovarian fluid carp (14), egg
and muscle of chum salmon caught inPacific Ocean near Japan (9,15), muscle of
white croaker (16), and Atlantic salmon and Arctic charr (17). There is a strong
demand to prevent the quality deterioration of surimi-based product or fish meat
(18). One of the most efficient methods is to inhibit digestive fish muscle
proteases. Therefore, the objective of this study was to purify and characterize
the protease inhibitor from the eggs of chum salmon, and to develop a novel

inhibitor preventing modori phenomenon in surimi-based products.

2. Materials and Methods

7}. Materials

The eggs from a mature chum salmon, Oncorhynchus keta, were harvested
immediately after catchingin the coast of East Sea, Korea and were stored at 40
C until used. Papain, trypsin, cathepsin, azocasein, and protein molecular weight
markers were purchased from Sigma Chemical Co. (St. Louis, MO, USA). The
remaining chemicals used in this study were of first reagent grade. CM
Sepharose and CNBr-activated Sepharose 4B were purchased from Amersham

Pharmacia Biotech, Ltd. (Uppsala, Sweden).

Y. Purification of protease inhibitor

Purification of protease inhibitor was purified by the modified method of
Moon and Kim (19). Fish eggs (250 g) were homogenized in 1 L of 25 mM
sodium phosphate buffer, pH 7.0, containing 50 mM NaCl, 1 mM EDTA, and 1
mM 2-mercaptoethanol (buffer A). Cell and tissue debris were precipitated and

removed from the homogenate by centrifugation at 10,730 xg for 25 min. To



further purify the extract, the supernatant was dialyzed overnight against 50
mM sodium acetate buffer, pH 5.5, containing 50 mM NaCl, 1 mM EDTA, and 1
mM 2-mercaptoethanol (buffer B). The dialyzed fraction was applied to a
CM-Sepharose column (2.6 x 30.0 cm) equilibrated with buffer B. Proteins were
eluted from the column using a linear gradient of 0 to 1 M NaCl in sodium
acetate buffer (pH 5.5) at 1 mL/min. Fractions containing higher than 50% of
maximal inhibitory activity were pooled and dialyzed against a 25 mM sodium
phosphate buffer, pH 7.5, containing 0.15 M NaCl, 1 mM EDTA, and 1 mM
2-mercaptoethanol (buffer C). The pooled fractions were concentrated by
ultrafiltration using a 10 kDa cutoff membrane (Amicon Co., Beverly, MA,
USA). The concentrate was then loaded onto a Sephacryl column (2.6 x 60.0

cm) equilibrated with buffer C and was eluted at 0.2 mL/min.

t}. Affinity chromatography
Aliquot (7 g)of CNBr-activated Sepharose 4B was washed and re-swelled on

a glass filter (size G3) with 1.5 L of 1 mM HCIL Subsequently, 20 mL of 5
mg/mL papain solution in coupling buffer (1 M NaHCO3, pH 8.3, 0.5 M NaCl)
was mixed with the gel and stirred overnight at 4 . The gel was
thentransferred to 40 mL blocking agent (0.2 M glycine, pH 8.0) and stirred
overnight at 4 C. The gel was sequentially washed with 0.1 M acetate buffer
(pH 4.0, 0.5 M NaCl) and the coupling buffer. Finally, the gel was poured into a
column (1.0 x 20.0 cm), which was then equilibrated with buffer A. Aliquot (50
mL) of the pooled fractions purified by Sephacryl gel permeation
chromatography was loaded onto the affinity column and washed with buffer A.
The protease inhibitor was eluted with 50 mM trisodium phosphate buffer, pH
10, containing 50 mM NaCl at 0.3 mL/min.

2}. Inhibitory activity assay

Chum salmon protease inhibitory activity was determined by measuring the
degree of inhibition of papain activity using azocasein as the substrate. Aliquot
(200 L) of 1.7 pg/mL inhibitor solution in buffer A was added to 100 pL papain
solution (0.1 U activity) in buffer A. The combined solution was incubated at 37
C for 5 min and added to 250 pL of 3.2 mg/mL azocasein substrate solution in

buffer A. Following 30 min incubation at 37 C, the reaction was stopped by



adding 700 ulL of 20% trichloroacetic acid (TCA). A control was prepared by
substituting 200 upl inhibitor solution with 200 pL buffer A. A blank was
prepared by adding 700 ulL of 20% TCA before adding 250 uplL substrate
solution. For color development, the reaction mixture was centrifuged at 10,000 g
for 5 min, and 720 L supernatant was added to 800 pL of 1 N NaOH. The
absorbance was measured at 440 nm. Inhibitory activity was calculated based on
the difference between papain activities with and without inhibitor. One unit
each of the papain and inhibitory activities were defined as the amount of 0.1 M
azocasein hydrolyzed per min and one unit decrease of papain activity,

respectively (13,20).

v}, Heat and pH stability

The purified chum salmon inhibitor was incubated for 30 min at temperatures
ranging from 5 to 80 C and at varying pH values (pH range: 2-8) to determine
the heat and pH stabilities of the protein. Residual papain inhibitory activity was

then determined at 37 C as described above.

H}. Electrophoresis

The chum salmon protease inhibitor was analyzed using sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and polyacrylamide gel
electrophoresis (PAGE, native gel). Briefly, purified chum salmon protease
inhibitor was added to the sample buffer of SDS-PAGE (100 mM Tris-HCIl, pH
6.8, 2.5% SDS, 0.01% bromophenol blue, 2% glycerol, and 10% -mercaptoethanol)
to give a final protein concentration of 1.5 mg/mL. After 4 min incubation at
950C, 5 L prepared sample was applied to a 129 SDS-polyacrylamide slab gel
at pH 8.3 (21). Sample buffer of PAGE (22) was composed ofl15.5 mL of 1 mM
Tris-HCl buffer, 25 mL of 1% bromophenol blue, 7 mL water, and 25 mL
glycerol, pH 6.8. Mixture of the sample buffer of PAGE and chum salmon
protease inhibitor at a final protein concentration of 1.5 mg/mL was applied to a

12% polyacrylamide slab gel at pH 8.3 (21).

A}. Protein assay
Protein assay was performed using a protein kit (Bio-Rad Lab. Inc.,

Hercules, CA, USA) according to the manufacturer’s instructions. Bovine serum



albumin was used as the calibration standard. The relative protein concentration
of the chromatographically separated fraction was estimated by measuring

absorbance at 280 nm.

3. Results and Discussion

7}. Purification of protease inhibitor

The purification of chum salmon egg protease inhibitor is summarized in
Table 1. The fractionation pattern of protease inhibitor determined by CM

Sepharose chromatography is shown in Fig. 1.
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Fig. 1. CM Sepharose chromatography pattern of chum salmon egg protease inhibitor.

Two protein peaks (CM I and CM II) showing inhibitory activity were
observed, withthe inhibitory activity of the second peak (CM II) being higher
than the first one (CM D).

A similar pattern was obtained from an ovarian carp-isolated protease
inhibitor through CM-TSK chromatography (14). Specific inhibitory activities
between 1 and 7 U/mg were observed in the pooled azocaseinolytic-active ion
exchange chromatography fractions of the protease inhibitors isolated from
different fish species (20), which were comparable to the results of this study.
Synnes (23) reported that ion exchange chromatography of Atlantic salmon skin
protease inhibitor showed two peaks, in which the second peak had higher
inhibitory activity. Therefore, the second peak (CM II) of CM-Sepharose
chromatography was chosen for further purification by Sephacryl gel permeation

chromatography only one protein inhibitory peak was detected, with two protein



bands on SDS-PAGE (data not shown). Therefore, pool of Sephacryl
chromatography peak was further fractionated by affinity chromatography, and,
among the two protein peaks (elution volumes, 72 and 117 mlL) had no
inhibitory activity obtained, only the smallest peak showed inhibitory activity
against papain (Fig. 2).

The specific inhibitory activity and purification fold of the smallest peak were
467 U/mg and 58.11, respectively (Table 1), higher than the specific inhibitory
activity of protease inhibitor (3.8 U/mg) of from chum salmon caught in Japan

9).
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Fig. 2. CNBr—Sepharose 4B-coupled papain affinity pattern of chum salmon egg

protease inhibitor.

Table 1. Purification of cysteine protease inhibitor from chum salmon egg by ion

exchange and CNBr—-Sepharose 4B—coupled papain chromatography

S Total protein Total inhibitory  Specific Inhibitory  Yield Purity
Purification step

(mg) activity (U) activity (U/mg) (%) (fold)

Extract 1,046.00 84.00 0.08 100.00  1.00
CM-Sepharose 572 15.60 2.02 1375 1514
CMBr-sepharose 4B 0.27 1.26 467 1.50 53.11




However, the purification yield and fold (1.5% and 58.11, respectively) of
protease inhibitor from chum salmon egg captured in the coast of East Sea,
Korea of this study were lower than 1.9% and 93 fold of salmon caught in the
coast of the Pacific Ocean, Japan (9). Purification of Atlantic salmon skin
protease inhibitor showed similar result on affinity chromatography in that the

first peak has higher inhibitory activity than the second one (23).

1. Electrophoresis
SDS-PAGE and PAGE (native gel) analyses of the smallest peak are shown
in Figs. 3 and 4, respectively.
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Fig. 3. SDS—polyacylamide gel electrophoresis of chum salmon protease inhibitor. (A),
SDS-PAGE of chum salmon egg protease inhibitor(54kDA and 18.6kDa)
(B), Standard marker : bovine serume albumin(66kDa), egg albumin(54kDa),
B-lactoglobumin(18kDa), lysozyme(14.3kDa) ; (C), Estimation of MW of
protease inhibitor ; (e : Standard marker, 2 : CMIlI-1).
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Fig. 4. Polyacylamide gel electrophoresis of chum salmon protease inhibitor. (A), (B),
Standard marker : bovine serume albumin (84kDa), pepsin (34.7kDa),
trypsinogen (24kDa), B-lactoglobumin 18kDa), lysozyme (14.3kDa) ; (B),
chum salmon egg protease inhibitor (72.6kDa) ; (C), Estimation of MW of
protease inhibitor.

SDS-PAGE analysis showed two protein bands with MW 54 and 18.6 kDa,
whereas PAGE analysis showed only one protein band with MW 72.6 kDa,
indicating that chum salmon egg protease inhibitor isa heterodimer protein.
SDS-PAGE analysis of the protease inhibitor purified from chum salmon caught
in Japan resulted in two protein bands with MW 11 and 16 kDa classified as
cystatin (9). Synnes (23) reported that MW of protease inhibitor from Atlantic
salmon (Salmon salar L) skin was 76 kDa and classified it as a kininogen
(24,25). Kininogn, a single chain glycoprotein consisting of two chains, heavy
and light, connected by a single disulfide bond, is easily converted into
two—-chain forms (26). Therefore, based on these findings, cysteine protease
inhibitor from salmon egg with MW 72.6 kDa was tentatively classified as a

kininogen.

t}. Properties of the protease inhibitor
The chum salmon egg protease inhibitor inhibitedthe cysteine proteases such
as papain, and cathepsin (Table 2), but not trypsin, a serine protease (data not

shown).



Table 2. Comparison of inhibitory activity of chum salmon egg protease
inhibitor with chicken egg white and chymotrypsin potato | against

papain and cathepsin L.

specific inhibitory activity(U/mg)d

Inhibitor . .
papain cathepsin L

Salmon egg 4.67c 28.02a

Chicken egg white 37.71a 16.05b

Chymotrypsin potato I 2.00c¢ 4.12¢

a,b,c Means in the same column with different superscripts are signficantly different(p<0.05).
d Mean values obtined from three replications.

Furthermore, it demonstrated higher inhibitory activity against cathepsin than
against papain, possibly because the cathepsin is a fish muscle protease, while
papain is a plant protease (9). Although protease inhibitor from chum salmon
caught in Japan inhibited papain and cathepsin L, the specific inhibitory activity
against papain, 3.8 U/mg (9), was lower than 4.67 U/mg of protease inhibitor
from chum salmon caught in Korea in this study (Table 1).

The chum salmon egg protease inhibitor was relatively stable at low

temperatures (Fig. 5).
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Fig. 5. Effect of temperature and pH on the stability of chum salmon egg protease
inhibitor.

Inhibitory activity of 80% was retained after 30 min incubation at 35 T.
Inhibitory activity of chum salmon egg inhibitor decreased by 60 and 70% when
incubated at 50 and 65 T, respectively. Although most of the residual inhibitory
activity of salmon skin inhibitor remained after incubation at 70 C for 30 min,
60% residual inhibitory activity was lost after incubation at 80 T for 30 min
(23). Forty percent residual inhibitory activity of Actinomycetes protease

inhibitor remained after incubation at 60 C for 30 min (27). Moreover, chum



salmon protease inhibitor at 60 C was shown to inhibit endogenous fish muscle
proteases such as cathepsins B, H, and L, with optimal activity at 50 - 60 T
(12).

The chum salmon egg inhibitor was relatively stable within a pH range of 6
to 7, with maximal stability at pH 6 (Fig. 5). The residual inhibitory activity
after incubation at 37 C and pH 7 for 30 min was 86.4% however, no inhibition
of papain was observed under extreme acid (pH< 4) and alkaline (pH > 8)
conditions, as similarly observed by other research group, who showed that
protease inhibitor from milt chum salmon was relatively stable within a pH
range 5 to 7, and no inhibition of papain was observed under extreme acid and
alkaline conditions (28). On the other hand, protease inhibitor from chum salmon
caught in Japan was relatively stable within a pH range of 2 to 7, with
maximal activity at pH 3. Most endogenous cysteine proteases in fish muscle
are also active at weak acid pH, with significant activity at around pH 7 (29).

Therefore, salmon egg protease inhibitor with MW 72.6 kDa in this study
could better inhibit cysteine protease in fish muscle and surimi product than that
from chum salmon caught in Japan (9). The inhibitory activity of chum salmon
egg inhibitor was compared with those of other inhibitors (Table 2). The
specific inhibitory activity of chum salmon egg protease inhibitor against
cathepsin (28.02 U/mg) was higher than against papain (4.67 U/mg). In contrast,
the egg white inhibitor, which is also a member of the cystatain family II (25),
demonstrated lower inhibitory activity against cathepsin (16.05 U/mg) than
against papain (37.71 U/mg) (Table 2). The specific inhibitory activity of
chymotrypsin potato, which is a member of the serine protease inhibitor, against
papain and cathepsin were 2.00 and 4.12 U/mg, respectively. Cathepsin, an
endogenous protease in fish muscle, plays an important role in softening surimi
gel induced by heating (modori phenomenon). Therefore, the chum salmon egg
protease inhibitor could be used as a substitute for chicken egg white, which is
presently the most commonly used commercial inhibitor, to prevent modori

phenomenon in the surimi-based product.

4. References

Li F, An H, Seymour TA, Bradford S, Morrissey MT, Bailey GS, Helmrich A,



Barnes DW. Molecular cloning, sequence analysis and expression distribution of
rainbow trout (Oncorhynchus) cystatin C. Comp. Biochem. Physiol. 121B:
135-143 (1998)

Takahashi H, Oyama N, Itoh Y, Yamamoto AIl. Transcriptional factor AP-2
gamma increases human cystatin A gene transcription of keratinocytes. Biochem.

