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Proteolysis of myofibrillar proteins in Pacific whiting surimi occurs when the 50- 

70°C temperature range is reached during standard cooking procedures (e.g. 900C for 15 

min). This proteolytic activity results in the softening of surimi gels. Bovine plasma 

protein (BPP) is the most effective of the food-grade inhibitors used to prevent this 

reaction, and enhance gel strength in PW surimi. The objective of this study was to 

determine the effective components of bovine plasma that enhance gel strength in PW 

surimi. 

Five bovine plasma fractions were evaluated for components that contribute to gel 

strength enhancement in PW surimi. Fraction I, which consists mostly of fibrinogen and 

albumin, was found to also contain plasma transglutaminase (PTGase) activity. Part of 

fraction I gel-enhancing ability may be attributed to an unknown component which 

inhibited papain independently of Ca2+ and inhibited 40% of surimi proteolytic activity. 

Fibrinogen or albumin did not inhibit papain activity or enhance gel strength of surimi. 

For fraction I-S, which is a more concentrated PTGase fraction, gel-enhancement of PW 

surimi was completely dependent on the presence of Ca2+. Autolytic inhibitory activity 

of fraction I-S in surimi was completely eliminated by the presence of Zn2+. Fraction 

II+III (1%) inhibited over 50% of surimi autolytic activity and displayed a small amount 



of PTGase activity. Fraction II+III (1%) gel enhancing abilities were low when 

compared to the other fractions and BPP, and only slightly effected by EGTA. Fraction 

IV (1%), which contains approximately 50% albumin and 15% Oj-macroglobulin, 

inhibited over 70% of surimi autolytic activity. It enhanced gel strength at a 1% (w/w) 

concentration when set for 20 hr at 4°C before cooking, and was not affected by EGTA. 

This fraction displayed no apparent PTGase activity. Fraction IV-1 (1%), which contains 

approximately 20-30% Oj-macroglobulin, gel strength enhancement surpassed the other 

fractions and BPP when set for 20 hr at 40C and 2 hr at 25°C before being cooked at 

90oC for 15 min. The gel strength enhancing abilities of fraction IV-1 were 

significantly affected by EGTA. Fraction IV-1 (1%) inhibited over 80% of surimi 

proteolytic activity. The gel strength of 1 mM (0.03%) E-64, which is a cysteine 

protease inhibitor, was equivalent to that of BPP (1%) after setting at 4°C for 20 hrs 

before cooking. E-64 (1 mM) inhibited 83% of the autolytic activity of PW surimi and 

BPP (1%) inhibited 78%. These data indicate that a cysteine protease inhibitor can 

increase gel strength, and suggests that BPP is acting as a cysteine protease inhibitor. 

Ca2+ dependent gel strength enhancement was attributed to transglutaminase 

(TGase) activity, both added PTGase and endogenous TGase. Gel strength enhancement 

that was Ca2+ independent was attributed to cysteine protease inhibitors, specifically Oj- 

macroglobulin. Overall, it was determined that gel strength in PW surimi was greatly 

enhanced by both concentrated PTGase (I and I-S) and concentrated Oj-macroglobulin 

(IV-1) fractions, with a combination of these fractions being most effective in gel 

strength enhancement, when the surimi is first set at 4°C or 25°C before cooking at 90oC 

for 15 min. These data suggest that the mechanisms of gel strength enhancement of BPP 

are from cysteine protease inhibition, possibly from c^-macroglobulin, and from cross- 

linking of myosin in surimi from both added (PTGase) and endogenous TGase activity. 
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COMPONENTS OF BOVINE PLASMA THAT ENHANCE 
GEL STRENGTH IN PACIFIC WHITING SURIMI 

Chapter 1.  INTRODUCTION 

Pacific Whiting Surimi 

Pacific whiting (Merluccius productus) is an abundant fish species found off the 

western coast of the United States (Radtke, 1995). Its utilization has been hampered due 

to its soft texture caused by the hydrolysis of muscle and connective tissue proteins by 

proteases (Chang-Lee et al., 1989; Erickson et al., 1983; Tsuyuki et al., 1982). Pacific 

whiting's soft texture has been associated with an infection of its muscle tissue by the 

myxosporean parasites, Kudoa paniformis and Kudoa thyrsitis (Matsumoto and Noguchi, 

1992; Morado and Sparks, 1986; Stehr, 1986; Kabata and Whitaker, 1981). The degree 

and stage of the infection has been associated with varying proteolytic activity between 

individual Pacific whiting fish (Hartley, 1993; Toyohara et al., 1993; Konagaya and 

Aoki, 1981) and variations in gelation of Pacific whiting surimi (Konagaya and Aoki et 

al., 1981). 

Pacific whiting has been used mostly for production of surimi or surimi-related 

products (Morrissey, 1995). Surimi is a fish paste produced from minced and washed 

fish flesh that consists almost entirely of salt soluble myofibrillar proteins with myosin 

making up the majority (Lanier, 1986). Myosin is very important in the gelling 

properties of surimi. Surimi gels are thought to be formed mostly by hydrogen and 

hydrophobic bonds between denatured myosin proteins, along with disulfide and other 

covalent bonds contributing to gel structure (Park et al., 1994; Lanier, 1986). Fillets or 

mince that have high proteolytic activity produce surimi products with low gel strength 

due to degradation of myosin needed to form a strong surimi gel (An et al., 1994; 

Morrissey et al., 1993; Nagashisa et al., 1983). This proteolytic activity increases when 

exposed to low temperature cooking procedures (i.e. 50-70°C) resulting in a surimi gel 

with low gel strength,  also  known  as modori  (Morrissey et al., 1993;  Kabata  and 



Whitaker, 1985; Nagashisa et al., 1983). Gel strength is the major determinant at which 

the price of the product is sold (Peters, 1991). 

Gel Strength 

The rheological (deformable) properties of surimi gels can be evaluated when the 

product is deformed by tension, compression, or shear, until breakage or failure occurs 

(Lanier, 1992). The cohesive nature of surimi gels can be measured and expressed as 

gel strength, or "jelly strength" as termed by the Japanese. The most common tool to 

measure gel strength is the punch test. The punch test uses a 5 mm diameter plunger at 

a constant speed to measure the force (g) vs. deformation (cm) to the point of failure or 

breakage, and to calculate the gel strength these two values are multiplied (Lanier, 1992). 

Another way of measuring the Theological properties of surimi is with the torsion 

test. This method, as described by Lanier (1992), measures the stress and strain of 

surimi gels. Surimi gels are cut to a length of 28.7 mm and glued to discs where the 

surimi is then milled to a dumbbell shape with a minimum diameter of 1 mm. The 

sample is then twisted to the point of failure (breakage) with a rotational viscometer 

while a computer records the plot of torque vs. angular rotation (deformation). From this 

plot the peak torque and angular deformation at the point of failure are found, which 

demonstrate the strength (stress) and cohesiveness (true strain) of a surimi gel. 

Proteolytic Activity 

The proteolytic activity of Pacific whiting is believed to be caused mostly by the 

lysosomal proteases, cathepsin B, H, and L (An et al., 1994a; Seymour et al., 1994a). 

Cathepsins B and H are washed out of the mince during the production of surimi, but 

cathepsin L is not completely removed (An et al., 1994a). An et al. (1994b) showed that 

cathepsin L, with a temperature optimum of 55°C, is the cathepsin most active at 

temperatures used in Pacific whiting surimi processing, and can degrade myosin. 

Autolytic degradation of Pacific whiting surimi was found to be highest at 550C 

(Morrissey et al., 1993; Chang-Lee et al., 1989). Cathepsin L purified from Pacific 

whiting was found to have characteristics (i.e. temperature optimum 55^, degrades 
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myosin) (Seymour et al., 1994; Masaki et al., 1993) similar to the maximum autolytic 

characteristics observed with Pacific whiting surimi (An et al., 1994a). The other 

cathepsins present in surimi are denatured at the high cooking temperatures (e.g. 90°C) 

(Seymour et al., 1994a). Cathepsin L has been shown to be the major protease 

responsible for the softening seen in Pacific whiting surimi without inhibitors (An et al., 

1994a). 

Protease Inhibitors in Surimi 

Presently the degradation of myofibrillar proteins in Pacific whiting surimi is 

prevented by the use of food grade inhibitors. The most commonly used inhibitors are 

beef plasma protein (BPP), egg white, and potato extract powder (Morrissey et al, 1993; 

Chang-Lee et al, 1990; Groninger et al., 1985). The use of these products in Pacific 

whiting surimi greatly enhances the gel strength, but can also lead to unwanted color 

and/or taste (Park, 1994; Akazawa et al., 1993; Morrissey et al., 1993; Porter et al., 

1993). The addition of blood plasma to surimi and other products can give those 

products a darker color (Morrissey et al., 1993; Reppbnd and Babbitt, 1993; Wismer- 

Pedersen, 1979; Graham, 1978), which can decrease HunterLab L* (white to black) and 

increase b* (yellow to blue) values. 

The main mechanism of BPP in eliminating proteolytic activity is believed to be 

due to protease inhibitors present in the protein extracts. Weerasinghe (1995) found BPP 

to have a higher percentage of papain inhibitors than whey protein concentrate, potato 

powder, and egg white. BPP is very effective in decreasing autolytic activity in Pacific 

whiting surimi (Weerasinghe, 1995; Morrissey et al., 1993), but the components 

responsible for BPP's effectiveness in gel strength enhancement of surimi have yet to be 

identified. o^-Macroglobulin, which is a major protease inhibitor in plasma (2.5 g/L) 

(Harpel and Brower, 1983), is known to inhibit cathepsin L (Lorier and Aitken, 1991; 

Barrett and Starkey, 1973). Bovine serum albumin, which composes approximately 50% 

of the protein in bovine plasma, has been shown to be resistant to proteolysis by the 
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cysteine protease papain (Weerasinghe, 1995). All of these components could contribute 

to the gel strength enhancement of BPP. 

Plasma Inhibitors of Cysteine Proteases 

a2-MacrogIobulin 

Oj-Macroglobulin is a protease inhibitor found in plasma at a concentration of 2.5 

g /L (3.5 pM), and is composed of four subunits with a molecular weight (Mr) of 180 

Kd each, with a total Mr of 720 Kd (Harpel and Brower, 1983; Sottrup-Jensen et al., 

1983). Harpel and Brower (1983) also found that o^-macroglobulin when heated in the 

presence of SDS will also yield two protein bands at 125 Kd and 62 Kd. This inhibitor 

binds serine, thiol (cysteine), carboxyl, and metallo-proteinases (Barrett and Starkey, 

1973), with each Oz-macroglobulin molecule able to react with two endoproteinases at 

a time (Pochon and Bieth, 1983). (Xj-Macroglobulin traps the proteinase when it starts 

to degrade Oj-macroglobulin at the "trap" region, which causes a conformational change 

in the inhibitor resulting in the proteinase being irreversibly bound to the inhibitor 

(Barrett and Starkey, 1973). The "trapped" proteinase can still degrade smaller 

substrates, but is blocked from degrading larger proteins (Starkey and Barrett, 1977). o^- 

Macroglobulin is also capable of binding amines, such as MDC in the absence of 

calcium (Lorand, 1983; Van Leuven et al., 1981). It also contains an internal y-glutamyl 

thioester of cysteine which, by a direct nucleophilic attack of lysine from a protein or 

amine, can produce a non-enzymatic e(Y-glutamyl)lysine bond between Oj-macroglobulin 

and a protein or amine (Lorand, 1983). 

Kininogens 

The kininogens are cysteine protease inhibitors that are also found in plasma. 

Barrett et al. (1986) described the kininogens as belonging to the cystatin superfamily. 

The kininogens found in plasma consist of two separate proteins, the low molecular 

weight kininogen (L-kininogen) with a Mr of 50,000-78,000, and the high molecular 

weight kininogen (H-kininogen) with a Mr of 108,000-120,000 (Kato et al., 1981; 

Turpeinen et al., 1981). Adam et al. (1985) found the concentrations of L-kininogen and 
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H-kininogen in human plasma to be 109-272 |Jg/ml and 69-116 |Jg/ml, respectively. L- 

kininogen is known to inhibit papain and cathepsin L (Machleidt, 1986; Salvesen et al., 

1986). The kininogens are also known to be susceptible to proteolysis (Barrett et al., 

1986). H-kininogen is known to be susceptible to degradation by kallikrein, where L- 

kininogen is resistant (Komiya et al., 1974b). Ethanol or ammonium sulfate used in 

fractionation of plasma activates kallikrein, which results in the rapid decrease of H- 

kininogen (Komiya et al., 1974a). 

Bovine Serum Albumin 

Bovine serum albumin, although not commonly known as a protease inhibitor, 

was found to be a nonspecific competitive inhibitor which reduced enzyme activity in 

Pacific whiting surimi, although it did not inhibit papain significantly (Weerasinghe, 

1995). Albumin composes approximately 50% of the protein in plasma, with fibrinogen 

and a-, (3-, and y-globulins making up most of the remaining protein (White et al., 

1973). Bovine plasma albumin is composed of a single peptide chain of about 580 

residues (Peters, 1975) with a Mr that ranges from 66,210 (Putnam, 1975) to 67,000 

(Sigma Chemical Co., St. Louis, MO). 

Transglutaminase 

Transglutaminase (TGase) is an enzyme believed to be present in all mammalian 

and fish species. TGase has a cysteine residue in its active site, and is found in different 

tissues and known by different names, but in general "transglutaminase" is the term used 

to describe the enzyme that can catalyze the following reaction (Folk, 1980). This 

enzyme catalyzes a reaction that produces covalent bonds between proteins by the 

exchange of primary amines for ammonia at the y-carboxamide group of peptide-bound 

glutamine residues (Greenberg et al., 1991; Lorand, 1983; Folk, 1980). In the absence 

of an amine, water can act as the acyl acceptor resulting in peptide-bound glutamine 

being converted to glutamic acid (Folk and Chung, 1973). A primary amino group can 

be found with peptide-bound lysine residues or polyamines which can react with 

glutamine residues to form either e -(y-glutamyl)lysine bond between proteins or a (y- 



glutamyl)polyamine bond (Greenberg et al., 1991; Lorand, 1983). The resulting bonds 

are covalent, stable, and resistant to proteolysis (Greenberg et al., 1991). 

Transglutaminase cross-linking reactions lead to formation of intra- and inter- 

molecular covalent bonds (Folk and Chung, 1973), which are about 20 times stronger 

than hydrogen and hydrophobic interactions (Joseph et al., 1994). 

There are different types of transglutaminases which are found in mammals, birds, 

and microorganisms. There are four types of transglutaminase found in mammals: 1.) 

blood coagulation factor XIII, 2.) tissue (TGC), 3.) keratinocyte (TGK), and 4.) epidermal 

and hair follicle (TGE) (Greenberg et al., 1991; Folk, 1980). Blood coagulation factor 

XIII exists in blood plasma, blood platelets, uterus, and placenta in zymogen form (Folk 

and Chung, 1973) and is also known as plasma transglutaminase, fibrinoligase, and 

fibrin-stabilizing factor. TGC, (e.g. Guinea pig TGase), is highly concentrated in the liver 

but is found in other tissues (Greenberg et al., 1991). Tissue TGase has high affinity for 

fibronectin, fibrin, and type I collagen (Greenberg et al., 1991). TGK is found mainly 

in the keratinocytes, which are the principal cell type in the epidermis. TGK is 

membrane bound and insoluble without treatment with hydroxylamine to remove fatty 

acids. TGE is activated by treatment with certain proteases or chaotropic agents. There 

is also a transglutaminase produced by the microorganism, Streptoverticillium strain S- 

8112(Andoetal., 1989). 