Biophys. Reserch. Comun. 278(3): 719-723 (2000)

Oswa M, Kaneko M, Horiuchi H, Kitano T, Kawamoto Y, Saiou N, Umetsu K.
Evolution of cystatin B gene: implications for the origin of its variable

dodecamer tandem repeat in humans. Genomics. 81: 78-84 (2003)

Takeda A, Iwasawa A, Nakamura Y, Omata K, Nakaya K. Monoclonal
antibodies as probes to detect conformational changes in the rat cysteine

proteinase inhibitor cystatin A. J. Immunol. Methods. 168: 69-78 (1994)

Isemura S, Saitoh E, Sanada K, Isemura M, Ito S. Cystatin S and the related
cysteine proteinase inhibitors in human saliva. pp. 497-505. In: Cystatin
proteinases and their inhibitors. 1st ed. Turk V, Walter de Gruyter (eds). Berlin,
German. (1986)

Colella R, Sakaguchi Y, Nagase H, Bird JW. Chicken egg white cystatin,
molecular cloning, nucleotide sequencing, and tissue distribution. J. Biol. Chem.
264: 17164-17169 (1939)

Yamaza T, Tsuji Y, Goto T, Kaido MA, Nishijima K, Moroi R, Akamine A,
Tanaka T. Comparison in localization between cystatin C and cathepsin K in
osteoclasts and other cells in mouse tibia epiphysis by immunolight and

immunoelectron microscophy. Bone. 29(1): 42-53 (2001)

Abe K, Kondo H, Emori Y, Suzuki K, Arai S. Molecular cloning of a cysteine
proteinase inhibitor of rice (Oryzacystatin), homology with animal cystatins and
transient expression in the ripening process of rice seed. J. Biological. Chem.

262: 16793-16797 (1987)

Yamashita M, Konagaya S. Cysteine protease inhibitor in egg of Chum salmon.

— 100 —



J. Biochem. 110: 762-766 (1991)

James HM. Development of cysteine protease inhibitors as chemotherapy for
parasitic diseases: insights on safety, target validation, and mechanism of action.

J. Parasitol. 29: 833-837 (1999)

Olson JE, Lee GK, Semenov A, Rosenthal PJ. Antimalarial effects in mice of
orally administered peptidyl cysteine protease inhibitors. Bioorg. Med. Chem.
7(4): 633-638 (1999)

An H, Peters MY, Seymour TA. Roles of endogenous enzymes in surimi

gelation. J. Food Sci. 7: 321-326 (1996)

Weerasinghe VC, Morrissey MT, An H. Characterization of active components
in food grade proteinase inhibitor for surimi manufacture. J. Food Chem. 44:

2584-2590 (1996)

Tsai Y], Chang GD, Huang CJ, Chang YS, Huand FL. Purification and
molecular cloning of carp ovarian cystatin. Comp. Biochem. B113: 573-580 (1996)

Yamashita M, Konagaya S. A comparison of cystatin activity in various tissues
of chum salmon (Oncorhynchus keta) between feeding and spawning migrations.

Comp. Biochem. Physiol. 100A: 749-751 (1991)

Sangorrin MP, Folco EJ, Martone CM, Sanchez JJ. Purification and
characterization of a protease inhibitor from white croaker skeletal muscle

(Micropogon opercularis). Inter. J. Biochem. Cell Biol. 33: 691-699 (2001)

Olenen A, Kalkkinen N, Paulin L. A new type of cysteine proteinase
inhibitor-the salrin gene from Atlantic salmon (Salmo salar L) and Arctic charr

(Salvelinus alpinus). Biochem. 01: 001-005 (2003)

Tacheuchi A, Lee NH, Cho YJ, Konno K. Effect of garlic, chili and ginseng on
the thermal gelation of Alaska pollack surimi. Food Sci. Biotechnol. 14(1): 16-20
(2005)

Moon GS, Kim W]J. Partial characterization and purification Enterocin K25

- 101 -



linked to the plasmid in Enterococcus sp. K25. Food Sci. Biotechnol. 14(5):
581-585 (2005)

Borla OO, Martone CB, Sanchez ]JJ. Protease I inhibitor system in fish muscle:
a comparative study. Comp. Biochem. Physiol. 119B(1): 101-105 (1998)

Laemmli UK. Cleavage of structure protein during the assembly of the head
bacteriophage. Nature 227: 265-275 (1970)

Walker JM. Nondenaturing Polyacrylamide Gel Electrophoresis of Protein. pp:
57-60. In: The Protein Protocols Handbook. 2nd ed. Walker JM (ed). Hummana
Press, Totowa, NJ, USA (2002)

Synnes M. Purification and characterization of two cysteine proteinase inhibitors
from skin of Atlantic salmon (Salmo Salar L.). Comp. Biochem. Physiol. Part B.

121: 257-264 (1998)

Barrett A]J. Cysteine protease inhibitors of the cystatin superfamily. pp:
515-569. In: proteinase inhibitors. Rawlings ND, Davies ME, Macleidt W,
Salvesen G. Turk V. (eds). Elsevier. Amesterdam. (1986)

Turk V, Bode W, Minireview. The cystatins: protein inhibitors of cysteine

proteinase. Fed. Euro. Biochem. Soc. 285(2): 213-219 (1991)

Turk B, Stoka V, Johansson G, Cazzulo JJ, Bjork I. High-molecular weight
kininogen binds two molecules of cysteine proteinases with different rate

constant. FEBS Letters 391: 109-112 (1996)

Pandhare J, Zog K, Deshpande VV. Differential stabilities of alkaline protease
inhibitor from actinomycetes: effect of various additives on thermostability.

Biores. Technol. 84: 165-169 (2002)

Kawabata C, Ichishima E. Miltpain, new cystsine protenase from the milt of
Chum salmon, Oncorhynchus keta. Comp. Biochem. Physiol. 117B. 3: 445-452
(1997)

Visessanguan W, Benjakul S, An H. Purification and characterization of

- 102 -



cathepsin L in arrowtooth flounder (Atheresthes stomias) muscle. Comp. Bioch.

Physiol. 134: 477-487 (2003)

A5 A e o} F waRAEaAHA 34 L 54

1. Introduction

Proteolytic enzymes are distributed in all types of organisms including fishes
(Barrett, 1994; Stoknes and Rustad, 1995). They catalyze the cleavage of the
peptide bond. Proteolytic enzymes can be assigned to four distinct groups on the
basis of their catalytic types serine, cysteine, aspartic, and metallo
proteases(Kenny, 1999). The cysteine protease is the largest group and includes
lysosomal cathepsins. There are many reports on cysteine proteases in muscle of
several fish species in which most of them are thermostable and alkaline stable
(Folco et al., 1984; Busconi et al, 1984; Lin and Lanier, 1980). The alkaline
proteases have an important role in protein metabolism, turnover, post mortem
modifications of fish muscle protein (Boye et al., 1980; Wasson, 1992; Ladrat et
al.,, 2004), and softening gel of surimi-based products (Hammann et al., 1990)

The action of proteases was regulated and inhibited by endogenous inhibitor.
The interaction between proteases and their inhibitor was a target of intensive
studying for the last two decades. Protease inhibitors were purified from ovarian
fluid carp (Tsai et al, 1996), and egg and muscle of chum salmon (Yamashita
and Konagaya, 1991ab), muscle of white croaker (Sangorrin et al., 2001), and
Atlantic salmon and Arctic charr (Olenen et al., 2003).Protease inhibitor in
muscle of white croaker, hake, Argentine anchovy, castaneta, rough sead, and
sea trout were investigated and compared (Borla et al., 1998).

The specific inhibitors of cysteine proteases are needed in preventing
unwanted destructive proteolysis which can be used in therapy and research
(Hernandez and Roush, 2002; Pol and Bjork, 2003), toxic for pest (Gruden et al.,
1998; Rogelj et al., 2000), and food industry (Hammann et al., 1990; Pandhere et
al., 2000). Cysteine protease inhibitors were subdivided into 4 major families:
stefin, cystatin, kininogen, and phytocystatin according to occurrence, sequence,
and structural similarity (Rassam and Laing, 2004). The stefin is the smallest

inhibitor with MW 11 kDa and no difulfide bridges. The cystatin family is 13
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kDa with disulfide bridges. The Kkininogen family is the largest inhibitor with
molecular weight of68 to 120 kDa. Phytocystatin family from botanical seed 1is
more homologous to the cystatin family in amino acid sequence, while the lack
of disulfide bridgeson these inhibitor is similar to the stefin (Tseng et al., 2002).
A cystatin homologous to mammalian cystatin C was first isolated,sequenced
from pituitary gland of chum salmon (Koide and Noso, 1994), cloned and
expressed (Yamashita and Konagaya, 1996). In this study, protease inhibitor was
purified from eggs of different fish species and then compared their specific
inhibitory activity against papain. In addition, their stability against temperature

and pH was also investigated.

2. Materials and Methods

7}. Raw materials

The eggs of five different fishes in Table 1 were taken immediately after
caught from November to December in 2002 in Korea and stored at 40 oC until
used.

Table 1. Biological classification of fishes studied.

Class Osteichthyes
Subclass Actinopterygii
Infraclass Teleostei
Super order Clupeomorpha
Order Scorpaenifor-mes  Cluperiformes Gadiformes Salmoniformes Osmeriformes
Suborder Scorpeinoidei Clupeoidei Gadeoidel Salmoniformes Osmereoidel
Family Liparidae Clupeidae Gadidae Salmonidae Osmeridae
Liparis Clupea Theragra Oncorhynchus Hypomesus
Genus
) tanakai pallasii Chalcograma keta olidus
Species
Glassfish Herring Pollock Chum salmon Pond smelt

Papain, trypsin, cathepsin, azocasein, and protein molecular weight marker

were purchased from Sigma Chemical Co. (St. Louis, MI, U.S.A.). The other

chemicals used in this study were the first reagent grade. Sephacryl HR 100,

CM Sepharose, and

CNBr-activated Sepharose 4B were purchased from
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Amersham Pharmacia Biotech, Ltd. (Uppsala, Sweden).

Y. Purification of protease inhibitor

Protease inhibitor of Alaska pollock egg was purified by conventional
purification protocol (Tsai et al., 1986). 250 g of fish egg was homogenized in 1
L of 25 mM sodium phosphate buffer (pH 7.0) containing 50 mM NaCl, 1 mM
EDTA, and 1 mM 2-mercaptoethanol (buffer A). The cell and tissue debris
were precipitated and removed from homogenate by centrifuging at 10,000 g for
25 min. The egg extract was fractionated with ammonium sulfate. The
precipitated fraction was dissolved in buffer A and then dialyzed overnight
against 50 mM sodium acetate buffer (pH 5.5) containing 50 mM NaCl, 1 mM
EDTA, and 1 mM 2-mercaptoethanol (buffer B). The dialyzed was applied to
CM Sepharose column (2.6 x 30.0 cm) equilibrated with buffer B in advance.
The protease inhibitors were eluted from the column by application of a sodium
acetate-buffered (pH 5.5) linear (0 to 1 M) NaCl gradient at flow rate of 1
mL/min. Fractions containing greater than 50% of maximal peak activity were
pooled and dialyzed against 25 mM sodium phosphate buffer (pH 7.5) containing
0.15 M NaCl, 1 mM EDTA, and 1 mM 2-mercaptoethanol (buffer C). Pooled
fractions were concentrated by ultrafiltration (10 kDa cutoff membrane, Amicon
Co., Beverly, MA, US.A.) and then loaded onto Sephacryl column (2.6 x 90.0
cm) equilibrated with the buffer C. The protease inhibitor was then eluted at
flow rate of 0.2 mL/min.

The protease inhibitors from the glassfish, Pacific herring, chum salmon, and
pond smelt eggs were purified by affinity chromatography. 7 g of
CNBr-activated Sepharose 4B was washed and reswelled on glass filter (size
G3) with 15 L of 1 mMHCL 20 mL of 5 mg/mL papain solution in coupling
buffer, 1 M NaHCO3 (pH 8.3) containing 0.5 M NaCl, was mixed with gel and
stirred at 4 C overnight. The gel was transferred to 40 mL of blocking agent,
0.2 M glycine (pH 8.0) and stirred at 4 C overnight. The gel was washed with
0.1 M acetate buffer (pH 4.0) containing 0.5 MNaCl and then with coupling
buffer. Finally, the gel was packaged in column (1.0 x 20.0 cm) and equilibrated
with buffer A. 50 mlL crude extract of fish egg was loaded on affinity
chromatography column and the column was washed with buffer A. Protease

inihibitor was eluted with 50 mM trisodium phosphate buffer (pH 10) containing
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50 mM NaCl at flow rate of 0.3 mL/min.

t}. Inhibitory activity assay

According to the modified method of Borla et al. (1998), protease inhibitory
activity was determined by measuring the inhibitory degree of papain activity on
azocasein as the substrate. 200 pL of 1.7 pg/mL inhibitor solution in buffer A
was added to 100 pL of papain solution (0.1 U of activity) in buffer A. The
inhibitor-papain mixture incubated at 37 C for 5 min was added to 250 pL of
3.2 mg/mL azocasein solution in buffer A. This mixture was reacted at 37 C
for 30 min and then its reaction was stopped by adding 700 pL of 20%
trichloroacetic acid (TCA). The control was prepared by substituting 200 pL of
inhibitor solution with 200 pL of buffer A. Blank was also prepared by adding
700 puL of 209 TCA in advance before adding 250 ul of substrate solution. 720
uL of supernatant centrifuged at 10,000 xg for 5 min was added to 800 pL of 1
N NaOH for exposing the color. Papain activity was expressed as the
absorbance at 440 nm. Inhibitory activity was calculated by difference between
papain
activity without/with inhibitor. One unit of inhibitory activity was defined as one

unit decrease of papain activity.

2}. Thermal and pH stabilities
Thermal stability of the purified inhibitor was determined by incubating the
inhibitor preparations at 580 C and pH 4-10 for 30 min. Residual papain

inhibitory activity was then determined at 37 C as described above.

v}, Inhibitor constant (Ki)

0-30 pg/mL inhibitor, 0.5 mg/mL papain, and 0.1-6.4 mg/mlL azocasein
solution were prepared for determining the kinetic parameters. Km and Vmax
values for papain acting on azocasein were calculated by hyperbolic regression
analysis of Michaelis-Menten (Michaelis and Menten, 1913). Ki was determined
using a Dixon plot analysis (Dixon and Webb, 1979). Inhibitory activities of
glassfish egg inhibitor were measured at three different azocasein concentrations

(2, 1, and 0.5 times of Km).

H}. Electrophoresis
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Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) was
done using 129 polyacylamide slab gels at pH 8.3 as described by Laemmli
(1970). Purified protease inhibitors in sample buffer (100 mM Tris-HCl buffer
containing 2.5% sodium dodecyl sulfate, 0.01%6 bromophenol blue, 2% glycerol,
and 10% B-mercaptoethanol, pH 6.8) were heated at 95 C for 4 min. 5 puL of
15 mg/mL protein inhibitor in sample buffer were electrophorized. B
—galactosidase (116 kDa), bovine albumin (66 kDa), egg albumin (45 kDa),
trypsinogen (24 kDa), -lactoglobulin (184 kDa), myoglobulin from horse heart
(16.6), lysozyme (14.3 kDa), myoglobulin I+III (10.66 kDa), and myoglobulin I
(816 kDa) from Sigma Chemical Co. (St. Louis, MI, US.A.) were used as

molecular markers.

A}. Protein concentration

Protein concentration was measured according to the manufacture procedure
of Bio—Rad protein kit (Bio—Rad Lab. Inc., Hercules, CA, U.S.A.) using bovine
serum albumin as the calibration standard. The relative protein content of

chromatography fractions was estimated by absorbance at 280 nm.

3. Results and Discussion

7}. Purification of protease inhibitor

The fraction pattern of Alaska pollock protease inhibitor at final step
purification by gel permeation chromatography was shown in Fig. 1. There
were two protein peaks with inhibitory activity against papain. The specific
inhibitory activity and purity degree of Peak II, 156 U/mg and 52.00 folds
(Table 2), were higher than 3.41 U/mg and 11.37 folds of Peak I (data not
shown). SDS-PAGE of Peak I showed two protein bands with MW 66.7 and
16.8 kDa, respectively (data not shown). Otherwise, SDS-PAGE of Peak II
showed one protein band with MW 16.8 kDa (Fig. 2) which was confirmed as a
purified Alaska pollock egg inhibitor. The specific inhibitory activity of purified
Alaska pollockegg inhibitor, 15.6 U/mg, was higher than 4.67 U/mg of salmon
egg inhibitor, but lower than 18.63 U/mg and 19.70 U/mg of Pacific herring and
glassfish egg inhibitor, respectively (Table 2).
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Fig. 1. Chromatography pattern of fish egg protease inhibitor. A: on gel permeation

chromatogram B, C, D, and E: on affinity chromatogram

Table 2. Inhibitory activity of purified fishes egg inhibitor.