Plasma Transglutaminase (Factor XIII) 

Plasma transglutaminase (PTGase) is composed of two identical 80-83 Kd 

polypeptides designated a-chains, and two identical 80 Kd polypeptides called b-chains 

which gives it a Mr of 320-325 Kd (Greenberg et al., 1991; Bohn, 1972; Takagi and 

Doolittle, 1974). PTGase functions mainly to stabilize blood clots by cross-linking fibrin 

and requires either an enzymatic modification by thrombin with Ca2+ or high amounts 

of Ca2+ to be activated (De Backer-Royer et al., 1992a; De Backer-Royer and Meunier, 

1992b; Greenberg et al., 1991; Lorand, 1986; Shen and Lorand, 1983; Folk, 1980; 

Credo et al., 1978). Activation with thrombin occurs in two steps. The first step is the 

cleavage of an Arg37-Gly38 peptide near the amino terminus of the a-chains, which results 
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in the loss of a 37 amino acid peptide; this step is independent of Ca2+ (Ichinose et al., 

1988; Takahashi et al., 1986; Takagi et al., 1974). Other proteolytic enzymes, such as 

trypsin and papain, can also partially hydrolyze PTGase resulting in activation (Folk and 

Chung, 1973). The second step involves the b-chain dissociating from the a-chain in the 

presence of Ca2+ and Ca2+ binding to the a-chain producing activated PTGase (FXIIIJ 

(De Backer-Royer and Meunier, 1992; Greenberg et al., 1991;Lorand, 1986; Folk, 1980; 

Takagi and Doolittle, 1974). The dissociation of the b-chain from the a-chain and the 

activation of the a-chain can occur with concentrations higher than 100 mM Ca2+ also 

(De Backer-Royer et al., 1992b; Lorand, 1986; Credo et al., 1978). Activated FXIIIa has 

a Mr of 80 Kd and a pH optimum between 7.5 and 8, with a temperature optimum of 

450C at pH 7 and 40^ at pH 8 (De Backer-Royer and Meunier, 1992b). Jiang and Lee 

(1992) found that pig PTGase had a Mr of 75 Kd, and an optimum temperature of 550C 

for the  incorporation of MDC into p-casein. 

Lorand (1986) states that the catalytic constants for PTGase activated with 

thrombin or high amounts of Ca2+ are indistinguishable when measured on small 

substrates, such as p-phenylpropionylthiocholine and dansylcadaverine. However, the 

thrombin activated PTGase is more efficient in catalyzing the incorporation of putrescine 

into methylated casein than the Ca2+ activated (>100 mM) PTGase, which may be due 

to the removal of part of the a-subunit by thrombin allowing better binding of PTGase 

to the protein (Lorand, 1986). 

PTGases (FXDI) concentration in plasma ranges from 2 x 10'10 to 10"7 M (Shen 

and Lorand, 1983). Using a Mr of 325 Kd, this range would be equivalent to 0.065 mg/L 

to 65 mg/L of plasma. PTGases main role in vivo is to stabilize fibrin clots (Lorand, 

1986; Shen and Lorand, 1983). Fibrinogen is converted to fibrin by thrombin (Fenton, 

1986; Lorand and Gototh, 1970), where the fibrin will then associate and form a weak 

clot which is unable to resist degradation by plasmin, the major clot-lysing enzyme in 

plasma (Greenberg et al., 1991). PTGase (FXIIIJ cross-links fibrin and a2-antiplasmin 

to fibrin, which increases the clots resistance to plasmin degradation (Tamaki and Aoki, 

1985). PTGase is found closely associated with fibrinogen and fibrin (Greenberg and 

Shuman, 1982) with one PTGase (FXm) per 20 to 100 fibrinogen molecules (Lorand, 

1986), which have specific binding sites for PTGase (Greenberg et al., 1985; Credo et 



8 

al., 1978). In the presence of fibrinogen or fibrin, the amount of Ca2+ required for 

PTGase (FXIII) activation drops to approximately 1.5 mM, which is the concentration 

of Ca2+ found in plasma (Credo et al., 1978). 

Guinea Pig Transglutaminase 

Guinea pig transglutaminase (GPTGase), which has a Mr of 85-90 Kd, is similar 

to PTGase in that it requires at least 5 mM CaCl2 to be active, but does not require 

thrombin for activation (Greenberg et al., 1991; Folk, 1980; Folk and Chung, 1973; 

Connellan et al., 1971). GPTGase has different substrate specificity than PTGase, which 

is determined by the amino acids surrounding the glutamine residue (Gorman and Folk, 

1981; Folk, 1980). PTGase incorporates monodansylcadaverine (MDC) about 3,000 

times more efficiently into (i-casein than GPTGase (Gorman and Folk, 1981). GPTGase 

activity can be measured using the colorimetric hydroxamate assay (Folk and Cole, 

1966), where PTGase activity is not detected using this assay. Lorand et al. (1979) 

found that GPTGase more effectively used the amine substrates that had a large 

hydrophobic substituent attached to an alkylamine side chain. Their results showed that 

the hydrophobic region of the amine reacts with the hydrophobic binding region in the 

enzyme, from this position the alkyl side chain reaches into a narrow crevice toward the 

active center and positions the primary amine of the substrate for attacking the carbonyl 

group of the acyl enzyme intermediate. The pH optimum of GPTGase was found to 

depend on the type of amine used (Folk and Chung, 1973). 

Microbial Transglutaminase 

Microbial transglutaminase (MTGase) is produced by the microorganism 

Streptoverticillium strain S-8112 (Ando et al., 1989). Ando et al. (1989) found the pH 

optimum of this TGase to be between 6-7, the temperature optimum to be 50oC at pH 

6.0, with a Mr of 40 Kd. MTGase activity does not require Ca2+ or thrombin (Sakamoto 

et al., 1995; Sakamoto et al., 1994;  Ando et al., 1989). 



Transglutaminase Activity Assays 

Different techniques have been used to determine TGase activity. The 

hydroxamate assay described by Folk and Cole (1966) is the most commonly used assay 

for GPTGase and MTGase. It uses CBZ-L-glutaminylglycine, and the activity is 

measured at an absorbance of 525 nm. This study found that the hydroxamate assay did 

not work with bovine PTGase. Kishi et al. (1991) used a modified assay from Lorand 

et al. (1971) that used monodansylcadaverine (MDC) incorporation into acetylated casein 

with the fluorescence being measured at an excitation wavelength of 350 nm and an 

emission wavelength of 480 nm on a spectrofluorometer. This assay required extensive 

washing of the sample after the reaction to remove unincorporated MDC and a long 

drying time (approximately 3 hours). Takagi et al. (1986) used MDC incorporation into 

acetylated casein with bovine plasma TGase and stopped the reaction by using 

ammonium sulfate. They then measured the increase in fluorescence at an excitation 

wavelength of 350 nm and an emission wavelength of 480 nm. Lorand and Campbell 

(1971) found that MDC is very efficient for rapid and sensitive measurement of 

incorporation into proteins and small peptides by TGase. 

Applications of Transglutaminase 

Transglutaminase has been used for a variety of applications. Sakamoto et al. 

(1994) found that the e(-yglutamyl)lysine bonds formed by MTGase enhanced the 

breaking strength of gels formed with soy protein isolate (SPI) and egg white. Traore 

and Meunier (1992) have also shown human placental factor Xina to cross-link whey 

proteins and caseins. Mahmoud and Savello (1993) have shown transglutaminase to 

cross-link a-lactalbumin and p-lactoglobulin to form a gel that could be dried to produce 

films. Tanimoto and Kinsella (1988) found that P-lactoglobulin and casein were cross- 

linked to form a range of oligomers and polymers by GPTGase. Cross-linking of sheep 

myosin with soya protein, casein, and gluten has also been shown (Kurth and Rogers, 

1984). Kim et al. (1993) polymerized beef actomyosin with GPTGase. Cohen et al. 

(1979) found human PTGase (Factor XIII) could cross-link myosin from human platelets 



10 

and rabbit skeletal muscle. Another consideration is the use of TGase to incorporate 

essential amino acids into certain food proteins (Ikura et al., 1985; Ikura et al., 1981). 

Among the applications to be considered for transglutaminase is its use in Pacific 

whiting surimi. Myosin is the major component of surimi gels (Lanier, 1986), and these 

gels are formed mostly by hydrogen and hydrophobic bonds (Park et al., 1994; Hamada, 

1992), with disulfide and £(-'yglutamyl)lysine covalent bonds contributing to gel strength 

(Sakamoto et al., 1995; Seguro et al., 1995; Sakamoto et al., 1994). TGase has the 

ability to cross-link myosin heavy chain (MHC) covalently, which can increase gel 

strength (Seguro et al., 1995; Araki and Seki, 1993; Funatsu et al., 1993a; Kamath et al., 

1992). Cross-linking of myosin with endogenous TGase has been related to gel strength 

in surimi made with hoki (Kimura et al., 1991), Alaska pollack (Sakamoto et al., 1995; 

Nowsad et al., 1993; Tsukamasa and Shimizu, 1991; Nishimoto et al., 1987; Numakura 

et al., 1985), walleye pollack (Funatsu and Arai, 1991), and sardine (Funatsu et al., 

1993b). Jiang and Lee (1992) showed that MHC in mackerel actomyosin decreased upon 

incubation of pig PTGase at 30 and 37°C, and that the gel strength of minced mackerel 

increased significantly when 0.2% pig PTGase was added at pH 7. Alaska pollack 

surimi gel strength was also enhanced by the addition of MTGase (Sakamoto et al., 1995; 

Seguro et al., 1995). 

Substrate Specificity of Transglutaminase 

The primary structure of proteins is important in determining the reactivity of a 

specific transglutaminase. The glutamine and lysine content, and the hydrophobic amino 

acids around the glutamine residues play an important role in determining the cross- 

linking ability of different types of transglutaminases with particular substrates (Kurth 

and Rogers, 1984; Gorman and Folk, 1981; Gorman and Folk, 1980). Other factors 

include the conformation of the protein (e.g. myosin) which is affected by temperature, 

ionic strength, and pH (Joseph et al., 1994; Araki and Seki, 1992). An example of 

substrate specificity between two different TGases is shown by PTGase and GPTGase 

reactivity towards fibrinogen vs. fibrin. Lorand (1983) states that PTGase has a 10-fold 
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greater reactivity towards fibrin when compared to fibrinogen, but GPTGase does not 

show this increase in reactivity. 

Temperature plays an important role in how TGase reacts with its substrate, both 

with reaction rate and denaturation of the substrate making available more glutamine and 

lysine residues. Jiang and Lee (1992) observed an optimum temperature for pig PTGase 

of 550C as measured by MDC incorporation into acetylated P-casein. This temperature 

reflects the optimum temperature for the TGase, but the temperature for the substrate that 

allows for maximum cross-linking may differ due to the amount of denaturation of the 

protein. 

The gel strength of surimi from various species of fish is greatly affected by 

temperature. Surimi set at temperatures below 50°C will gel slowly, but surimi paste 

gels rapidly when heated at 80-90oC (Okada, 1992). Fish surimi set at low (near 0°C) 

or high (near 40oC) temperatures before cooking results in a higher gel strength than 

cooking or setting alone (Joseph et al., 1994; Okada, 1992; Tsukamasa and Shimizu, 

1990). Lanier (1986) reported that preincubation of surimi gels made of Atlantic croaker 

and sand trout at 40°C before cooking at 90°C greatly increased the strength (stress at 

failure) and, to a smaller extent, the elasticity (strain at failure). With Alaska pollack 

surimi, a 25°C "setting" temperature with a preincubation of 4-5 hrs before cooking at 

90oC is required for maximum shear stress (Kamath et al., 1992). Numakura et al. 

(1985) showed that the gel strength of Alaska pollack surimi set at 20°C and 30°C 

increased at up to 6 hrs incubation time, and that as the myosin decreased there was an 

increase in cross-linked myosin. Shimizu et al., (1981) showed that various species of 

fish, including Alaska pollack, showed similar reactions to temperature: 30-40°C a 

structure setting reaction for gelation occurred, but at temperatures between 50°C and 

70°C a structure disintegration reaction occurred. An et al. (1994a) showed that 

maximum proteolytic activity of Pacific whiting surimi occurred at 550C. When Pacific 

whiting surimi is cooked and the 50oC to 70°C temperature range is reached, proteolysis 

occurs which results in a low gel strength (Morrissey et al., 1993; Kabata and Whitaker, 

1985; Nagashisa et al., 1983). 
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Endogenous Transglutaminase Activity in Surimi 

Endogenous TGase activity in surimi is believed to contribute to gel strength by 

cross-linking of myosin. Araki et al. (1993) found that white croaker, carp, walleye 

pollack, chum salmon, atka mackerel, and rainbow trout muscles all contained TGase 

activity. A comparison of carp TGase activity with the above species actomyosins 

showed that the rates of polymerization were significantly different and ranged from 13.5 

to 0.1/h-unit with the highest value obtained from walleye pollack actomyosin. They 

suggested that the TGase-mediated cross-linking reaction of myosin heavy chain may 

be mainly regulated by the conformational factor of the substrate actomyosin, depending 

on the species of fish. The myosin in fish surimi will unfold with the addition of salt 

and denature at temperatures above 10°C (Toyoda et al., 1992), which will expose more 

glutamine and lysine residues that can be utilized by TGase (Tsukamasa and Shimizu, 

1991). Maximum gel strength and maximum myosin heavy chain cross-linking ability 

of Alaska pollack is found at pH 7 with 0.5 M NaCl and a 25°C setting temperature 

(Kim et al., 1993; Nishimoto et al., 1987). Maximum cross-linking of myosin heavy 

chain (MHC) occurred at 25°C for Alaska pollack and 50°C in croaker surimi, and it is 

believed to be caused by endogenous TGase (Kamath et al., 1992). Wan et al. (1994) 

found that walleye pollack surimi gelation was completely inhibited by 2 mM EGTA, 

and that gel strength and cross-linking were dependent on Ca2+ concentration. They 

attributed the major role of Ca2+ in the gelation of walleye pollack surimi paste to the 

activation of endogenous TGase. Tsukamasa and Shimizu (1990) found TGase activity 

in the muscle tissue of sardine, Pacific mackerel, red sea bream, horse mackerel, Ayu, 

carp, silver eel, and Japanese Spanish mackerel. Seymour (1995) detected endogenous 

TGase activity in Pacific whiting surimi. 

Fractionation of Plasma 

A fractionation process of plasma which separates the unwanted albumin and 

hemoglobin from PTGase and protease inhibitors, such as Oj-macroglobulin, should 

reduce the off-taste and off-color which can result from adding blood products, such as 

BPP, to food items like fish surimi.  Lorand and Jacobsen (1958) fractionated PTGase 
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from bovine plasma by using ammonium sulfate, ethanol, and an adjustment of pH in a 

complicated and time consuming process. Bovine plasma TGase (Lorand et al., 1970) 

and pig plasma TGase (Jiang and Lee, 1992) were purified by using DEAE resin. Partial 

purification of TGase from other species, such as carp (Kishi et al., 1991), crayfish 

(Kopacek et al., 1993), and horseshoe crab (Tokunaga and Iwanaga, 1993), used repeated 

precipitation at low ionic strength and ion exchange chromatography. Lorier and Aitken 

(1991) describe purifying o^-macroglobulin from mammalian plasma by a variety of 

techniques, which includes salt fractionation, ion-exchange chromatography, molecular- 

sieve chromatography, and affinity chromatography. These methods result in 

concentrated forms of TGase and aj-macroglobulin, but are time consuming. Therefore, 

a simple, fast, and inexpensive technique would be needed to separate bovine PTGase, 

and protease inhibitors, such as Oj-macroglobulin, from other unwanted plasma proteins 

in order to make affordable PTGase and o^-macroglobulin fractions. 