) ) Total protein Total activity Specific activity Yield Purity
Fish species
(mg) ) (U/mg) (%) (fold)
Glassfish 0.15 2.87 19.70 0.25 164.70
Pacific herring 0.17 3.10 18.63 0.17 82.41
Alaska pollack 0.19 3.00 15.60 0.85 52.00
Salmon 0.27 1.26 467 1.50 5811
Pond smelt 0.61 1.90 3.12 0.11 14.46

CNBr-activated Sepharose 4B coupled with papain as a affinity chromatography

was used for purifying the protease inhibitor from glassfish egg. There were

two protein peaks on affinity chromatography pattern, but only small protein

peak showed two inhibitory active peaks (Fig. 1). The protein band with MW

67 kDa (Fig. 2) is Peak I (fraction volume 36 mL) in affinity chromatography
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pattern and the protein band with MW 17 kDa (Fig. 2) is Peak II (fraction
volume 39 mL). The specific inhibitory activity and purity degree of Peak II,
19.7 U/mg and 164.7 folds (Table 2), were higherthan 3.33 U/mg and 27.87 folds
of Peak I (data not shown).

A.pollock Glassfish Glassfish
45kDa—
24kDa— 116kDa—
24kDa—
66kDa—> —67kDa
18.4kDa—
—16.8kDa 45kDa—
14.kDa— , < 17kDa
17kDa 24kDa—
10.66kDa— 14.3kDa—
10.66kDa— 18.4kDa—
8.16kDa— 8.16kDa— L7kDa™
Pacific herring Chum salmon Pond smelt
«—116KDa
“4 <116kDa
wee <116kDa
66kDa— i —66kDa 84.4kDa—
89kDa—
. <—45kDa N -
) '3 66kDa— " < 66KkDa 66kDa— L - 66kDa
37kDa—
o <24kDa <—45kDa
< 18.4KDa ﬂ «45kDa & <35kDa
17kDa— @ —17kDa
«<14.3kDa
& < 24KDa - -
- 4kDa— |
23kDa— Wi .
10.66kDa a 18.4kDa

Fig. 2. SDS-PAGE pattern of fish egg protease inhibitors. M was protein marker; |
was protease inhibitor; SDS-PAGE pattern of chum salmon was stained by

silver stain; The others was stained by coomassie blue.

When pond smelt egg protease inhibitor was purified by affinity
chromatography, the elution pattern was similar to that of glassfish egg in
which two protein peaks were shown on affinity chromatography pattern. But

only small protein peak showed inhibitory active peak (Fig. 1). SDS-PAGE of
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the highest inhibitory activity fraction of pond smelt showed three protein bands
with MW 84.4, 66, and 184 kDa, respectively (Fig. 2). Protease inhibitor with
MW 83 kDa purified from human plasma was composed of two high and low
molecular subunits held together with a disulfide bond (Ohkubo, et al., 1988).
Family 3 of cystatin supermafily was divided to be two subclass high and low
molecular weight kininogens. Disulfide bond between domain cystatins of
kininogen was usually released due to B-mercaptoethanol in sample buffer and
by heating during preparation (Turk, et al, 1986; Auerswald, et al., 1993).
Therefore, the purified pond smelt egg protease inhibitor with MW 84.4 kDa
might be denaturated by SDS and most was separated to two cystatin domains
with MW66 and 184 kDa on SDS-PAGE. This inhibitor was considered to be
classified to multicystatin which contains two or more cystatin domains. The
specific inhibitory activity and purity degree of pond smelt egg protease inhibitor
were 3.12 U/mg and 14.46 folds, respectively (Table 2).

Salmon egg protease inhibitor was also purified by affinity chromatography.
There were three protein peaks, but only the smallest protein peak had
inhibitory activity against papain (Fig. 1). The specific inhibitory activity of the
smallest peak was 4.67 U/mg (Table 2). SDS-PAGE of the smallest peak
showed three protein bands with MW 89, 66, and 23 kDa, respectively (Fig. 2).
According to the mentioned above, the protein band with MW 89 kDa might be
also reduced and separated to two cystatin domains with MW 66 and 23 kDa on
SDS-PAGE.

Affinity chromatography pattern of Pacific herring egg protease inhibitor was
similar to that of salmon egg. There were three protein peaks in which the only
Peak II had inhibitory activity against papain (Fig. 1.). The specific inhibitory
activity of the Peak II was 1863 U/mg (Table 2). SDS-PAGE of Peak II
showed three protein bands with MW66 , 37, and 17 kDa, respectively (Fig. 2).
In this case, Pacific herring egg protease inhibitor with MW 120 kDa might be
a kininogen domains 3 (Auerswald, et al., 1993) in which its disulfide was
released and separated to three cystatin domains with MW66, 37, and 17 kDa on
SDS-PAGE.

The different characteristics of the purified fish egg protease inhibitors may

be caused by the phylogenetic origins of fishes (Table 1). The cystatin
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superfamily has been subdivided into three families based on their sequence
homology, the presence and position of intrachain disulfide bond, and the
molecular weight of the protein (Turk and Bode, 1991; Margis et al., 1998). The
molecular weights, 16.8 and 17 kDa, of Alaska pollock and glassfish egg
inhibitors were presumably classified to cystatin Family 1 or 2. Both families
are characterized by molecular weight range from 10 to 20 kDa (Abe et al.,
1987). The molecular weight, 120, 89, and 84.4 kDa, of Pacific herring, chum
salmon, and pond smelt inhibitors were reasonably classified to cystatin Family
3. Kininogen, Family 3 of cystatin, i1s characterized by molecular weight of 68 to

120 kDa (Vray et al., 2002).

Y. Comparison of inhibitory activity

The inhibitory activity of fish egg protease inhibitors against papain, a
member of cysteine protease, was shown in Table 2. The specific inhibitory
activity of glassfish egg inhibitor was higher than the others. The specific
inhibitory activities of glassfish, Pacific herring, Alaska Pollack, salmon, and
pond smelt egg protease inhibitors were 19.70, 1863, 15.60, 4.67, and 3.12
unit/mg, respectively. The different inhibitory activities of fish egg inhibitors
may be due to different of their binding site and amino acid sequence which
were depended on their genetic codons (Cleland et al., 1996, Cohen and Hearst,
1996). The genetic codons of their protease inhibitor were different due to the

genetically different origin of fishes in this study (Table 1).

t}. Comparison of stability
The stabilities of fish egg protease inhibitors at different temperatures and

pH values were shown in Table 3.

Table 3. Stability of fish egg protease inhibitors

Temperature
Inhibitor pH
(0C)
Glassfish egg 50-65 8.0
Alaska pollock 5-35 7.0
Chum salmon 5-40 6.0-7.0

Glassfish egg protease inhibitor was stable at 50-65 C and pH 8.0 with 60
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and 70% of residual inhibitory activity, respectively. Alaska pollock egg protease
inhibitor was stable at 5-35 C and pH 7.0 with 80 and 60% of residual
inhibitory activity, respectively, and chum salmon egg protease inhibitor was
stable at 5-40 C and pH 6.0~70 with 80 and 25% of residual inhibitory
activity, respectively. Based on the above data, glassfish egg inhibitor was
better than the others to inhibit cysteine proteases in surimi gelling process
because its optimal activity is at neutral to weak alkaline condition and 50-70 C
which was also optimal condition for modori phenomenon in surimi based
product. Most of fish muscle cathepsins are active at neutral and weak alkaline

condition (Visessanguan et al.,, 2003) and 50-60 C (An et al., 1994).

Z}. Inhibitory activity against proteases
The glassfish egg protease inhibitor inhibited papain and cathepsin, cysteine

proteases (Table 4), but did not inhibited trypsin, serine protease (Table 5).

Table 4. Comparison of inhibitory activity of glassfish egg protease inhibitor

with others against papain and cathepsin proteases.

Inhibitor Specific inhibitory activity (U/mg) d
Papain Cathepsin

Glassfish egg 197 ° 36.84 ¢

Egg white 377 ¢ 16.05

Chymotrypsin potato I 2.00 © 412 ¢

a,b,c Means in the same column with different superscripts are significantly different (p < 0.05).
d Mean values obtained from four replications.

Table 5. Inhibitory activity of glassfish egg protease inhibitor against papain

and cathepsin

Relative inhibitory activity

Enzymes

Y (%)
Papain 1695 350
Trypsin -265 3.05

Specific inhibitory activities of glassfish egg inhibitor against cathepsin and

papain were significantly different in which inhibitory activity against cathepsin
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was higher than papain. Specific inhibitory activity of glassfish egg inhibitor
against cathepsin, 36.84 U/mg, was higher than 16.05 U/mg of egg white
inhibitor. Animal protease inhibitor is considered to have stronger binding ability
to animal protease like cathepsin than plant protease inhibitor like papain.
Glassfish egg inhibitor was therefore very effective to be used in surimi

industry to inhibit the heat stable protease than egg white inhibitor.

v}, Inhibitor constant (Ki)

In order to determine the Ki value of glassfish egg inhibitor on papain, the
velocity of azocasein hydrolyzed by papain was measured without/with inhibitor
at different azocasein concentrations. Ki was calculated by Dixon plot, plot of
1/V vs [I] (Dixon and Webb, 1979). Glassfish protease inhibitor was
noncompetitive inhibitor against papain because the inhibitor concentration of
three different linear regressions based on the substrate concentrations was the
same at inverse of maximal velocity (Vmax), 11.07 unit-1. The inhibitor
constant (Ki) of glassfish egg inhibitor, 444 nM, was lower than 4.70 nM of

transgenic tomato cystatin (Table 6).

Table 6. Inhibitor constant (Ki) of glassfish egg protease inhibitor.

Source Ki (nM)
Glassfish egg 4,44
Tomato transgenic cystatin 470 (Jacinto et al., 1998)

Ki value of transgenic tomato protease inhibitor was determined using papain
as a protease and azocasein as a substrate (Jacinto et al., 1998), which was the

same as in this study.
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1. Introduction

Surimi, minced and washed fish muscle consisting of salt-soluble myofibrillar
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protein, is widely used as a functional ingredient seafood analogs. Surimi forms
thermo-irreversible gels upon heating. Its characteristics of texture are expressed
in terms of gel strength, which is the primary determinant for surimi quality
and price (An et al, 1996). One of the quality factors affecting certain surimi
types is the presence of two major groups, lysosomal cathepsin (Jiang et al.,
1997) and the heat stable alkaline protease (Boye and Lanier, 1988). This causes
textural degradation of surimi at around 60 C (Hamann et al., 1990).

Protease was classified to four distinct groups on the basis of their catalytic
types: serine, cysteine, aspartic, and metallo proteases (Barrett et al.,, 1994). The
names of the enzyme groups refer to the components of their active site.
Cysteine protease 1is a large group including lysosomal cathepsins.
Physiologically cysteine proteases have an important role in protein metabolism
and turnover. In addition, prohormones, proenzymes, and peptides are activated
by cysteine proteases.

Cathepsin, a member of endogenous cysteine protease, is found in several fish
species such as Atlantic menhaden (Choi et al., 1999), Pacific whiting (An et al.,
1994), chum salmon (Yamashita and Konagaya, 1990a), Carp (Makinodan et al.,
1987), Atlantic croaker (Lin and Lanier, 1980), and arrow tooth flounder
(Visessanguan et al., 2003). Cathepsin may take a role in softening the gel of
surimi based product. Therefore, it is necessary to improve the functionality of
lower grade surimi by adding protease inhibitor which inhibits the endogenous
cysteine proteases (Morrissey et al., 1993).

The cysteine protease inhibitors, cystatins, are subdivided into three
subfamilies; stefins, cystatins, and Kkininogen based on their structural
complexity. Stefin (family I) is the smallest inhibitor in the cystatin superfamily,
which has a molecular weight of about 11 kDa and lacks of desulfide bonds.
Human cystatin A and B (Ritonja et al., 1985) are typical examples. Family II
cystatin, which exists in most body fluid and tissues of mammalian and avian,
1s about 13 kDa with two disulfide bridges. Family II cystatin was purified from
chum salmon egg (Yamashita and Konagaya, 1991a). Kininogen (family III) is
single chain glycoprotein containing three cystatin-like domains with molecular
weight of 68 to 120 kDa (Barret et al., 1986). The related inhibitor originated

from botanical seeds such as corn, rice, soybean, and sunflower are more
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homologous to the cystatin family I in amino acid sequence, while the lack of 2
intra—disulfide bridges on that inhibitors is similar to the stefin (Abe et al,
1987; Kondo et al., 1990; Kouzuma et al., 1996).

The interaction between proteases and their inhibitor was a target of intensive
studying for the last two decades. Protease inhibitors were purified from ovarian
fluid carp (Tsai et al., 1996), and egg and muscle of chum salmon (Yamashita
and Konagaya, 1991ab), muscle of white croaker (Sangorrin et al., 2001), and
Atlantic salmon and Arctic charr (Olenen et al., 2003). Protease inhibitors in
muscle of white croaker, hake, Argentine anchovy, castaneta, rough sead, and
sea trout were investigated and compared (Borla et al, 1998). The specific
inhibitors of cysteine proteases are needed in preventing unwanted destructive
proteolysis which can be used in therapy and research (Hernandez and Roush,
2002; Pol and Bjork, 2003), toxic for pest (Gruden et al., 1998, Rogelj et al.,
2000), and food industry (Hammann et al., 1990; Pandhere et al., 2000).

There is a strong demand to prevent the deterioration of surimi based product
or fish meat by inhibiting digestive fish muscle proteases such as cathepsin and
alkaline proteases, etc. The best way to inhibit the fish muscle proteases is to
use the natural inhibitor. However, purification of inhibitor from natural
resources 1s very low in recovery, which consequently limits its application
potential. Large-scale production of protease inhibitor for food industrial use and
biotechnique is highly demanded.

Therefore, the aims of this study were:

1. To purify the protease inhibitor from different fish eggs.

2. To compare the inhibitory activity and investigate the properties of the

strongest protease inhibitor.

3. To synthesize DNA encode of its inhibitor and clone into appropriate vector

and host.

4. To know protein expression of recombinant inhibitor in E. coli.

2. Materials and method

7}. Material
Vector pGEX4T-1 (4969 bp), E. coli BL 21 (DE3), glutathione-Sepharose 4B,

EcoR I, Xho I were purchased from Amersham-Pharmacia Biotech (Uppsala,

- 119 -



Sweden). T4 DNA ligase was obtained from NovagenInc. (Madison, WI, U.S.A.).
Polimerase Chain Reaction (PCR) kit, the synthesized DNA, and oligonucleotides
were purchased from Bioneer Inc. (Seoul, Korea). Most of other chemicals were
purchased from Sigma Chemical (St. Louis, MO, U.S.A.).
Construction recombinant plasmid

The DNA encoded N-terminal amino acid region of glassfish egg protease
inhibitor was synthesized Bioneer Inc. (Seoul, Korea). The synthesized DNA
sequence was 5-CGGAATTCCACGCTA ATAGGGTCATGCCTGATATGAACA
TGGATTATATGGATGCCCTCGAGCG-3. The synthesized DNA contained
EcoR I and Xho I restriction enzyme site at 5 and 3’end, respectively. PCR was
used to amplify the DNA of glassfish egg inhibitor with 30 cycles, which was
initiated by 30 s of denaturation at 94 C, 30 s of annealing at 60 C, and
extension at 72 C and then final extension step was at 72 C for 2 min in a
DNA thermal cycles (Eppendorof personal PCR system). The forward primer
was OB -CGGAATTCCACGCTAATAG-3 and the reverse primer was
5-CGGCTCGAGGGCATCCAT-3. After PCR reaction, PCR product and
pGEX4T-1 plasmid were restricted by EcoR I and Xho I at 37 C overnight and
ligated at 16 C for 2 hr. Ligated plasmid was transformed to E. coli XL-1-Blue
by Inoue method (Sambrook and Russell, 2001). E. coli transformant was
screened by antibiotic (50 g/mL ampicillin) selection. Plasmid DNA was isolated
from positive colonies and sequenced to check inserted DNA. The recombinant
plasmid with correct in-frame coding sequence of inserted DNA was

transformed into the host E. coli strain BL21 (DE3) for protein expression.