PTGase has a very strong affinity for fibrinogen (Greenberg and Shuman, 1982). 

Plasma contains approximately 0.3 g/100 ml fibrinogen (White et al., 1973), which can 

be precipitated at 0 to -30C with 8-10% ethanol (Pennel, 1960). Fibrinogen is not easily 

solubilized (Stroder and Horman, 1974), but will eventually dissolve in 50 mM Tris, 0.1 

M NaCl (pH 7) (Lorand and Jacobsen, 1958). To remove fibrinogen and extract and 

easily dissolve PTGase, Lorand and Gototh (1970) used a heat treatment of the bovine 

plasma at 56°C, which denatured the fibrinogen but not the TGase. The denatured 

fibrinogen was removed with a glass rod with some TGase lost in this process, but the 

resulting fraction was more easily solubilized. 

Cohn et al. (1946) fractionated human plasma with ethanol by changing pH and 

ionic strength at temperatures below 0°C. They used several combinations of the above 

mentioned, which they grouped under different method numbers. Method 6 fractionated 

the plasma proteins into 5 fractions each composed of mainly one type of protein. 

Pennel (1960) listed the fractions and their components with fraction I from 8% ethanol 

precipitation (method 6) containing 50-60% fibrinogen with 7% albumin; fraction II+III 

with 25% ethanol precipitation containing 37% y-globulins, 4% albumin and 5% 

fibrinogen. Fraction IV-1 is composed of 48% o^-globulins, 11% o^-globulins, 24% p- 

globulins, and 15% albumin (Sigma Chemical Co., St. Louis, MO).  Cohn et al. (1946) 
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listed the components of fraction IV from method 5 as being composed mainly of 54% 

a-globulins, 31% p-globulins, and 10% albumin. 

Research Objectives 

The purpose of this research was to find the active components of bovine plasma 

that enhance gel strength of Pacific whiting surimi. The approach used to obtain this 

goal was to use cold ethanol fractionation of the plasma to produce fractions that 

contained a majority of a specific protein group found in plasma. These fractions were 

then applied to Pacific whiting surimi to determine which would produce a gel strength 

and whiteness value comparable or better than BPP. The benefit of this process would 

be the development of additives from plasma that could be used in surimi with decreased 

undesirable taste and color that can be associated with presently used inhibitors. 
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Chapter 2:    FRACTIONATION OF BOVINE PLASMA 

Abstract 

Fractionation of citrated bovine plasma (CBP) with ethanol was performed in 

order to separate gel-enhancing components of plasma. The specific activity of CBP, as 

measured by MDC-incorporation into methylated casein, from three separate batches 

averaged to be 5.8 ± 0.20 U/g. A 10% cold ethanol fraction from CBP (Cohn fraction 

I) had a specific activity of 7.69 ± 0.67 U/g. Heat treatment of fraction I (fraction I-S) 

increased the specific activity 5 fold. Fraction I and I-S had no activity in the presence 

of EGTA, which is a Ca2+ chelator. Fraction I and a 25% cold ethanol fraction (fraction 

II+III) that were activated with Ca2+ and thrombin, had fluorescent bands when incubated 

with casein and MDC, and were then applied to a 10% SDS-PAGE gel. Fraction II+III 

specific activity was 66% lower than CBP. A 40% cold ethanol fraction at pH 5.8 

(fraction IV) had no fluorescent bands whether or not Ca2+ and thrombin were present 

and a specific activity that was 31% lower than CBP. Cohn fraction IV-1 MDC- 

incorporating activity was not affected by the presence or absence of Ca2+, and was not 

affected by the presence of thrombin or EGTA. (Xj-Macroglobulin was detected in both 

fraction IV and IV-1 by SDS-PAGE. From these results it was determined that there are 

two different types of MDC-incorporating activities present in plasma. Commercial 

spray dried beef plasma protein (BPP) and 600N-BPP were tested for fluorescent activity. 

600N (2.96 ± 0.23 U/g) had approximately 2.6-fold higher specific activity than BPP 

(1.12 ±0.10 U/g). 

Introduction 

Bovine plasma is an underutilized source of protein (Wismer-Pedersen, 1979). 

It can be applied towards food applications and possibly other fields if a cost effective 

means of separating the proteins is found. Fractionation of bovine blood proteins for use 

in food applications can remove hemoglobin (150 mg/g bovine blood) (Warris and 

Rhodes, 1977), which can leave a bloody taste and color in food products in which they 

are used (Guzman et al., 1995; Mielnik and Slinde, 1983). In food products, such as fish 
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surimi, where bovine plasma is often used to prevent proteolysis, a bloody taste and dark 

color are undesirable and can result from its use at concentrations of 2% or more 

(Akazawa et al., 1993; Morrissey et al., 1993;   Porter et al., 1993). 

Fractionation of human (Cohn et al., 1946), bovine (Stroder and Hormann, 1974; 

Lorand and Jacobsen, 1958), and pig plasma (Jiang and Lee, 1992) have all been 

undertaken for a variety of reasons. Cohn et al. (1946) used several methods of cold 

ethanol fractionation to precipitate human plasma to obtain different fractions that 

contained a majority of a specific plasma protein group. Lorand and Jacobsen (1958) 

used ammonium sulfate and ethanol to isolate what they called fibrin-stabilizing factor 

from bovine plasma to determine its effects on fibrinogen. Jiang and Lee (1992) purified 

and characterized pig plasma TGase (Factor XIIIJ to determine its effects on gelation 

of fish muscle. 

Transglutaminase (TGase) is an enzyme found in plasma (Greenberg et al., 1991; 

Lorand, 1986; Folk, 1980; Credo et al., 1978). The concentration of TGase in plasma 

ranges from 2 x 10"10 to 10"7 M (Shen and Lorand, 1983). TGase has the ability to 

catalyze an acyl-transfer reaction where y-carboxamide groups of peptide-bound 

glutamine act as acyl donors, where peptide-bound lysine or primary amines are 

exchanged for ammonia and a covalent £-(Y-glutamyl)lysine or (Y-glutamyl)polyamine 

bond is formed (Greenberg et al., 1991; Folk, 1980). Plasma transglutaminase (PTGase), 

also known as Factor XIIIa, is closely associated with fibrinogen and fibrin in plasma. 

It functions mainly in the cross-linking of fibrin to form stable blood clots (Greenberg 

et al., 1991; Shen and Lorand, 1983; Folk, 1980; Credo et al., 1978), with approximately 

one plasma TGase for every 20 to 100 fibrinogen molecules (Greenberg et al., 1991). 

PTGase requires Ca2+ and enzymatic modification by thrombin or high amounts of Ca2+ 

(>100 mM) to be activated (Greenberg et al., 1991; Folk, 1980; Bohn, 1972). PTGase 

is a tetramer composed of two 80-83 Kd polypeptides designated a-subunits and two 80 

Kd proteins called b-subunits giving it a total molecular weight of 320-325 Kd 

(Greenberg et al., 1991; Folk, 1980; Bohn, 1972). 