Y. Expression of fusion protein
Positive colonies of E. coli strain BL21 in 30 mL LB broth containing 50

g/mL ampicillin were used for protein expression. In brief, each bacterial colony
was grown in 30 mL LB broth containing 50 g/mL ampicillin until the optical
density at 590 nm reached 0.6. Isopropyl-D-thiogalactopyranoside (IPTG) (Bio
Basic Inc., Canada) was then added to the final concentration of 1 mM. The cell
was harvested by centrifugation of 1 mL culture at 1, 2, 3, 4, and 6 hr after
inducing with IPTG. Before inducing, 1 mL culture was also harvested as 0 hr.
The cell pellet was boiled in 50 L of loading buffer for 10 min and
electrophoresed on 12.5% polyacrylamide gel as described by Laemmli (1970).
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t}. Purification of recombinant protein

Recombinant fusion proteins were obtained from 250 mL cultures. The
overnight culture of transformed E. coli (5 mL) was inoculated into 250 mL of
fresh LB-Amp broth. The culture was incubated at 27 C for 4 hr with
vigorous shaking. When optical density of culture at 590 nm was reached 0.6,
IPTG was added to final concentration of 1 mM in culture. Culture was further
incubated for 5 h. The cells were harvested by centrifugation at 9000xg for 10
min at 4 C and incubated -20 C for 2 hr prior lysis. One gram of frozen cells
was thawed, resuspended in 10 mL of phosphate buffer saline (PBS), and
disrupted by sonication. Triton X-100 (20%) was added to a final concentration
of 1%, mixed gently for 30 min, and then lysate was centrifuged at 15,000xg for
20 min at 4 C. 8 mL supernatant was loaded into 1 mL GSTrap FF column
(Amesham Biosciences Ltd., Uppsala, Sweden), equilibrated by PBS (pH 7.2) and
eluted by elution buffer (50 mM Tris-HCl, pH 80 with 10 mM reduced
glutathione). The purified fusion protein was assessed by SDS-PAGE stained by
commassie brilliant blue. The fusion protein was finally dialysed against 10 mM
Tris-HCI, pH 8.0 and digested with 100 U of thrombin at 37 C for 6 hr. After
cleavage with thrombin, the recombinant inhibitor was purified by Sephacryl HR
100 (Amersham Biosciences Ltd., Uppsala, Sweden) column (2.6 x 100 cm),
packed and equilibrated with 50 mM ammonium bicarbonate buffer, pH 7. The

protein peak was assayed inhibitory activity against papain.

3. Result and disccussion

7}. Plasmid expresion

Synthesized DNA of N-terminal region glassfish egg protease inhibitor was
successfully amplified by the standard PCR protocol. Agarose gel electrophoresis
pattern of PCR product before and after digestion with EcoR I and Xhol is
shown in Fig. 32. Molecular weight of synthesized DNA was 65 bp. The
agarose gel electrophoresis pattern of plasmid pGEX4T-1 before and after
digestion with EcoR I and Xho I as a vector is shown in Fig. 33. Mgration of
circle formof pGEX4T-1 in gel was faster than in linear form, ~ 4900 bp, after

digestion.
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Fig. 1. Agarose gel electrophoresis pattern of PCR product of synthesized DNA of
N—terminal part of glassfish protease inhibitor. A, after digestion with at EcoR

| and Xho | restriction site; B, before digestion; M, DNA size marker (50 bp
Ladder).
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Fig. 2. Agarose gel electrophoresis pattern of pGEX4T—-1 plasmid digestion with
EcoR | and Xho | restriction enzyme. A, after digestion; B, before digestion;

M, DNA size marker (mixture of DNA-Hind Ill digest and DNA X174 Hinc Il
digest)
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Fig. 3. Agarose gel electrophoresis pattern of miniprep of several colonies £. colf
XL—1-Blue in Luria Bertani (LB) agar containing 50 g/mL ampicillin. Lane 1,
DNA size marker; Lanes 2-11, some positive colonies of E. coli XL-1-Blue

contain pGEX4T-1 plasmid.
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Fig. 4. Agarose gel electrophoresis pattern of pGEX4T—1 containing insert DNA cut
at EcoR | and Pst | restriction sites. Lane 1, DNA marker (Bioneer D-1030);
Lane 2, pGEX4T-1 without insert DNA; Lane 3 & 4, pGEX4T-1 containing
insert DNA.
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Fig. 5. Sequence of inserted DNA in a part of pGEX4T—1 from EcoR | to Pst |
restriction site and its homology with synthesized DNA (analysis with

EMBOSS—-Align). Codon with bold and underline are stop codons.

After ligation of synthesized DNA with pGEX4-1, transformation into E. coli
XL-1 Blue, and spreading on Luria-Bertani (LB) agar containing 50 g/mL
ampicillin, some colonies grew. Agarose gel electrophoresis pattern of the
1solated DNA from several colonies is shown in Fig. 3. But after cutting at
EcoR I and Pst I restriction site of pGEX4-1 (Fig. 4) and sequencing that part
(Fig. 5), there were just two colonies containing correct recombinant vector.
Similarity of synthesized DNA sequence before and after inserted was 78%,
which was analyzed by EMBOSS-Align (www.ebi.ac.uk/emboss/align). It
indicates that synthesized DNA of N-terminal region of low MW glassfish egg
protease inhibitor was not cloned well by pGEX4T-1 vector and expressed in E.
coli XL-1 Blue system. It might be caused by PCR error, which produced of
PCR product with 78% similarity to DNA tamplate.

1. Protein expression

Recombinant E. coli BL-21 was grown in LB broth medium containing 50

g/mL and then the cells were harvested after Isopropyl--D-thiogalactopyranoside
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(IPTG) induction for 6 hr. The fusion protein GST-glassfish egg protease
inhibitorwas expressed in soluble form by IPTG induction (Fig. 6). SDS-PAGE
analysis showed the presence of a predominant induction band with molecular

weight around 29 kDa.

66kDa— —66kDa
45kDa— ___ <45kDa
36kDa— . <36kDa
29kDa— = —29kDa
24kDa— «—24kDa

LD o e e «— | A kD2

Fig. 6. SDS-PAGE pattern of fusion Glutathion—S—transferase (GST)-recombinantprotein
expression with E. coli B21 system. Lane 1 & 8, protein marker (Sigma
MW-SDS-70L); Lane 2-6, after induction for 6, 4, 3, 2, and 1 hr.; Lane 7, O

hr after induction

GSTrap FF affinity chromatography pattern of fusion protein is shown in
Figure 7. Small peak on SDS-PAGE analysis showed one protein band as
purified GST- recombinant glassfish protease inhibitor with MW 29 kDa (Fig.
8).
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Fig. 7. GSTrap FF affinity chromatography pattern of GST-glassfish egg protease

recombinant inhibitor.
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Fig. 8. SDS—-PAGE pattern of fusion GST-recombinant protein after and before cut
with thrombin. Lane 1, Molecular size marker; Lane 2, GST—-Recombinant

protein; Lane 3, GS

Purified GST- inhibitor recombinant glassfish was cleaved by thrombin.
SDS-PAGE analysis showed one band as GST with MW 26 kDa, while protein
band of recombinant protease inhibitor was not shown. After digestion, GST and
recombinant protease inhibitor was separated by Sephacryl 100 HR
chromatography (Fig. 9). Specific inhibitory activity against of Peak II as a
recombinant purified inhibitor was 7.117 U/mg (Table 14), while Peak I (GST)

showed no inhibitory activity.

Fig. 9. Sephacryl HR-100 chromatography of fusion GST (Peak ) and

recombinant protein (Peak ).

The fusion protein, Glutathion-S-Transferase (GST), was a good system for
expressing soluble form of protein in E. coli and secreted into the cytoplasmic
space of the host cell (Davis et al, 1999). Recombinant plasmid pGEX-4T-1
containing inserted DNA of N-terminal region of glassfish egg protease inhibitor
was transformed to E. coli BL21 (DE3) cells. The BL21 genotype F-, ompT,
hsdS (rB-,mB-) carries a chromosomal copy of the gene for T7 RNA
polymerase under control of LacUV5 promoter (Studier and Moffat, 1986). In

addition, the pGEX-4T-1 expression vector with a tac promoter for chemical
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induced using IPTG and an internal lac I q gene for use in any E. coli host is
considered to be a powerful expression vector. After IPTG induction, the
recombinant GST-glassfish egg protease inhibitor was over—expressed in the E.
coli BLZ21 transformant.

After purification of recombinant fusion GST-glassfish egg protease with
GSTrap FF affinity chromatography, further cleaved of the fusion protein by
thrombin and then separated by Sephacryl HR-100 gel permeation
chromatography, 0.0125 mg of recombinant protease inhibitor was produced from
250 mL culture. One mg of recombinant peptide of several rat cystatin S was
produced from 1 L culture, which was also expressed with pGEX-4T-2 vector
and E. coli BL-21 (Bedi et al., 1998). Low production of recombinant glassfish
egg protease might be caused by small density harvested cell. Dissolved oxygen
and pH in the culture was not controlled, therefore culture of recombinant F.

coli BL-21 might be not in optimal condition to produce maximum cell mass.

Table 3. Inhibitory activity of recombinant protease inhibitor against papain

o Total protein Total activity Specific activity
Inhibitor . .
(mg) (Unit) (Unit/mg)
GST-recombinant 3.573 0.10 0.033
Recombinant 0.0125 0.885 7117
Natural 0.15 2.87 19.70

GST : Glutathione S-transferase (fusion protein)

Specific inhibitory activity of recombinant protease inhibitor, 7.117 U/mg, was
lower than 19.70 U/mg specific inhibitory activity of natural protease inhibitor
from glassfish egg. Because 7 deduced amino acids sequence of recombinant
protease inhibitor was changed, especially Met and Asn residues, it might cause
the decrease in inhibitory activity. Bode et al. (1988) said that Met residue is

one of the important residues in the active site of protease inhibitor.
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1. The stability of plasmid used in the recombinant yeast
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Fig. 1. Plasmid stability of Recombinant yeast

The pYES2/NT carried 2u origin for episomal maintenance and high copy
replication of the plasmid in vyeast, generally 10-40 copies per cell was
guaranteed, the plasmid stability was maintained close to 50% till 50th

generation.
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2. Optimization of overexpression
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Fig. 2. Optimization of induction pH and duration for recombinant cystatin

The induction pH (Fig. 2) effected greatly on the yield of recombinant
cystatin, and at pH 4.5 the highest expression was obtained. Further increase of
pH resulted in another peak of yield at pH 5.5, which was lower than that at
pH 4.5. With the increase of induction time from 4 h to 16 h, the yield
difference between pH 4.5 and 5.5 decreased. Considering further application of

recombinant cystatin into surimi gel, pH 5.5, close to neutral, was chosen as the

optima induction pH 12 h was chosen as the optima induction time.

3. Purification and characterization of recombinant cystatin

Table 1. Summary of the purification of recombinant cystatin from YPH 499

transformant
St Total protein Total activity” Specific activity Yield Purity
eps
(mg) (U) (U/mg) (%) (fold)
Cell lysate® 30 40 1.33 100 1
His-affinity 2.75 24.49 7.45 61.23 5.60

a. The starting volume was 1000 mL cultivated broth.

b: The inhibitory activity was measured as decrease in papain activity. One unit of inhibitory activity

was defined as the changes in absorbance at 440 nm per 30 min.
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Fig.3. Purification of recombinant inhibitor. 1, cell lysate; 2, purified recombinant

cystaitn.

The recombinant cystatin was formed as a fusion protein, which was
convenient for both detection and purification. After purification, the specific
inhibitory against papain reached 7.45 (Table 1), which was higher than the
inhibitor purified from chum salmon egg by K. Y Kim (2006).
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Fig.4. Thermal and pH stability of recombinant cystatin

The recombinant cystatin was very stable at temperature lower than 656 C. Further
higher temperature after 70 C resulted in gradually decrease of stability. The recombinant
cystatin was relatively thermal stable. The recombinant cystatin was relatively unstable
at acidic condition. After the pH increased to 5.0, the inhibitory activity was greatly
recovered to 91.86%, and at pH 6.0 reached 100%. As the pH increased to neutral and
then alkaline scope, the inhibitory activity decreased gradually.
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1. Introduction

Cystatin is the group name of cysteine protease inhibitors, mainly consisting
of four types of molecular forms; families 1, 2, 3, and 4. Cystatins are potent,
non-covalent, and competitive inhibitors of cysteine proteases, such as papain,
ficin, and cathepsins, which should regulate the activity of endogenous cysteine
proteases that mediate proteolysis and tissue damage. At beginning the attention
was focused on mammalian and plant cystatins due to their wide distribution
among tissues and body fluids. Since Yamashita and Konagaya had isolated two
different cysteine protease inhibitors from chum salmon egg, a lot of studies
have been focused on fish cystatins. Thereafter, cystatins were purified from
ovarian fluid of carp, egg of Alaska pollock and glassfish, egg and skin of chum
salmon, liver of rainbow trout, and Chinese sturgeon. Fish cystatin is considered
to be involved in pathological processes. Its potential values in the fish disease
prevention and cure as well as seafood process industry have drawn wide
attention.

Surimi, a stabilized fish myofibrillar protein, is the primary ingredient in
surimi based products. Gel functionality, such as texture and color, of surimi
seafood is the most important aspect of product quality. However, autolysis by
endogenous heat stable proteases causes an irreversible destruction of the surimi
gel structure, especially at temperatures close to 60 T. Among the numerous
proteases present in fish muscle, cysteine endoproteases have the most serious
effects on texture because of their thermo stability and ability to cleave internal
peptide bonds. Calpains, Ca®'~dependent cysteine proteases including p-calpain
and m-calpain (the low and high calcium requiring calpains, respectively) were
also found to cause texture deterioration in some fish. The proteases causing
autolysis in Alaska pollock surimi are mainly cysteine proteases together with
serine proteases. Thus, cystatins have been considered to be applied to inhibit
proteases in surimi to prevent the gel weakening. However, the low recovery
and long time of purification by the common methods limited the availability of

cystatins and their application in surimi. Therefore, a large amount production of
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cystatin by recombinant technology could be an alternative for the application of
cystatin. Human and chicken cystatins were overexpressed either by Escherichia
coli or Pichia pastoris and the recombinant chicken cystatin could inhibit the gel
weakening of mackerel surimi.

Chum salmon cystatin was equipotent to chicken egg white cystatin in the
papain inhibitory assay. It was a homolog of mammalian cystatin C. However,
no further -characterization and application of chum salmon cystatin were
investigated. Saccharomyces cerevisiae 1s usually used as a host for
heterologous production historically, and also it is regarded as GRAS (generally
recognized as safe) organism. Because an overwhelming wealth of information
on genetics, molecular biology, and physiology has been accumulated, this
traditional species is the best characterized eukaryotic system today. In this
study, the chum salmon cystatin was overexpressed in Saccharomyces
cerevisiae, and the recombinant chum salmon cystatin (RC) was purified and
characterized. The effect of RC on preventing the gel weakening of Alaska

pollock surimi was investigated.

2. Materials and Methods

7}. Yeast strain, plasmid, media, and raw materials
Saccharomyces cerevisiae YPH 499 incorporating the pYES2/NT_C (GAL

promoter, uracil marker) vector was purchased from Invitrogen (San Diego,
Calif., U.S.A.). Synthetic minimal defined medium (SD medium) minus uracil
[0.67% vyeast nitrogen base (YNB), 2% dextrose, 0.01% (adenine,arginine,
cysteine, leucine, lysine, threonine, and tryptophan), 0.005% (aspartic acid,
histidine, isoleucine, methionine, phenylalanine, proline, serine, tyrosine, and
valine)] were used for the culture of Saccharomyces cerevisiae YPH 499. KA
grade frozen Alaska pollock (Theragra chalcogramma) surimi was obtained from
Golden Alaska Seafood Co. (Seattle, WA, U.S.A.). Dried egg white (EW) was
obtained from Inovatech Inc. (Abbotsford, B.C., Canada). Papain (from papaya
latex, 18 U/mg), cathepsin L (from human liver, 4 U/mg), azocasein, and
N-CBZ-phenylalanyl-arginine—-7-amido—4-methylcoumarin (Z-Phe-Arg-NMec)
were purchased from Sigma (St. Louis, Mo., U.S.A.). Other chemicals used in

this study were of the first grade.
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t}. Heterologous expression

The open reading frames encoding for chum salmon cystatin were
synthesized according to Yamashita and Konagaya and amplified by PCR using
the cystatin-5BH and cystatin-3E  primers, which were 30-mer 5’
cgggatccatgatcatggaatggaagatcg 3’ and 31-mer 5’ ggaattcttaactttcacactggttcttgac
3’, respectively. The PCRs for the plasmodial constructs were performed using
Pfu polymerase (Invitrogen, San Diego, Calif., U.S.A.). The cycling profile
included 3 min at 95 Cfor 1 cycle and 35 cycles of 1 min at 95 C 1.5 min at
42 C and 3 min at 60 C The generated PCR products were digested with
BamH I and EcoR I, and ligated with vector pYES2/NT_C previously digested
with the same enzymes. Thereafter, the recombinant plasmid pYES2/NT_C
(cystatin) was verified by sequencing and transformed into Saccharomyces
cerevisiae YPH 499 strain using the lithium chloride method. Transformants
were selected and maintained on SD medium minus uracil. Preliminary
experiments were carried out to determine the optimal pH and time in
glucose-free galactose—containing SD medium minus uracil for the induction of
recombinant protein. Total protein was extracted from cells after the breakage of
the cells using glass beads in the buffer (50 mM sodium phosphate containing
50 mM NaCl, pH 8.0). Protein extract was passed through a membrane filter
(0.22 ym 47 mm, Millipore, U.S.A.) and the cystatin in the filtrate was purified
by His-select nickel affinity chromatography according to the manufacturer’s
instruction (Sigma, St. Louis, Mo., U.S.A.). The active fractions which showed
inhibitory activity against papain in the eluate were pooled and dialyzed against
acetate buffer (25 mM sodium acetate containing 1 mM EDTA, 1 mM @8
-mercaptoethanol, and 50 mM NaCl, pH 6.0) before lyophilization.

t}. Inhibitory activity of RC against papain and cathepsin L

Inhibitory activity of RC against papain was determined using azocasein as a
substrate. 200 pL of RC (0.05 mg/mL in acetate buffer) was added to 100 pL of
papain solution (0.25 mg/mL in acetate buffer). The RC-papain mixture was
incubated at 37 Cor 5 min and then added with 250 pl. of azocasein solution
(32 mg/mL in acetate buffer) pre-incubated at 37 C This mixture was
incubated at 37 Cfor 30 min and then 700 pl. of 20% trichloroacetic acid (TCA)
was added to stop the reaction. The control was prepared by substituting 200 p
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L of inhibitor solution with 200 pL of acetate buffer. Blank was prepared by
adding 700 pL of 20% TCA in advance before adding 250 pL of substrate
solution. 720 pLL of supernatant obtained after the centrifugation at 10000 xg for
5 min was added to 800 pL of 1 N NaOH for developing color. Papain activity
was expressed as the absorbance at 440 nm. One unit of protease activity was
defined as the amount of enzyme that induced an increase of 1.0 in absorbance
at 440 nm after incubation at 37 C for 30 min. Inhibitory activity was
calculated by subtracting papain activity without inhibitor from that with
inhibitor. One unit of inhibitory activity was defined as one unit decrease of
papain activity.

Inhibitory activity of RC against cathepsin L was determined using
Z-Phe-Arg-NMec as a substrate. Three ng of cathepsin L in 500 pL of diluent
of 0.1% Brij 35 in water was added with 250 pL of assay buffer (340 mM
sodium acetate containing 60 mM acetic acid and 4 mM EDTA, pH 55) or RC
in assay buffer. One min was allowed for the activation of cathepsin L and
temperature equilibration in a bath at 30 C and 250 uL of the substrate solution
(1 mM Z-Phe-Arg-NMec in dimethyl sulfoxide) was then added. After standing
for exactly 10 min, 1 mL of stopping solution (100 mM sodium
monochloroacetate, 30 mM sodium acetate, and 70 mM acetic acid, pH 4.3) was
added. One unit of protease activity was defined as the amount of enzyme
required to produce lpumol AMC per min at 30 C Inhibitory activity was
calculated by subtracting protease activity without inhibitor from that with
inhibitor. One unit of inhibitory activity was defined as one unit decrease of

cathepsin L activity.

2}. pH and thermal stability of RC
pH and thermal stability of RC was assayed according to Tzeng and others

(2002). RC in various buffers, pH 3.0 to 50 (50 mM sodium citrate buffer), pH
6.0 to 8.0 (50 mM sodium phosphate buffer), pH 9.0 to 10.0 (50 mM Clark and
Lubs solutions), and pH 11.0 (50 mM disodium phosphate and sodium hydroxide
solution) was incubated at 37 C After 30 min incubation, an equal volume of
0.2 M acetate buffer (pH 6.0) was added, and the residual inhibitory activity
against papain was determined as described above. RC in acetate buffer was

incubated at temperatures ranging from 30 to 95 Tfor 30 min. After being
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cooled in icy water for 30 min, the residual inhibitory activity against papain

was determined as described above.

v}, Inhibitory activity of RC against surimi autolysis

The inhibitory activity of RC against surimi autolysis was measured
according to the method of Morrissey and others (1993). Surimi (3g) was
prepared with RC to a final concentration of 10, 30, 60, 100, 150, and 200 ug/g.
The mixture was then immediately incubated in a water bath at 55 C for 1 h.
Autolysis was stopped by the addition of 27 ml of 5% cold TCA solution. This
was homogenized for 2 min and kept on ice for 1 h, and then centrifuged at
8000 x g for Smin. TCA-soluble peptides in the supernatant were analyzed
according to Lowry method by Bio-Rad kit. Inhibition of autolysis was
calculated using the following equation:
Autolysis inhibition (%) = 100 x [(TC - TCh) - (TI - TIb)]/( TC - TCb),
where, TC is TCA-soluble peptides of control (without RC) incubated at 55 C
TCb is TCA-soluble peptides of control incubated at 0 C TI is TCA-soluble
peptides of sample (with RC) incubated at 55 C TIb is TCA-soluble peptides of

sample incubated at 0 C

H}. Surimi gel preparation

Frozen surimi (150 g) was partially thawed at 4 Cfor 2 -3 h, cut into small
pieces, and chopped in a mixer for 4 min with 2% (w/w) NaCl. RC was added
to a final concentration of 10, 30, 60, 100, 150 ng/g, respectively. Water content
was adjusted to 78%. Chopping was conducted for 5 min at temperature
maintained below 10 C The paste was stuffed into polyvinylidine casing with a
diameter of 3.0 cm and both ends were sealed tightly. The paste was incubated
at 55 T for 1 h, followed by heating at 90 C for 20 min in a water bath. This
sample was referred to as "modori gel”. A directly cooked gel was heated at 90
Cfor 20 min and referred to as "directly heated gel”. Surimi with the addition of
EW at 20000 ng/g was incubated and heated as did modori gel. After heating,
all gels were immediately cooled in iced water for 30 min and stored at 4 T

overnight prior to analysis.

A}, Texture analysis
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Texture analysis of surimi gels was carried out using a Compac—100
Rheometer (Sun Scientific Co., Ltd., Tokyo, Japan). Gels were equilibrated at
room temperature for 2 h and cut into pieces of 20 mm in length before
analysis. Breaking force (strength) and deformation (cohesiveness/elasticity) were
measured by the Rheometer equipped with a round probe (20 mm in diameter,

30 mm/min depression speed).

o}. Whiteness measurement

Samples (30 mm in diameter x 25 mm in length) from each treatment were
subjected to whiteness measurement using a JP7100F colorimeter (Juki Corp.,
Tokyo, Japan) at ambient temperature. CIE L#, a* and b* values were
measured. Whiteness was calculated using the following equation:

Whiteness = L*—3bx*

A}. Determination of Expressible drip
Expressible drip was measured according to the method of Ng (1987).

Cylindrical gel samples were cut to a thickness of 5 mm, weighed (X), and
placed between two pieces of Whatman paper No.l. A standard weight (5 kg)
was placed on the top of the sample for 2 min, and then the sample was
removed from the papers and weighed again (Y). Expressible drip was
calculated with the following equation and expressed as the percentage of
sample weight:

Expressible drip (%) =100 x[(X—Y)/X]

Z}. Protein pattern of surimi gels
SDS-PAGE was performed according to the method of Laemmli (1970). 18

mL of 5% (w/v) SDS solution was added to 2 g surimi gel. The mixture was
homogenized using an IKA homogenizer (Selangor, Malaysia) at a speed of
11000 rpm for 1 min and the homogenates were incubated at 8 T in a water
bath for 1 h to dissolve all proteins. The samples were centrifuged at 10000 x g
for 5 min to remove undissolved debris. Solubilized samples were mixed at 1:1
(v/v) ratio with the sample buffer (500 mM Tris - HCl containing 2.5% SDS,
0.01%6 bromophenol blue, 20% glycerol, and 10% -mercaptoethanol, pH 6.8) to

give a final protein concentration of 4 mg/mL. After incubated at 95Cfor 3 min,
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5 pL aliquots from each prepared samples were loaded into the polyacrylamide
gel consisted of 10% separating gel and 4% stacking gel, and subjected to
electrophoresis. The proteins were separated on a Mini-Protein II unit (Bio—Rad
Laboratories, Hercules, Calif., U.S.A.) at a constant voltage of 150 V for 60 min.
After separation, the proteins were stained with 0.02% (w/v) Coomassie brilliant
blue R-250 (Bio-Rad Laboratories) in methanol - acetic acid - water solution

(30:10:60, v/v/v) and destained with 7% (v/v) acetic acid.

7}. Statistical analysis

Data were subjected to analysis of variance (ANOVA). Comparison of means
was carried out by Duncan’s multiple-range test. Analysis was performed using

a SPSS package (SPSS 12.0 for windows, SPSS Inc., Chicago, IL, U.S.A.).

3. Results and Discussion

7}. Inhibitory activity of RC against papain and cathepsin L

Table 1. Comparison of inhibitory activity of recombinant chum salmon cystatin

with others against papain and cathepsin L

Specific inhibitory activity (U/mg)

Inhibitor Papain Cathepsin L
Glassfish egg inhibitor® 19.7 36.84
Chicken egg white cystatin® 37.71 16.05
Chum salmon egg kininogen” 4.67 28.02
RC 7.45 10.24

a Ustadi and others 2005b; b Kim and others 2006; Means obtained from four replications.
*RC, recombinant chum salmon cystatin.

The inhibitory activity of RC against papain and cathepsin L 1s shown in
Table 1. The inhibitory activity of RC was compared with the activities of other
inhibitors such as glassfish egg inhibitor (Ustadi 2005), chicken egg white
cystatin, and chum salmon egg Kkininogen (Kim 2006) which were analyzed
using the same method. Chum salmon cystatin was reported to be equipotent to
chicken egg white cystatin against papain. However, RC showed lower inhibitory
activities against both papain and cathepsin L than those of egg white cystatin.
And glassfish egg inhibitor also showed higher inhibitory activity than that of

RC. Decrease in the specific inhibitory activity of RC was supposed to be due
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to the recombinant technology, in which RC was expressed as a fusion protein.
In order to simplify the purification of RC, pYES2/NT_C was used as an
expressing vector for chum salmon cystatin. Therefore, a fusion protein part
was added to RC after expression and purification. Thus, his-select nickel
affinity chromatography could be used for purification of RC and the inhibitory
activity of RC might decrease to some level. Although the specific inhibitory
activity of RC decreased a little, RC still showed higher inhibitory activity

against papain than did chum salmon egg Kkininogen.

Y. pH and thermal stability of RC
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Fig.2. Thermal stability of recombinant chum salmon cystatin.

The pH and thermal stabilities of RC are shown in Figure 1 and Figure 2,
respectively. RC was relatively unstable at acidic condition; only 32.98% activity
was remained at pH 4.0. When the pH was adjusted to 5.0, the inhibitory
activity was greatly recovered to 91.86% and reached 100% at pH 6.0. As the

pH increased to neutral and then alkaline conditions, the inhibitory activity
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decreased gradually, which was consistent with the result of two cysteine
protease inhibitors from chum salmon egg. Based on the cysteine proteases
mainly active in the weak acidic range, the pH stability of RC could assure the
effective inhibition of corresponding proteases, which favors its application in
surimi industry.

As shown in Figure 2, RC was stable at temperature lower than 65 T
Because the autolysis of surimi gel was mainly occurred at temperature around
50 -60 C RC should be capable of preventing the gel weakening of surimi due
to its heat tolerance. As the temperature increased, the inhibitory activity of RC
decreased significantly at 70 C Further increase of temperature resulted in
gradual decrease in RC stability. The decrease of stability was due to partly
unfolding of RC. Since the inhibitory activity was kept about 80% at 95 C RC
was relatively thermo stable in which the fusion protein part was considered to
enhance the thermo stability of RC(Wrenger 2005). Therefore, both the pH and
thermal stabilities enlightened the application of RC in surimi processing to

prevent gel weakening.

T}. Inhibitory activity of RC against surimi autolysis
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Fig. 3. Inhibitory activity of recombinant chum salmon cystatin against surimi

autolysis. RC, recombinant chum salmon cystatin.

Marked inhibition of surimi autolysis was observed when RC was added
(Fig.3). The more amount of RC was added to surimi, the higher was the
inhibition of autolysis with less than 30% at 10 ng/g to 90% at 100 ng/g. The
further increase in RC addition showed no significant increase in the inhibition

of autolysis (P < 0.05). The proteases causing autolysis in Alaska pollock surimi
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are cysteine proteases such as cathepsin B, S, L, and others, and serine
proteases. Because cathepsin L is still active and bound to myofibril after
minced and washed, the inhibition of cathepsin L could greatly affect the
autolysis in surimi gel. The inhibition of cathepsin L was determined not only
by the specific activity of inhibitor, but also by the effective proximity of the
applied inhibitor. Hence, the cysteine protease inhibitor with high specific
inhibitory activity and relatively low molecule weight has a great advantage of
application in surimi processing. Therefore, chum salmon cystatin was
overexpressed for a large production, and RC at 100 pg/g had the highest

inhibitory activity against surimi autolysis.

2}. Effect of RC on textural properties of surimi gel
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Fig. 4. Breaking force and deformation of surimi gels added with different
concentrations of recombinant cystatin. 1: surimi gel without inhibitors; 2—6:
surimi gel added with 10, 30, 60, 100, 150 g/g recombinant cystatin 7:
surimi gel added with 60 g/g chymostatin, 8: surimi gel added with 2% egg
white powder. Bars represent the standard deviation from five
determinations. Different letters in the same grade surimi indicate significant

differences (p < 0.05).