Plasma contains several proteinase inhibitors. Among them are cysteine protease 

inhibitors, such as o^-macroglobulin and the kininogens. (Xj-Macroglobulin is able to 

inhibit serine, thiol (cysteine), carboxyl, and metallo-proteinases and is found in plasma 
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at a concentration of 2.5 g/L (3.5 \JM) (Harpel and Brower, 1983). This proteinase 

inhibitor can also bind amines, such as monodansylcadaverine (MDC), and contains an 

internal y-glutamyl thioester of cysteine which can produce non-enzymatic e(Y- 

glutamyl)lysine cross-links between o^-macroglobulin and protein (Lorand, 1983). The 

plasma kininogens, which belong to the cystatin superfamily, consist of two proteins 

with high Mr (108-120 Kd) and low Mr (50-78 Kd) (Kato et al., 1981; Turpeinin et al., 

1981). The high-Mrand low-Mr kininogens have a protein concentration in plasma of 69- 

116 |Jg/ ml (an approximate concentration of 0.8 (iM) and 109-272 |ig/ml (an 

approximate concentration of 3.0 ^M), respectively (Adam et al., 1985). 

In this study bovine plasma was fractionated with heat treatments and ethanol, for 

the purpose of determining the active components in each of the fractions that could later 

be used in Pacific whiting surimi to enhance gel strength. 

Materials and Methods 

Materials 

Monodansylcadaverine (MDC), N,N-dimethylated-casein, Cohn fraction IV-1 

(bovine), ammonium sulfate, Trizma base, dithiothreitol (DTT), CaCl2 (anhydrous), 

fibrinogen, papain (2X crystallized), P-mercaptoethanol (PME) andethylene glycol-bis(P- 

aminoethyl ether) N,N,N',N'-tetraacetic acid (EOTA) were purchased from Sigma 

Chemical Co. (St.Louis, MO). Oj-Macroglobulin was purchased from Calbiochem 

(LaJolla, CA). Low molecular weight standards were purchased from Pharmacia 

(Piscataway, NJ). Sodium caseinate and bovine thrombin (186 units/mg) were purchased 

from United States Biochemical (Cleveland, OH). DEAE Biogel A was from Bio-Rad 

(Richmond, CA). Beef plasma protein (BPP) and 600N (hydrolysed BPP) were obtained 

from AMPC, Inc. (Ames, IA). 

Bovine Plasma 

Bovine blood was collected at the Clark Meat Science Lab at Oregon State 

University, with approximately 1 L of 3.8% sodium citrate added per 9 L of bovine 

blood.    Citrated bovine  blood was centrifuged at 665 x g (Sorvall GS-3) for 20 min 



18 

and then again for 10 min in a Sorvall RC-5B refrigerated ultracentrifuge to remove red 

blood cells.  The resulting citrated bovine plasma (CBP) was frozen at -80oC. 

Cold Ethanol Fractionation (Cohn Fractions) 

Fraction I was prepared by precipitating the citrated bovine plasma (CBP) with 

a 10% ethanol concentration below 0oC. Fraction I-S was prepared according to the 

method outlined by Seymour (1995). Fraction II+III was prepared according to method 

6 (25% ethanol below 0°C) described by Cohn et al. (1946). Fraction IV was prepared 

according to method 5 (40% ethanol below 0°C; pH adjusted to 5.8 with 0.4 M sodium 

acetate-2M acetic acid (pH 3.9) buffer) of Cohn et al. (1946). All of the aforementioned 

fractions were resuspended in 50 mM Tris-HCl, 0.1 M NaCl (pH 7) (buffer A) and 

frozen at -80oC. Fraction IV-1 was purchased from Sigma Chemical Co., which was 

prepared from bovine plasma by Cohn method 6 (18% ethanol at -50C; pH adjusted to 

5.2). 

Partial Purification of Bovine Plasma Transglutaminase 

Partial purification of bovine plasma TGase followed the procedure outlined by 

Lorand and Gototh (1970). Bovine plasma (800 ml) was thawed at 4°C for 

approximately 24 hrs. Centrifugation of the resulting precipitants was accomplished with 

a Sorvall RC-5B refrigerated ultracentrifuge and a Sorvall SS-34 rotor. DEAE Bio-gel 

was used for the final purification step. Total volume after dialysis was 10 ml, with 3 

ml glycerol added and a protein concentration of 8.67 mg/ml. The mixture was frozen 

at -50oC. 

MDC-Incorporating Activity Assay 

Fluorescent activity was measured as incorporation of monodansylcadaverine 

(MDC) into N,N-dimethylated-casein, which was adapted from the procedure developed 

by Lorand et al. (1971). Plasma samples (150 |il) were mixed with an equal volume of 

20% monoethylether. They were then heat treated prior to being assayed for TGase 

activity at 560C for 4 min, with the exception of fraction I-S and IV-1.    Preactivation 
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of PTGase in the heat treated plasma and plasma fractions consisted of adding 5 mM 

CaCl2, 5 mM DTT, 6.25 units of thrombin, and bringing the volume up to 562.5 |il with 

50 mM Tris-HCl pH 7.5 buffer (buffer B). The mixture was then incubated at 37°C for 

10 min. Fraction IV-1 was not assayed with the preactivation step. MDC (46.9 nmoles) 

and N,N-dimethylated-casein (3 mg) in buffer B were added giving a total volume of 1.5 

ml. Fraction IV-1 did not have casein added, instead its volume was brought up to 1.5 

ml with buffer B. To determine maximum fluorescent activity in CBP, and fractions I 

and I-S, preactivation consisted of adding an experimentally determined amount of 

thrombin (between 62.5 to 250 units), and incubating (approximately 1 hr) at 37°C until 

maximum activity was reached. After the MDC and methylated casein were added the 

lo (fluorescence at time zero or heat treated control) reading was taken with a 

spectrofluorometer (AMINCO, Silver Spring, MA) set at 350 nm excitation and 480 nm 

emission. After the reaction time was completed (usually 30 min for fractions I, I-S, 

II+III, and IV; 5-10 min for fraction IV-1) at 37°C, an If (fluorescence at the end of 

reaction time) reading was taken. The difference in fluorescence was calculated: If - 

lo = AIf. The equation to determine the units of activity was taken from Takagi et al. 

(1986). They found the enhancement factor (EF) to be 13 for their assay. The EF for 

the assay used in this study was found to be 13.7. The following equation was used to 

determine fluorescent activity: 

(*M incorporated  =    13 .^{j )        {MDC) total 

A unit of fluorescent activity for plasma and fractions I, I-S, II+III, and IV is defined as 

nmoles of MDC incorporated into methylated casein per minute of reaction time at 370C. 

A unit of fluorescent activity for fraction IV-l is defined as nmoles MDC incorporated 

into protein per minute of reaction time at 37°C. 

Standardization of Samples Assayed for Activity with Heat Treated Controls 

CBP from batch 7/94 and from half of batch 11/94 was assayed for MDC- 

incorporating activity with heat treated controls (85^ for 2 min) used for IQ. TO average 
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these samples with those that used a time zero for I0, the average activity for CBP using 

controls and time zero was taken. It was found that CBP with heat treated controls had 

slightly higher activity than samples using time zero. The ratio of controls/time zero was 

found for plasma. To standardize the units of activity, the specific activity (U/g) of CBP 

using controls was divided by the ratio of controls/time zero activity. The ratio was: 

CBP (1.84). 

Protein Content 

Protein concentration was determined using Lowry's protein assay (Lowry et al., 

1951) with bovine serum albumin as standard. 

SDS-PAGE 

10% and 7.5% SDS-PAGE gels were made according to the method of Laemmli 

(1970). Samples were prepared by boiling in treatment buffer (4% SDS, 10% pME, 20% 

glycerol, 0.125 M Tris-HCl pH 6.8) for 2 min. The low molecular weight standards 

were purchased from Pharmacia, and consisted of phosphorylase b (94,000), albumin 

(67,000), ovalbumin (43,000), carbonic anhydrase (30,000), trypsin inhibitor (20,100), 

and cc-lactalbumin (14,400). 