Formation of large aggregates is presumably a prerequisite for the formation
of a good elastic gel. Elevated temperature during heating resulted in more
oxidation of sulphydryl groups with a subsequent disulfide bond formation.
Endogenous proteases, especially heat activated and heat stable protease, have
been known to play a detrimental role in surimi gel quality. Thus, the breaking

force (Figure 4a) and deformation (Figure 4b) of modori gel increased because
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the addition of RC inhibited the gel autolysis. The breaking force of modori gel
without RC was near 1000 g. When RC was added, breaking force of modori
gel significantly increased (P< 0.05). The addition of RC at 100 pg/g resulted in
the maximal breaking force of modori gel (P< 0.05), which was about 4.5 times
higher than that of modori gel without RC, and nearly 2 times higher than that
of the directly heated gel. Further increase in RC addition showed no more
increase in breaking force (P < 0.05). The breaking force of modori gel with RC
at 100 ng/g was about 14% higher than at 20000 pg/g (2%, w/v) of EW. EW is
applied to inhibit autolysis in surimi gel, and it's also nutrition additional and
whitening helpful. Besides cysteine and serine protease inhibitors such as egg
white cystatin and antitrypsin, EW itselfwas found to have gel forming ability.
Thus, addition of EW could greatly enhance the gel texture. However, because
of off odor produced during heating in surimi processing and the outbreak of
avian influenza (AI), EW has been trying out to be replaced with another
alternative. The changes in the deformation of modori gels were similar to that
in breaking force. The addition of RC at 100 and 150 ug/g had the highest
deformation (P< 0.05), which was about 30% and 8% higher than those of
modori gel without RC and directly heated gel, respectively. No significant
difference in the deformation of modori gel was determined between the

additions of RC at 100 pg/g and EW at 20000 ug/g (P < 0.05).

v}, Effect of RC on whiteness and expressible drip of modori gels
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Table 2. Whiteness and expressible drip of modori gels added with

recombinant chum salmon cystatin at different concentrations

Sample Whiteness Expressible drip (%)
Directly heated gel 51.05 +0.98"™ 654 + 049"
Control 4978 + 1.25° 17.85 + 3.29°
10 ng/g RC 4973 + 1.14° 13.82 + 1.14°
30 pg/g RC 5050 + 0.63% 11.14 + 0.76"
60 ng/g RC 51.84 + 0.72° 956 + 0.30°
100 pg/g RC 52.60 + 1.08% 6.27 + 0.32°
150 ng/g RC 5261 + 1.05% 578 + (.22°
20000 pg/g EW 5258 + 0.96% 507 £ 017

a, b, ¢, d Means in the same column with different superscripts are significantly different (P < 0.05);

Values are given as mean * SD from triplicate determinations.

#* RC, recombinant chum salmon cystatin; EW, egg white.

The texture and whiteness of surimi gel were main quality parameters
determining the market value of surimi-based products. Generally the additives
such as bovine plasma protein (BPP), porcine plasma protein (PPP), and chicken
plasma protein (CPP) decreased the whiteness, whereas prevented the
degradation of proteins in modori gels. The hemolysis of plasma samples is a
common problem, especially in the large scale collection of plasma. However, the
addition of RC increased the whiteness of modori gel. After addition of RC,
lightness (L*) of modori gel increased due to formation of more ordered network
during gelation, thus the whiteness increased. Further addition of RC resulted in
increase in whiteness in modori gel (P < 0.05) (Table 2). The increase in
whiteness of modori gel with RC is an additional advantage of RC. The
decrease in whiteness was the main disadvantage of mammalian plasma protein
In surimi industry, even though it was effective in preventing the autolysis in
modori gel with low cost.

Autolysis of surimi gel resulted in irreversible destruction of gel texture and
increased simultaneously the expressible drip, an indicative of water holding
capacity, of modori gel (Table 2). The highest expressible drip was obtained in
modori gel without RC addition. Addition of RC resulted in the decrease in
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expressible drip. Expressible drip decreased as the amount of RC increased (P<
0.05). Protein matrix formed during thermal gelation of modori gel imbibes water
throughout the network. Therefore, RC inhibited the autolysis in muscle proteins

and resulted in the ordered network formation with high water holding capacity.

H}. Effect of RC on the protein degradation of surimi gels

1 2 3 4 § 6 7 8 9
" g,’,"‘ ,
AT - e e @ ew
-  E R B R

= 2 8 8
Fig. 5. Protein pattern of surimi gel added with different concentrations of
recombinant cystatin and controls. MHC: myosin heavy chain; AC: actin.
1: surimi gel directly heated; 2: surimi gel without inhibitor; 3—7: surimi gel
set with addition of 10, 30, 60, 100, 150 g/g recombinant inhibitor,
respectively; 8: surimi gel with addition of 60 g/g chymostatin, 9: surimi get

with addition of 2% egg white powder.

Myosin heavy chain (MHC) withthe molecular weight (Mw) of 200 kDa was
found to be the major protein in surimi, and actin was the second abundant
protein in surimi with a Mw of 45 kDa. Cathepsin B, L, and other heat stable
proteases active at around 55 “Ccause rapid and severe degradation of
myofibrillar proteins, particularly myosin. The addition of RC inhibited the
degradation of MHC in modori gel (Fig. 5). With the addition of RC,
TCA-soluble peptides derived mainly from the degradation of myofibrillar
proteins in surimi decreased (Figure 3). The increase of RC addition resulted in
more MHC retained, but had no effect on actin. It's reported that mainly the
myosin acted as a substrate for myofibril-bound protease and actin was rather
stable, which was the same as the result in this study. EW was effective in
preventing the degradation of MHC, but more protein bands with molecular
weight less than 200 kDa could be observed (Figure 5), and the band intensity
of MHC was lower than that of RC at 100 and 150 ng/g. Therefore, RC could
effectively inhibit the degradation of MHCin modori gel better than EW, and the
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inhibition was in a concentration-dependent matter.
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Fig.1. The inhibition of elastase at different ocncentration of R. C.

No obvious inhibitory activity against elastase was checked at two
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concentrations of recombinant cystatin.

2. Inhibition of collagenase

Table 1. The inhibition of collagenase at different concentration of R.C.

Recombinant cystatin

Concentrarion (mg/mL) 0.05 0.20

Inhibitory activity (U/mg) 0.04 -

At 0.05 mg/ml, the recombinant cystatin showed some inhibitory activity
against collagenase from Clostridium histolyticum (Table 1). As the

concentration increased to 0.2 mg/mL, no inhibitory activity could be detected.

3. Inhibition of tyrosinase

02 r
-
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w 012 -
5 ——No inhibitor
<008 -

: —=—0.05mg/mLRC

004 ——02mg/mLRC

0
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Times (5)

Fig. 2. The inhibition of tyrosinase at different concentration of R.C.

No obvious inhibitory activity against mushroom tyrosinase was determined at

two different concentrations of recombinant cystatin.
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1. Effect of fish plasma on textural properties of surimi gel
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Fig. 1. Breaking force and deformation of surimi gels at different concentrations of
fish plasma. Bars represent the standard deviation from five determinations.
Different letters in the same grade surimi indicate significant differences (p <
0.05).

Surimi gel at 1 mg/g of fish plasma showed the highest breaking force which
was around twice of the blank. At addition of 0.75 mg/g, the highest
deformation was obtained. The breaking force and deformation were both higher

than those of the addition of egg white with 2 mg/g.

2. Effect of fish plasma on whiteness and expressible moisture

of surimi gels

Table 1. Whiteness of surimi gels at different concentrations of fish plasma

sample whitness
blank 51.19 + 0.72°
0.1 mg fish plasma 51.94 + 0.81%
0.25 mg/g fish plasma 51.98 + 050%
05 mg.g fish plasma 5279 + 0.47%
0.75 mg/g fish plasma 53.72 + 0.20'
1 mg/g fish plasma 51.16 + 0.12°
25 mg/g fish plasma 50.36 + 1.01°
5 mg/g fish plasma 50.17 + 0.32°
2 mg/g egg chite 51.65 + 0.22°

Values in the table are mean * SD from triplicate determinations.
abcdef: Different superscripts in the same column indicate significant differences (p < 0.05)

Table 2. Expressible moisture of surimi gels at different concentrations of fish

plasma
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sample whitness

blank 17.85 £ 3.29%

0.1 mg fish plasma 11.93 =+ 0.69°

0.25 mg/g fish plasma 998 + 1.3¢
05 mg.g fish plasma 6.18 + 1.36
0.75 mg/g fish plasma 763 + 094°
1 mg/g fish plasma 865 + 1.99°

25 mg/g fish plasma 1101 + 1.02%
5 mg/g fish plasma 933 + 1.79°

2 mg/g egg chite 1146 + 0.17°

Values in the table are mean = SD from triplicate determinations.
abcdefg: Different superscripts in the same column indicate significant differences (p < 0.05)

Texture and color were main effectors determining the market wvalue of
surimi—based products. With the addition of fish plasma, the whiteness of surimi
gel increased, which was consistent with the decrease of expressible moisture
(Table 2). Fish plasma at 0.75 mg/g showed the highest whitening effect,
Further addition would decrease the whiteness. The effect of fish plasma was

better than that from 2 mg/g of egg white powder addition.

3. Effect of fish plasma on protein degradation in surimi gels

Fig. 3. Protein pattern of surimi gel at different concentrations of fish plasma. MHC,
myosin heavy chain; AC, actin; 1, directly heated surimi gel; 2, surimi gel
without inhibitor; 3-8, surimi gel with addition of 0.5, 0.75, 1.0, 2.5, 5.0
and 10.0 mg/g fish plasma.

Below 0.75 mg/g, the fish plasma could inhibit the degradation of myosin

heavy chain, further addition will increase the degradation of MHC.

A4 & HHFEdas AsiAe] oz gLt 2 4t
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o &HAl
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Concentration of Amount of Total S
sulfate ) ) o inhibitory )
, total protein total protein inhibitory o Yield" (%)
concentration A (me) vity (unit) activity
H m activi uni

fraction (%) £ & v (unit/mg)

No treatment 798.47 139.73 19.25 0.13 100
0-20 600 45 2.1 0.04 10.90
20-40 8.85 0.66 4.2 6.32 21.81
40-60 1.98 0.14 2.4 16.12 12.46
60-80 2.74 0.20 2775 13.46 14.41
80-100 1.98 0.14 0 0 0

a yield = 100(total inhibitory activity in sample/total inhibitory activity obtained for no treatment of
ammonium sulfate)
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ol = YEYA] Zkort ym ] FiEo A = ethanol % A9} H| 523}t
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No treatment 66.87 80.24 1560 19.44 100
0-20 241.22 18.09 150 8.29 9.61
20-40 256.48 19.24 300 1559 19.23
40-60 56.94 4.27 52.5 12.29 3.36
60-80 218.32 16.37 0 0 0
80-100 101.98 7.65 0 0 0

a. yield = 100(total inhibitory activity in sample/total inhibitory activity obtained for no treatment of
ammonium sulfate)
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) ) of protein activity o )
concentration protein . activity (unit/mg) (%)
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No treatment 124.88 24.97 10.1 0.40 100
0-20 485.49 12.13 1.425 0.11 14.10
2040 462.59 11.56 1.3125 0.11 12.99
40-60 12.48 0.31 1.1375 3.64 11.26
60-80 1.57 0.03 0.125 3.17 1.23
80-100 1.34 0.03 0.7125 21.21 7.05

a. yield = 100(total inhibitory activity in sample/total inhibitory activity obtained for no treatment of
ammonium sulfate)
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ol2w3lt AZwvE ¢ Pharmacia Biotech (1995)¢] HH S 7|E o7 3o
CM-Sepharose column (Pharmacia Biotech, Uppsala, Sweden)< ©]-&3}o] 4=3) 3}
%t Columne pH 5.59] 50 mM sodium acetate buffer® equilibrate 3}$1t}.
Sample< column®] =3 & 50 mM sodium acetate buffer2} 0.1 M NaCl ©] 3t
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¥ 50 mM sodium acetate bufferE ©]83}4 NaCl gradient &7 oA sample=
elution 3FH A fraction collectorE ©]&3te] F ¥ samples FAAT. =A%
7} factrion®] F3F%=E 280 nmolA FA8ste] FA] @ HY Fs FAEAH
Aol @A o] skiko] £ fractionol Al papain AMEBAHS oA 7EH W
of ZA4stAth o samples 7FEet= A A st

(6) A714F

At A Q1 papain A& o] & factions ZA 3 F o] fractiono] WA FF{
9} AVE AAS7] 98t Yamashita and Konagaya (1991)¢] W&
SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis, 8.0 x 7.3
cm)E St G E markerZ4 Sigma Chemical Co.ZHFE T3+ bovin
albumin (66,000 Da), egg albumin (45,000 Da), pepsin (34,700 Da), trypsinogen
(24,000 Da), B lactoglobulin (18,400 Da)¢] &£3&<& Alg3tivl. walizo] of Ao
Bio-Rad Laboratories®] silver stain kitE o]-&3}o] 333t

2. 94742%

—

R &
WAL o= qEs AfAR A&t dHdS FEetr] flst
o] 4 ethanols ©o]&3 FES AAISHATE  Ethanol %2 Yermakova et al
(2002)°] ¥ AAE=2 endo-(1—3)-B-D-glucanases® &4 S Aot @z
S EFF sl Laminaria cichorioidesol] A] “Zr%aﬂ flsto] ARE3E R o]
t}. Ethanol extractol] 3$Hr¥ @ AL total chargeo] uwhzl 8 317] 95}
ammonium sulfateZ o] &3}o] A A 7)aL Z} precipitation fractiono] whz} A%
A o] <kl o] 5 9] papain A &4 (inhibitory activity)g =743} t}h (Table
1). Precipitation fraction®] 0-20%<%1 *3tol A= A4 2 hydrophobic 3FA Y
5o A7]7F #L (total charges7F #He) @S JAA 7| =4, o] A H$-
=9 gEe 42 45 mgo® EF T ite] Hlste] €538 =k Ot specific
inhibitory activityt® 0.04 unit/mgo 24 E} F7kol] v]s] wf9- vk}, o] o]
Zbol A= inhibitor=A4] 282 4= = @Al o] v ALY 52 26
activator=4] 283 + Qv E450] FiHo Ads5S gt 0-20% Kb
AL Y] 7k A= 1 mg ©l5he] 4wk wwlAvte] F=ZFSQItE Specific
inhibitory activity= 40-60% 3FollA ¢F 16 unit/mgl & 7} =4 SAHHA
80-100% TRtelld = Asf&A ol vt k. webA 40-60% -3ke] wulA

v JM
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= o] &sto] o]2ug AmvtEIYE Fste L R, 2 kgl AE ol &dt
Aol Egatar o] FrelA FEE TdaEe] o] 014 mgol EHsHA L
total inhibitory activity®] yield7} 7F¢ #=2 20-40% +3F % 60-80% T-7Fo] wh
A7bA] B EBop oA o] gt AmvtEIH Y E FH 8]

lﬂi

==

4

Table 1. Ethanol2 F&E WAIRL|Z cHi A St2nt =& F iAo papain A

5if &k
Ammonium ) Specific
Concentration of  Amount of Total o
sulfate . i o inhibitory o
o total protein total protein inhibitory o Yield" (%)
precipitation o ) activity
) (ug/ml) (mg) activity (unit) )

fraction (%) (unit/mg)

No treatment 798.47 139.73 19.25 0.13 100
0-20 600 45 2.1 0.04 10.90
20-40 8.85 0.66 4.2 6.32 21.81
40-60 1.98 0.14 24 16.12 12.46
60-80 2.14 0.20 2775 13.46 14.41
80-100 1.98 0.14 0 0 0

a. yield = 100(total inhibitory activity in sample/total inhibitory activity obtained for no treatment of
ammonium sulfate)

+ 3 sonications ©]-&3 7IAA FEUHE AHESS 4T, ethanol &5 Al
|ot9 e A= g gE A7 #FEHAY (Table 2).  $4 ethanol 5% 9
790 vsto] @lE FEZo] A g2 0|9 oW ammonium sulfate precipitation
fraction A gtell AA =27 @ldo] & HATh Specific inhibitory activity
= 60-80, 80-100%°] F-FtellA &= veERA] oy, ym ] F-3tol A= ethanol
= A Hls=d g SAHAG. 58] 71 20-40%9] B, 3l @A F
%,

1

specific inhibitory activity, total inhibitory activity®] yield 52 =& #E9]

7V =A verwth @Al 3 0-20, 20-40, 40-60%0) A Aol x vz S zpzh
o] 23 ARvEIYIE o] &l FEElete= HAFel Ut

Table 2. 21} sonication2 O|&¢t 7|AM WHo 2 F&EE YHALFY Zeo| CHiAl
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stnL &5 chZElo| papain X5 &M

Ammonium ) Specific
Concentration of  Amount of o o
sulfate . . Total inhibitory  inhibitory o
S total protein total protein o ) o Yield" (%)
precipitation activity (unit) activity
_ (ng/ml) (mg) :

fraction (%) (unit/mg)

No treatment 66.87 80.24 1560 19.44 100
0-20 241.22 18.09 150 8.29 9.61
20-40 256.48 19.24 300 1559 19.23
40-60 56.94 4.27 52.5 12.29 3.36
60-80 218.32 16.37 0 0 0
80-100 101.98 765 0 0 0

a. yield = 100(total inhibitory activity in sample/total inhibitory activity obtained for no treatment of
ammonium sulfate)

Ethanol 5% % ammonium sulfate precipitation fraction®] 20-40, 40-60,
60-80% <1 T3S Ro} o] AZuEIHIE FYstal, FM A peak7} TF

H ORES Z2o7 o] papaindl ™3+ inhibitory activityE® =# 3ttt (Figure

=
N
N
5
H

=2 inhibitory activity= ¢F 0.09 unit ©] 3 o] @A peake &
% FEAdA FAHAG. o= AHEE @A F A A o= (+) charges Wol 3
fret @l HE0] papain AslHeo] Holuoe= AE on| gt Tsai and Chang
(1996)2 <ol st AZmtETfE HAA SRS W, thE @ulde Hlste] 21
retention times 7FA:=, & A AH 02 (+) chargeE Eo| &3 vz R Eo
gl AR g AAZ F dHF cystatindF 7 EA = A

3l Barrett (1981)2 cystatin®7} alkalio]l ¢FA It 3Fd+=d o] 9 A] cystain®]
3

el (+) charges 7HAI AES A o= AAg. 2 AdYel At
cystatinell ek 71& RIS agjste] & w, WS Aol E= gont e
(+) charge”} papain¥} #Z& @A ars Asjst=d 54T 9Is Foe
AL FENE 5 vk APeate] Wl welA inhibitory activityZb (<) #& 7t

A= faction® #HZAFH A=, st o]f= & & o ol o] &
i+ papain activator®] 9&g sl wwlE e & EHo] =T % Qria

e,
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0.2 0.1
>
-4 0.08
< 0.15
f 4 006 _
€ g
= =2
§ o1 {004 %
15 4 0.02 8
: :
8 0.05 0 %
£ =
c
B 0.02 =
@ 0 | L
I € 35 8 3 8 F K 0.04
-0.05 -0.06
Fraction NO
. a = [=]
Fig 1. ol2m# I=oledmo| ofsh YALRY 2o £l 22| U 2|8 chydel

papain A 5i &AM

o]2nd AZwEIYI A B H fraction T TFE fraction® ¥]3 inhibitory
activity 7} 0.06, 0.09 unit®=A] 7}F& & fraction 283 295 Xo} A7]g %S AA s}
o wulde] FHe AVIE LolR St (Figure 2). WEst @& bande 66
KDaX t} ofzt & oA #zHflen, o= cgq}xj,gg 47l cystatin®] A}
2k oF 13 KDa (Barrett, 1981) ®t} &R =t} o] ¥ 35 KDa H-olA 3 w3
band7} ##E Lo} o] Zlo] Tl band Q1A= o4 WESA vt B AFE
2 2 o, WAFEH 9] ethanol extractoll EA3E WA B a L A4 (+)
chargeE U 73t EAFES 66 KDa Hrt} b 7 LubE <l egg white
cystatin XU+ 4 2 dwlAolgta o AE T

56

34.7

AAAZ Agse Bude Bestr] 9shol

=5 AAsE . =AY a2 A <k inhibitory activity A
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o] ethanol extract®] -9} w5 th& FFES RoFUrh (Table 3). 4 @i
< precipitation fraction®©] 0-20, 20-40%%1 T3t = A4 =2 hydrophobic 37
U 58 9771 2 (total charges7F 2H&) @il do] Ay = 7oA zhzp ok
12 mgo=A ddow vxF AL UHA 3= 0.5 mg oldke] w7
tko] HEZFHAJAY. 2y 0-20, 20-40% T-7Foll A 2] specific inhibitory activity &
Zkzy °F 0.1 unit/mg S 2A w9 wrdvh 7F 80-100%9 A¥E B, o] 3t
NA = HE 003 mg BEE H o] dwfdnto] F&¥Q ot} o] 4-7+¢] inhibitory
activity = ¢F 21 unit/mg=Z4 t& 3k dlste] €53 =tk uwekA o] -3
T o] &oto] o]zt ARnEIHIE St

Table 3. Ethanol2 F&= &Xtuojaie| chiA stafnl F&EF chf R 9| papain A
s 2
Ammonium ) Specific
Concentration of  Amount of Total .
sulfate i i o inhibitory o
S total protein total protein inhibitory o Yield® (%)
precipitation (1g/ml) (me) vity (unit) activity
M m activi uni

fraction (%) . . Y (unit/mg)

No treatment 124.88 2497 10.1 0.40 100
0-20 485.49 12.13 1.425 0.11 14.10
20-40 462.59 11.56 1.3125 0.11 12.99
40-60 12.48 0.31 1.1375 3.64 11.26
60-80 1.57 0.03 0.125 3.17 1.23
80-100 1.34 0.03 0.7125 21.21 7.05

a. yield = 100(total inhibitory activity in sample/total inhibitory activity obtained for no treatment of
ammonium sulfate)

2.5 0.04
4 0.035
4 0.03
4 0.025
4 0.02

15
4 0.015

4 0.01
+ 0.005

Protein Concentration (ODzso)
Inhibitory Activity (unit)

05 4 -0.005

4 -0.01
-0.015

AN MO W AN W AN OO
4 H N Mmoo F T 0o o ~~

85

oo~
o o

Fraction NO.

Fig 3. ol2mg I=zotEdaizlof ofg FXimlzfe| thA ZFz| A F2|E CSHEEo

papain X3l &A.
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o] 2u3 ARvEIaH A= 2719 9 AE peak’t #HEES S retention
timeo] HT} 71 ZoA #zEH e Gl A peak?l inhibitory activity”Z} At A o

2 =9t (Figure 3). & AdolA dojxl o] g A=2vtEazf o] o3
A 72 4¥2S Tsai and Chang (1996)7} R 11+ Carp ovarian fluid®] 44 3}2}
]9 FALSCE 9] AR AFAFAM = LEE A2 peakoll A oF 12 kDa<
cystatin¥ inhibitor7} 2], E 4= ATE  HA 22 peake] HHFLoA YEYE
duide] FRe} AV|E dotry] 9t HrIdE S T Ak

=
A3l water extracte] A& @A gEFo] ethanol extract
o} =8 AZFS BoFYtHTable 4). A&z gwd 3hako] 7
T7HE P. yezoensis®] 84 FEE (water extract) o|Edl, FEH vl Ao
Q
[€)

o A5 1.7% (w/w)E FEE & wfg sokrh

b e

Table 4. Total protease inhibitory activities and protein contents of water and

ethanol extracts from the three seaweeds

Total inhibitory activity (units)

Sample [Protein content (mg)]
P. yezoensis P. tenera E. intestinalis
Water extract 893.0 [836.3] 622.2 [618.3] 139.2 [250.3]
Ethanol extract 546.3 [150.8] 354.4 [230.1] 10.1 [24.97]

(2) @94 A3fA ] AA

P. yezoensis® &4 FE=&d Fwd dUES d4e Fsto] ZdsEA
(Table 5). ##¥ @@ do] staky} total inhibitory activity:™ ammonium sulfate
20-40% F7Fell A ZFzZF 132 mg, 510 unit® 7FE =hoy o] Frol A9 specific
inhibitory activity+ 3.87 unit/mgl.& 40-60% T-7+¢] Zt (10.82 unit/mg)X.th &
Agkkth weba w el A adrt b Holwdk 40-60% Tirel A e o
Wz (101809 purification fold)S SDS-PAGEZ £3to] #ulste] o3t whulz

=
of WU B Asfe] FaF S wAIHE A ug
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Table 5. Purification of protease inhibitors from P. yezoensis using water

extraction and salting out

(NH4)2504 _ Total inhibitory Specific inhibitory o
i Total protein . . o Purification
saturation activity activity Yield® (%) b
(mg) _ _ fold
(%) (unit) (unit/mg)

Water extract 836.3 893.0 1.07 100 1.0
0-20 42.3 57.0 1.35 6.4 1.3
20-40 131.9 510.0 3.87 571 3.6
40-60 6.4 69.0 10.82 7.7 10.1
60-80 6.8 6.6 097 0.7 09
80-100 105 7.8 0.74 09 0.7

a Yield of inhibiting fraction = 100(total inhibitory activity/total inhibitory activity of water extract)
b Degree of purification with respect to inhibiting action = specific inhibitory activity/specific inhibitory
activity of water extract
SDS-PAGE Z3} 10, 66, 78 kDa%] Z7|E 7IA = Al 79 walzo] Iy
ATt (Fig. 3). E3] 66 kDa @A Fig. 294 H1 Y jon exchange
chromatography %o 9o]% SDS-PAGE patternol A %= el v} =4, o)==
o] Aol dMidoe] dw g Al T8I TS k= S 9w g

Marker
78 kDa —
66 kDa | /—— R
——
10 kDa — f—

Fig. 3. SDS-PAGE pattern of 40-60% (NH4)2S0O4 fraction of water extract

Water extraction| Al FZ& % A A<} ethanol extractionol| A F=&8 A 3| 4| 7}
TUSFHAE Lgolr 7] 918k ethanol extractel] ¥ @G-S ammonium sulfate
A e E3le] B3t (Table 6). Water extract®] 7-$-9F= &8 specific
inhibitory activity:= 80-100% ¥3}%=2] F7tol A 104 unit/mgl.= 7} Zko =
2 o] fractiono] ¥ ©HAS SDS-PAGEE &3t &ttt
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Table 6. Purification of protease inhibitors from P. yezoensis using ethanol

extraction and salting out

Total Specific
(NH4)2504 . — S .
) Total protein inhibitory inhibitory ] Purification
saturation o o Yield" (%) )
(%) (mg) activity activity fold
° (unit) (unit/mg)

Ethanol extract 150.8 546.3 3.62 100 1.0
0-20 72 0 0 0 0
20-40 8.7 25 0.29 04 0.9
40-60 41.2 0 0 0 0
60-80 2.8 11.3 3.97 2.1 1.1
80-100 53 55.0 10.4 10.1 29

a Yield of inhibiting fraction = 100(total inhibitory activity/total inhibitory activity of water extract)
b Degree of purification with respect to inhibiting action = specific inhibitory activity/specific inhibitory
activity of water extract

SDS-PAGE Z# 10, 66, 78, 100 kDa®] Z7]1& 7}A& Ul &7 @ do] £
25 =l (Fig. 4), 72 gFeFo] wf-¢ w2 100 kDa @ d-& Ao gk v A o

Aol A7]= water extractd] Ao #AEHJE cuwlAd (Fig. 1)o] 7|9k TL3}
Atk ol water & ethanol extractionol 4] FE¥H A A7 & FH{H o

2 7hedel v At As v g

Marker
g 100 kDa
s | 73kDa
P s | 66kDa
el
iy
— B | 10kDa
e

Fig. 4. SDS-PAGE pattern of 80-100% (NH4)2S04 fraction of ethanol extract
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3) A= AMAY &, 4 AHAL 99 &
44 FEEY) Yz ¢ 9 84 FEFEE ammonium
A 1/(1)] .%

Bl Asmats

P. yezoensis -8

sulfate 40-60% M 3}%==

O
o
ofo
ol
ol
2
N
s
o
e
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iy
o
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cysteine protease?l papain< 53 A= FEE
MBS E A A A el beef plasma protein, egg white, “22] 3 potato powder?] A
sz vtel w7 skd T
A7tE BE A e we 204 Hu v XA EkA

(Fig. 5). &, =2F AajAle] AF EE 2% A beef plasma protein® A &5 37}
7HE el o egg white®t potato powderd FE¥E H|S=E =T o=
Weerasinghe et al. (1996)2] ZA ¥} LA 3t} WHLEQ 4T+ 84 =
=& 229 Adanrt 7 WA dEtgoy uE 7 2xdAY dair B oo
£A FEE BUo g egg white®t potato powdere] A&l &ube} ¢ n]S=

7FE) vk, Ammonium sulfate 40-60% X8} oA dojzl Ty Fuko]
P 2E 2koA 7P Zstled, ol Asfla duldoe] ¢l ofsf
AFER BEES7] Wil AlsE T 28y 1 8 3+= beef plasma protein
Hlsle] D538k A HoluA K8kl i, water extractionel 93 A4S F

Fol AHE Al59] 0.01%° EHstER 2 AFdA ALEEH FEUHY

25 g AfAE g er Aiksts A 1A
2 ARt
S A5 EE AsfAlel tiste]l pH 4.0004¢ 37 & F
pHoll M o] ZaEth o7k =7 YebwAIvE dA 24l 234E s & w pH 40 -
60004 Ar=rh AsEstel viXE G vivstdthFig. 6). A¥E RE pH
Tl A 8 dExzFEE T2Y AHIAaHE= egg white9l potato powderd] =

| plasma protein®] T HH T it G o] gJsto] Ao
g Bake] gyt BE pH FRtell A 7MY =Sy beef plasma protein©]
g3 Hlste] €53 & g2 HolA gFgk)
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Fig.5. Inhibition of papain action by protease inhibitors at three different
temperatures and pH 6.0 (€@, water extract; H, 40-60% (NH4)2S04; A,
beef plasma protein; @, egg white; [J, potato powder)
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Fig.6. Inhibition of papain action by protease inhibitors at three different pHs 5 and
37C (@, water extract; B, 40-60% (NH4)2S04; A, beef plasma protein; @,
egg white; [J, potato powder)

A 3 A S cerevisiaed] 93 AZT Ao cystatin FAHE Y3l
g ot T HA3)

1. Introduction

Protease inhibitors could be used to prevent the degradation of fish meat and
surimi gel. Food grade protease inhibitors commercially used in surimi include
whey protein concentrate (WPC), beef plasma protein (BPP), chicken plasma
protein (CPP), egg white (EW), and potato extract (PE). However, some side
effects such as decrease in whiteness and unpleasant odor were found after
their application. Because of the outbreak of bovine spongi form encephalopathy
(BSE) and avian influenza (AI), the application of BPP and CPP was limited in
surimi industry.

Fish protease inhibitors attract considerable attention after two cystatins were

1solated from chum salmon egg. The application of fish protease inhibitors in
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surimi gel processing was favorable. Chum salmon cystatin was equipotent to
chicken egg white cystatin in the papain inhibitory assay. It was overexpressed
in Saccharomyces cerevisiae YPH 499, and the recombinant chum salmon
cystatin (RC) showed favorable effect on preventing the gel weakening of
Alaska pollock surimi.

In order to use fermentor to produce RC on a large scale, the culture
condition for growth and induction of recmbinant S. cerevisiae was optimized on
the basis of former experiments in flask. In flask, galactose was added through
changing SC-glucose medium to SC-galactose medium thoroughly by
centrifugation before induction. Because of large waste of culture medium and
high possibility of contamination, this strategy is not applicable for production of
RC in fermentor. Galactose should be directly added into the SC-glucose
medium for induction. Thus, the optimization of induction condition for
expression of RC was carried out by response surface methodology (RSM)
method. Thereafter, the desired combination of aeration and agitation that would
yvield the highest RC production by S. cerevisiae YPH 499 in a 14 L fermentor

was studied.