Results 

The fluorescent activity from three separate batches of CBP were analyzed with 

the MDC-incorporating assay described earlier. The specific activities between batches 

of CBP were very similar (Table 2.1), with batch #1 (7/94) having 6.1 ± 0.90, batch #2 

(11/94) 5.95 ± 0.25, and batch #3 (2/95) 5.02 ± 0.20 U/g protein. The average specific 

activity for the three batches was 5.80 ± 0.20 U/g protein. Heat treatment of plasma 

(HTCBP) reduced the activity by approximately 32% (Table 2.1). 

The specific activity of commercially prepared spray dried beef plasma protein, 

BPP and 600N (hydrolysed BPP), were also determined (Table 2.2). 600N had 

approximately 2.6 times more activity than BPP, but only 51% of the specific activity 

of CBP. 



Sample Specific Activity (U/g) 

CBP 7/94* 6.10 ±0.90 

CBP 11/94* 5.95 ± 0.25 

CBP 2/95 5.02 ± 0.20 

CBPAve. 5.80 ± 0.20 

HTCBP* 3.85 ± 0.24 

Table 2.1. Specific activity of citrated bovine plasma (CBP) and heat treated CBP (HTCBP) expressed with 
standard error. Fluorescent activity determined by MDC (46.9 nmoles) incorporation into N,N dimethylated 
casein (3 mg) in the presence of 5 mM calcium, 5 mM DTT, and 6.25 units of thrombin in buffer B. Units are 
defined as nmoles MDC incorporated into casein/ min at 37°C.   *AII CBP samples with heat treated 
controls (850C for 2 min) have been standardized by dividing the specific activity by 1.84. 

N> 



Sample Specific Activity (U/g) 
Specific Activity (U/g) with 

EGTA 

PP* 1647 

1 7.69 ± 0.67 0.66 

l-S 485.65 ±19.11 ND 

ll+lll 1.96 ±0.18 0.80 ± 0.20 

IV 4.00 ± 0.21 1.28 ±0.20** 

IV-1 3.56 ±1.08 2.16 ±0.40 

IV-1*** 16.87 ±2.71 17.09 ± 1.57 

BPP 1.12 ±0.10 

600N 2.96 ± 0.23 

Table 2.2. Specific activity of spray dried bovine plasma (BPP and 600N), bovine plasma fractions, and 
partially purified bovine TGase (PP) expressed with standard error. Fluorescent activity determined by MDC 
(46.9 nmoles) incorporation into N,N dimethylated casein (3 mg) in the presence of 5 mM calcium, 5 mM 
DTT, and 6.25 units of thrombin (unless otherwise indicated) in buffer B with a reaction time of 30 min. Units 
are defined as nmoles MDC incorporated into casein/ min at 370C. EGTA treatment of samples consisted of 
5 mM concentration of EGTA, unless otherwise indicated. Any samples with EGTA did not have calcium 
added. ND= activity not detected. ^Indicates that sample was assayed with heat treated controls and was 
standardized by dividing by 1.11. **10 mM EGTA. ***Fraction IV-1 was incubated with MDC only with a 
reaction time between 5-10 min with and without 2 mM EGTA. 

to 
to 
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Fraction I had an average specific activity of 7.69 ± 0.67 U/g (Table 2.2), which 

was 1.3 fold higher than CBP. In the presence of 5 mM EGTA the activity dropped 

91%. Fraction I-S, which is a highly concentrated form of PTGase derived from fraction 

I, had a specific activity of 485.65 ± 19.11 U/g (Table 2.2), which is approximately 63 

fold higher than fraction I and 84 fold higher than CBP. There was no recordable 

activity when I-S was incubated with 5 mM EGTA. Both fraction I and I-S have no 

activity unless Ca2+ is present. Partially purified PTGase had a specific activity 

of 1647 U/g, which is approximately 284 fold higher than CBP and 3.5 fold higher than 

fraction I-S (Table 2.2). Fraction II+III had a specific activity that was 66% lower than 

CBP (Table 2.2). Fraction II+III activity dropped by approximately 60% when incubated 

with 5 mM EGTA. Fraction IV had a specific activity which was about 30% lower than 

CBP (Table 2.2). Fraction IV had a 68% reduction in activity when incubated with 10 

mM EGTA. The MDC-incorporating reaction for fraction IV-1 occurred within the first 

5-10 min, and after that time the fluorescence decreased. Fraction IV-1 that was 

incubated with MDC alone (the presence of casein did not affect the fluorescence) for 

5-10 min had approximately 5 times higher specific activity than fraction IV-1 that was 

assayed with the standard method (Table 2.2). Fraction IV-1 activity when incubated for 

30 min with MDC and casein, was 39% lower than CBP (Table 2.2), and this activity 

was further reduced by 39% when incubated with 10 mM EGTA. Fraction IV-1 that was 

incubated with MDC, but without casein, Ca2+, DTT, and thrombin, for 5-10 min had 

66% more activity than CBP, and that activity was not affected by 2 mM EGTA (Table 

2.2). 

The amount of thrombin and the incubation time at 370C used to fully preactivate 

fraction I-S was experimentally determined. The units of thrombin added for complete 

activation of PTGase in fraction I-S ranged from 62.5 to 250. Fraction I-S has an 

approximate 116 fold higher specific activity than CBP, and a 38 fold higher activity 

than fraction I, when 119 units of thrombin were used to preactivate these samples 

(Table 2.3). The specific activity of fraction I-S that was preactivated with 140 mM Ca2+ 

was 1,266 U/g, which is 218 fold higher than CBP and almost equivalent with I-S that 

was preactivated with 250 units of thrombin (Table 2.3). This indicates that complete 

activation of PTGase can be achieved with high concentrations of Ca2+. 



Sample Specific Activity (U/g) 

CBP (47.5 units thrombin) 12.5 

CBP (119 units thrombin) 12.2 

I (119 units thrombin) 37 

l-S (119 units thrombin) 1416 

l-S (250 units thrombin) 1238 

l-S(140mMCaCI2) 1266 

Table 2.3. Specific activity of citrated bovine plasma (CBP), and fractions I and l-S preactivated with 
calcium and various concentrations of thrombin. Fluorescent activity determined by MDC (46.9 nmoles) 
incorporation into N,N dimethylated casein (3 mg) in the presence of 5 mM calcium (unless otherwise 
indicated), 5 mM DTT, and varying amounts of thrombin in buffer B. Preactivation was at 370C for 
approximately 1 hour before MDC and casein were added. Specific activity recorded indicates optimum 
amount of activity at the time of the assay. Repeated once so no standard deviations are included with 
specific activity. Units are defined as nmoles MDC incorporated into casein/ min of reaction time at 370C. 

4^ 
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Application of CBP and fractions I, n+m, IV, and IV-1 to a 7.5% SDS-PAGE 

gel (Fig. 2.1) revealed the different bands that correspond to plasma component proteins, 

such as otj-macroglobulin (lane 6) which is composed of four subunits with a Mr of 185 

Kd each (Harpel and Brower, 1983) and fibrinogen (lane 7). White et al. (1973) 

described native fibrinogen (Mr= 330 Kd) as a dimer composed of three pairs of 

polypeptides linked by disulfide bridges {V^JYT). The polypeptides have Mr of a=64 

Kd, (3=56 Kd, and y=47 Kd. Also part of native fibrinogen are fibrinopeptides A and 

B that together have a Mr of 9 Kd. Visual comparison of the lanes containing CBP (lane 

5), fibrinogen (lane 7) and (Xj-macroglobulin reveals that fraction I (lane 1) consists of 

approximately 50% fibrinogen, and 15% albumin, but no apparent o^-macroglobulin. 

Fraction H+III (lane 2) appears to consist of 20% albumin and a light band that 

corresponds to the high molecular weight (HMW) dark band in o^-macroglobulin. 

Fraction IV (lane 3) is composed largely of albumin with a HMW band that corresponds 

to o^-macroglobulin. Fraction IV-l (lane 4) appears to contain approximately 20-30% 

Oj-macroglobulin with some albumin, and other unidentified proteins. 