2. Materials and methods

7}. Microorganism and media

S. cerevisiae YPH 499 was kept frozen at -80 C in a synthetic minimal
defined medium (SC medium) minus uracil containing 20% (w/v) glycerol
solution. SC medium minus uracil with a composition of 0.67% yeast nitrogen
base (YNB), 2% glucose, 0.01% (adenine, arginine, cysteine, leucine, lysine,
threonine, and tryptophan), 0.005% (aspartic acid, histidine, isoleucine, methionine,
phenylalanine, proline, serine, tyrosine, and valine) was used for cultivation of

recombinant yeast in the flask and fermentor.

Y. Experimental design in flask cultivation

For optimization in flask, the experiments were designed using the software,
Design Expert (Stat-Easy Co., Minneapolis, MN). The significant independent
variables of the cultures are pH of media, inducing time, and inducing assistant

amount. The minimum and maximum properties for the mixture design were set
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at pH 4.0 to pH 6.0, time from 4 h to 12 h and inducing assistant from 1.4 g/L
to 56 g/L together with fixed levels of galactose at 20 g/L. (Table 1).
Regression analysis was performed on the data obtained from the design
experiments.For optimization in fermentor, different agitations and aeration rates

were studied with temperature at 30 C and pH 5.7.

t}. Cultivation in shake flask

1 vial of frozen S. cerevisiae YPH 499 seed was thawed and inoculated into
35 mL of SC medium minus uracil in 300 mlL baffled shake flask. After
inoculation, the yeast was cultured at 30 C at 150 rpm. During culture, the pH
of SC media was adjusted by 1 N NaOH to different values according to RSM
design. The content of glucose in SC media was determined by glucose assay
kit (Sigma, St. Louis, Mo., USA). After the glucose was excluded, 4 mL of 40%
galactose containing different amount of inducing assistant (YNB: amino acids:
adenine = 6.7:1.05:0.1) according to RSM design was added to SC media to
induce the expression of RC. After different inducing time according to RSM
design, 5 mL of SC media was sampled from each of the culture and
centrifuged (2000 x g, 5 min). The precipitate was washed with 5 mL of acetate
buffer (25 mM sodium acetate containing 1 mM EDTA, 1 mM @8
-mercaptoethanol, and 50 mM NaCl, pH 6.0) and recentrifuged. The second
precipitate was suspended by 1 mL of acetate buffer and used to determine the
yield of RC.

2}. Cultivation in fermentor

1 vial of frozen S. cerevisiae YPH 499 seed was thawed and inoculated into
35 mL of SC medium minus uracil in 300 mlL baffled shake flask. After
inoculation, the yeast was cultured for 48 h at 30Cnd 150 rpm. Then the
culture was inoculated into 250 mL of SC medium minus uracil in 1 L baffled
shake flask. The inoculated yeast was cultured for another 6 h and then used as
inoculum for fermentor. A 14 L fermentor (Mj-10L, Marubish, JP) containing 7L
SC medium minus uracil was used to study the optimal aeration rate and
agitation rate. The fermentor was inoculated with the inoculum as described
above. The pH was measured using a Mettler Toledo pH electrode immersed

into the fermentation broth. Dissolved oxygen (DO) was measured using a
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polarographic electrode (Ingold, Leicester, UK). Calibration (the percent of
atmospheric oxygen) was performed with air-saturated medium (100%) and
nitrogen-saturated medium (0%) after sterilization. Diluted antifoaming agent
(KM-70, Hsin-Yu Co., JP) was added when foaming occurred. The pH of the
medium was adjusted by 1 N NaOH. Experiments were conducted at agitation
speeds of 200, 350, and 500 rpm, respectively. The corresponding aeration rate
was adjusted to 05, 1.0, and 15 vvm (vol. of air/vol. of medium/min),
respectively. Samples from the fermentor were drawn at regular intervals and

analyzed for cell density and inhibitory activity.

v}, Analysis

Cell density and inhibitory activity were determined as described above.

H}. Alcoholtreatment of yeast extract

After termination of the fermentor, the culture medium was centrifuged (2000 x
g, 10 min, 4 C and the precipitate was washed with acetate buffer (the same
volume of the culture medium) and recentrifuged. The second precipitate was
added with acetate buffer (one tenth volume of the culture medium), sonicated,
and centrifuged (4000 x g, 10 min, 4 C. Pre—cooled alcohol solution (95%, -15
C was directly added into the supernatant to final concentration of alcohol at
15%, 309, 45%, 60%, and 75% (v/v), respectively, and kept at 4 TCfor 2 h.
Then the treated yeast extracts were centrifuged (4000 x g, 10 min, 4 C. The
precipitate was used as crude recombinant chum salmon cystatin and dissolved

into acetate buffer or freeze-dried.

3. Results and discussion

7}. Fitting the model
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Table1. Design matrix of independent variables and their corresponding

experimental yields of recombinant chum salmon cystatin

Std A pH B: time C: inducing assistant D: galactose Inhibitory activity

h g/L g/L U/mL
1 4 4 14 20 0.431875
2 6 4 14 20 0.33075
3 4 12 14 20 0.499673
4 6 12 14 20 0.33801
5 4 4 56 20 0.31675
6 6 4 56 20 0.565875
7 4 12 56 20 0.329961
8 6 12 56 20 0.529064
9 3.32 8 35 20 0.367125
10 6.68 8 35 20 0.33525
11 5 1.27 35 20 0.48275
12 5 14.73 35 20 0.530632
13 5 8 -0.0316 20 0.575867
14 5 8 7.0316 20 0.521008
15 5 8 35 20 0.531167
16 5 8 35 20 0.536167
17 5 8 35 20 0.526167
18 5 8 35 20 0.538667
19 5 8 35 20 0.523667
20 5 8 35 20 0.532067

Table 2. Diagnostics Case Statistics

Leverage
Standard Order Actual Value Predicted Value Residual

1 0.431875 0.476414 -0.04454 0.669768
2 0.33075 0.345607 -0.01486 0.669768
3 0.499673 0.548048 -0.04837 0.669768
4 0.33801 0.36196 -0.0239% 0.669768
5 0.31675 0.330512 -0.01376 0.669768
6 0.565875 0.555213 0.010662 0.669768
7 0.329961 0.352817 -0.02286 0.669768
8 0.529064 0.522237 0.006827 0.669768
9 0.367125 0.308286 0.058839 0.607303
10 0.33525 0.340755 -0.00551 0.607303
11 0.48275 0.463771 0.018979 0.607303
12 0.530632 0.496278 0.034354 0.607303
13 0.575867 0.515727 0.060141 0.607303
14 0.521008 0.527814 -0.00681 0.607303
15 0.531167 0.532842 -0.00168 0.16634
16 0.536167 0.532842 0.003325 0.16634
17 0.526167 0.532842 -0.00668 0.16634
18 0.538667 0.532842 0.005825 0.16634
19 0.523667 0.532842 -0.00918 0.16634
20 0.532067 0.532842 -0.00078 20.16634
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In a previous study one factor optimization was considered, and the
appropriate range of critical factors contributing to the increased production of
yvield was selected, which is the SC medium, inducing pH and inducing time. In
this study, the SC medium was still used on the basis of plasmid stability of S.
cerevisiae YPH 499. RSM is used to determine the optimal response of S.
cerevisiae YPH 499%for the expression of RC under a wide range of nutrient
conditions. A full factorial central composite experimental design was used to
obtain the combination of values that optimizes the response within the region
of three dimensional observation spaces, which allows one to design a minimal
number of experiments. Because galactose was directly added to SC medium for
induction, inducing pH, inducing time, and inducing assistant amount Wwere
considered for RSM study to maximize the RC yield in S. cerevisiae YPH 499.
The design matrix in actual terms and the experimental results of RCinhibitory
activity from S. cerevisiae YPH 499 are shown in Table 1. Different
combinations of inducing pH, inducing time, and inducing assistant amount
vielded RC as low as 0.31675 U/mL and as high as 0.575867 U/mL. The
predicted values are listed in Table 2. Applying multiple regression analysis, the
results were fitted to a quadratic equation. Thus, the mathematical regression
model for RC yield fitted in terms of coded factors was obtained as follows:
Activity = -091 + 063 pH + 0.044 x time -7.678E-03 x inducing assistant -
0074 x pH2 - 1.167E-03 x time2 - 1420E-06 x inducing assistant2 -
3.455E-03 x pH x time + 1.693E-03 x pH X inducing assistant - b.873E-05 x

time X inducing assistant
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1. Optimization of process
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Fig.1. 3D response surface: Interactive effects of varied inducing time (h) and
inducing pH at 3.5 g/L of inducing assistant (A); Interactive effects of
inducing time (h) and inducing assistant amount (g/L) at pH 5.00 (B).

RC vyields from different levels of the wvariables were predicted from the
respective contour plots (Fig. 1. A-B). Each contour curve represents an infinite
number of combinations of two test variables with another one maintained at its
respective zero levels. Elliptical nature of the contour in 3D-response surface
graphs depicted the mutual interactions of all the variables. Figure 1 (A)
explains the interaction of inducing time and pH, where with increasing inducing
pH level, RC vyield achieved a quadratic gain. Therefore, a negative effect of
interaction of these two variables was assumed, which could be seen from the
negative sign of the coefficient of AB model term in the equation. There was a
sharp convergence of the curve between pH 5.0 and 5.5, explaining inducing pH
above certain limit would not contribute to increase RC yield further. Similarly,
Figure 1 (B) explains the interaction of inducing time and inducing assistant
amount. In this graph, RC yield increased with increase in both the variables till
certain point, but there was a sharp convergence of the curve near the
boundary, explaining that inducing time and inducing assistant amount above

certain limit would not contribute to increase RC yield further.
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Fig. 2. Optimization of inducing condition for the yield of recombinant chum salmon

cystatin.

Among the critical factors, inducing pH had the most significant impact on
RC yield after the glucose in the medium was excluded. Because no carbon
source and other nutrients could be applied in the medium, the appropriate
amount of inducing assistant is helpful for the maintaining and expression of RC
after induction by galactose. Besides, the inducing time showed similar impact
like the previous study. RC yield reached the maximum up to certain inducing
time. Therefore, the prediction was applied (Fig. 2.). In conclusion, the RSM was
effectively used for the optimization of the process parameters for RC yield in S.
cerevisiae YPH 499 and pH 5.70, inducing time of 6.68 h, inducing assistant of
56 g/L(YNB + amino acids + adenine) with galactose maintained at 2% were

the desirable conditions for enhanced RC expression in S. cerevisiae YPH 499.
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t}. Effect of agitation speed
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Fig.3. RC vyield by S. cerevisiae YPH 499 at different agitation speed. (A) RC vyield;
(B) growth of S. cerevisiae (C) glucose content (D) galactose content (E)
DO.
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The fermentations were carried out at the constant temperature of 30T
aeration rate of 1 vvm with different agitation speeds of 200, 350, and 500 rpm,
respectively (Fig. 3. A-E). Increase in agitation is helpful to the growth rate
and final cell density of S. cerevisiae (Fig. 3.B). Therefore, the consumption rate
of glucose increased with the increase of agitation (Fig. 3. C). The changes
were coincided with those in DO (Fig. 3. E). Fast growth of S. cerevisiae
significantly decrease DO in the culture medium and reached the minimum when
the glucose was excluded. Glucose was excluded after cultivation for 18 h when
agitation was 500 rpm, which were 3 and 2 h earlier than those of 200 and 350
rpm. After glucose in the medium was excluded, galactose with certain ratio of
inducing assistant (YNB: amino acids: adenine = 6.7:1.05:0.1) was added into
fermentor to final concentration of 2% to induce the expression of RC. RC yield
increased as the inducing time increased (Fig. 3. A), and maximum RC vyield
was reached at 9, 7, and 9 h under agitation of 200, 350, and 500 rpm,
respectively. Maximal RC yield with agitation of 350 rpm was 056 U/mL and
higher than other two. As the final cell density of 350 rpm was less than that
of 500 rpm, agitation of 350 rpm showed the highest enhancing effect in RC
yvield. The highest consumption rate of galactose was obtained from that of 350
rpm and it was coincided with RC yield. Further increase of agitation was
suggested to destroy the survival of yeast during induction by shear force
(Shioya S. et al. 1999; Manolov R]J 1992).During induction, DO in the fermentor

medium was recovered and kept on a stable level between 60% and 70%.

&}. Effect of aeration rate
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Fig.4. RC vyield by S. cerevisiae YPH 499 at different aeration rate. (A) RC yield; (B)
growth of S. cerevisiae (C) glucose content (D) galactose content (E) DO.
The fermentations were carried out at the constant temperature of 30 T

agitation of 350 rpm with different aeration rate of 0.5, 1.0, and 1.5 vvm,
respectively (Fig. 4. A-E).

Increase of aeration is helpful to the growth rate but helpless to the final cell
density of S. cerevisiae (Fig. 4. B). Consumption rate of glucose increased with
the increase of aeration (Fig. 3. C). Glucoses were excluded after 21, 20, and 20
h under the aeration rates of 0.5, 1.0, and 1.5 vvm, respectively. DO greatly
decreased during growth (Fig. 4. E). The decrease in DO with aeration rate of
1.5 vvm was the highest, and DO turned to increase after cultivation for 16 h.
DO with aeration rate of 0.5 and 1.0 vvm decreased and reached the minimum
when the glucose was excluded (Fig. 4. B, E). After glucose in the medium was
excluded, galactose with certain ratio of inducing assistant was added as
described above. The increase of aeration rate from 1.0 to 1.5 vvm decreased
the galactose consumption rate and it was coincided with the changes in RC
yield (Fig. 4. D, E). RC yield increased as the inducing time increased (Fig. 4

A), and maximum RC yield was reached at 8 h, 7 h, and 7 h under aeration of
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0.5, 1.0, and 1.5 vvm, respectively. Maximal RC yield with aeration of 1.0 vvm
was 0.56 U/mL and higher than other two. Because the final cell densities from
three aeration rates were similar, and the difference of growth rate among three
aeration rates were less than that among three agitation, the impact of aeration
on the growth and RC yield is less than did agitation (Fig. 3. A, B; Fig. 4. A,
B).

Rcctorert Sectin )

8

8

Gluretined)
Fig. 5. RC yield by S. cerevisiae YPH 499 under optimal condition.

With temperature set at 30 C, pH of 5.67, agitation of 350 rpm and DO of
1.0 vvm, the changes of growth of S. cerevisiae, RC yield, glucose and

galactose metabolism, and DO of the fermentation medium were plotted (Fig. 5.).

Table 3. Summary of the purification of RC from S. cerevisiae YPH 499 by

alcohol

Alcohol concentration Total protein Total activity Specific activity ~ Yield Purification

(v/v) (mg) (U) (U/mL) (%) (fold)
0 2.52 3.4 1.40 100 1
15% 0.34 0.32 0.94 9 0.67
30% 1.02 1.78 1.75 50 1.24
45% 1.16 2.89 249 82 1.78
60% 1.86 2.36 1.27 67 0.90
5% 211 2.18 1.037 62 0.74

The starting volume was 1000 mL cultivated broth. The inhibitory activity
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was measured as decrease in papain activity. One unit of inhibitory activity was

defined as the changes in absorbance at 440 nm per 30min.

The purification of RC was showed in Table 3. Alcohol was effective in
protein separation, especially as the alcohol concentration increased. When
alcohol was added to 30% and 45%, the purity of separated RC significantly
increased. Further increase of alcohol was helpful for the precipitation of protein,
but decreased the purity. Considering recovery and purification fold, 45% of
alcohol addition was chosen as the optimal concentration.

In conclusion, temperature at 30 C, agitation at 350 rpm, pH of 5.67, DO of
1.0 vvm, and 7 h for induction were the optimal culture conditions for S.
cerevisiae YPH 499 in fermentor using SC medium to produce RC. The
maximum RC yield in fermentor, 0.56 U/mL, was about one and a half of that
from baffled shake flask. Addition of cold alcohol to 45% (v/v) could help the
purification of RC from S. cerevisiae YPH 499.
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