To determine the presence of PTGase, fractions I, H+III, and IV were incubated 

with sodium caseinate and monodansylcadaverine (MDC) with and without Zn2+, Ca2+, 

and thrombin and applied to a 10% SDS-PAGE gel (Fig. 2.2 and 2.3). Fraction I, which 

is rich in PTGase, was incubated with Zn2+ (lane 12) and showed no cross-linking of 

casein or any fluorescent activity (Fig. 2.2 and 2.3). The substitution of Ca2+ with Zn2+ 

will prevent the activity of PTGase (Jiang and Lee, 1992). Fraction I incubated with 

sodium caseinate, MDC, Ca2+, and thrombin showed fluorescent bands, which indicated 

MDC-incorporation, not only in the running gel but also in the stacking gel (lane 9) (Fig. 

2.2). Coomassie blue staining of the gel revealed that the casein bands of fraction I with 

Ca2+ (lane 6) were greatly reduced when compared to fraction I without Ca2+ (lane 9), 

and fraction I with Zn2+ (lane 12) (Fig. 2.3). This reduction in casein with fraction I plus 

Ca2+ is presumably due to polymerization of casein resulting in a HMW protein band. 

A HMW protein band was also present at the top of the running gel in lane 6 (Fig. 2.3). 

Fraction n+m with casein, MDC, Ca2+, and thrombin had a faint fluorescent band three- 

fourths towards the anode of the running gel (lane 8) (Fig. 2.2), but the casein bands 

were not significantly reduced nor were there visible HMW protein bands (Fig. 2.3). No 
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Figure 2.1.   10% SDS-PAGE of bovine plasma fractions 1,11+111, IV, and IV-1 (50 
ug). Fraction I (lane 1); fraction ll+lll (lane 2); fraction IV (lane 3); fraction IV-1 
(lane 4); citrated bovine plasma (lane 5); alpha 2-macroglobulin (lane 6); 
fibrinogen (lane 7). 
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Figure 2.2.   Fluorescent labeling of casein (10 mg) with MDC (4 mM) upon 
incubation with bovine plasma fractions (10 mg). Fractions IV, ll+lll, and I 
incubated with DTT (12.5 mM), thrombin (6.25 units), and ZnCI2 (1 mM) (lanes 
1, 2, and 3); fractions IV, ll+lll, and I incubated with MDC and casein only (lanes 
4, 5, and 6); fractions IV, ll+lll, and I incubated with CaCI2 (12.5 mM), DTT (12.5 
mM), thrombin (6.25 units), casein, and MDC (lanes 7, 8, and 9); low molecular 
weight markers (lane 10); fractions IV, ll+lll, and I (lanes 11,12, and 13); casein 
(lane 14). 



28 

__ 

12      3      4       5       6      7      8      9     10     11     12     13    14 

Figure 2.3 Coomassie blue stained gel of fig. 2.2 showing bovine plasma 
fractions incubated with casein and MDC. Bovine plasma fractions (10 mg) 
were incubated in buffer A for 16.5 hrs at 370C with 4mM MDC and 10mg 
casein with and without 12.5 mM CaC^, 12.5 mM DTT 6.25 units thrombin and 
1 mM ZnCI2. Casein with CaCI2, DTT, and thrombin (lane 1); fractions I, ll+lll, 
and IV (lanes 2, 3, and 4); low molecular weight markers (lane 5); fractions I, 
ll+lll, and IV incubated with MDC, casein, CaCI2, DTT and thrombin (lanes 6, 
7, and 8); fractions I, ll+lll, and IV incubated with MDC, and casein only (lanes 
9,10, and 11); fractions I, ll+lll, and IV incubated with MDC, casein, DTT, 
thrombin, and ZnCI2 (lanes 12,13, and 14). Protein aliquots (75 ug) of each of 
the above reactions were applied to 10% SDS-PAGE. 
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other lanes had fluorescent bands or a reduction in the casein bands. Casein which is 

not methylated can be polymerized by PTGase. This probably occurred as represented 

by the fluorescent band in the stacking gel, and the reduction in casein. 

MDC is a competitive inhibitor of protein cross-linking by PTGase (Lorand, 

1983). To determine the cross-linking ability of commercially spray dried BPP and 

fractions I, II+III, and IV, without interference from MDC, they were incubated with 

sodium caseinate at 37°C for 16.5 hrs (Fig. 2.4). The reaction mixture contained casein, 

Ca2+, DTT, and thrombin, with BPP or fractions I, II+III, or IV. After staining with 

coomassie blue it is apparent that fraction I with Ca2+ (lane 9), shows the only 

significant reduction in casein, and fibrinogen, with a HMW protein band at the top of 

the running gel, which indicates that protein cross-linking has occurred. Fraction I 

without Ca2+ (lane 10) did not have a reduction in casein or fibrinogen bands. BPP, 

fractions II+III and IV did not show any evidence of cross-linking. Fraction I, II+III, 

and IV incubated with Zn2+, DTT, and thrombin did not show a reduction of casein with 

the appearance of HMW bands. 
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Figure 2.4.  Protein cross-linking with BPP and bovine plasma fractions I, ll+lll, 
and IV. BPP and fractions (10 mg) were incubated with casein (10 mg) in buffer 
A at arc for 16.5 hrs with and without CaCI2 (10 mM), DTT (10 mM), and 
thrombin (6.25 units). Casein, BPR and fractions I, ll+lll, and IV without 
incubation (lanes 1,2,3, 4, and 5); low molecular weight markers (lane 6); BPP, 
fractions I, ll+lll, and IV incubated with CaCI2, DTT, and thrombin (lanes 7, 9,11, 
and 13); BPP and fractions I, ll+lll, and IV incubated without CaCI2, DTT, and 
thrombin (lanes 8,10,12, and 14). Protein aliquots of samples (75 ug) were 
applied to 10% SDS-PAGE. 
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Discussion 

Fractionation of bovine plasma resulted in fractions that were rich in specific 

proteins. The proteins of interest were PTGase, and cysteine protease inhibitors, such 

as Oj-macroglobulin. The activity of the fractions that were measured reflected Ca2+ 

dependent and Ca2+ independent MDC-incorporating activity. The activity of PTGase, 

which covalently bound MDC to methylated casein is Ca2+ dependent. Proteins with an 

internal y-glutamyl thioester of cysteine, such as o^-macroglobulin, can bind amines such 

as MDC non-enzymatically and independently of Ca2+ (Lorand, 1986). 

Takagi et al. (1986) found bovine plasma diluted 1/10, and incubated with 25 

NIH units of thrombin, yielded a TGase activity of 2.021 ± 0.052 nmole MDC/30 min, 

which was equivalent to 0.0674 Units. If the bovine plasma contained an average 

protein content of 80 mg/ml, then the protein in the assay would be 1.6 mg, giving a 

specific activity of 42.1 U/g. Our study assayed CBP with 6.25, 47.5 and 119 units of 

thrombin, which gave specific activities of 5.80 ± 0.20 U/g, 12.50 U/g and 12.24 U/g, 

respectively (Table 2.1 and 2.3). The activity observed by Takagi et al. (1986) was 

much higher than the activity we observed even when more thrombin was used. This 

difference in activity could be due to the fact that our study used frozen plasma, a 

different assaying technique, and/or sensitivity of the spectrofluorometer. 

The MDC-incorporating activity of CBP and the fractions is believed to be due 

to PTGase and/or Oj-macroglobulin. Activation of PTGase depends on the presence of 

Ca2+ and thrombin (Greenberg et al., 1991; Lorand, 1986; Folk, 1980) or high amounts 

of Ca2+ only (>100 mM) (Credo et al., 1978; Lorand, 1986; De Backer-Royer et al., 

1992b). Since Oj-macroglobulin is so prevalent in plasma, at a concentration of 2.5 g/L 

(3.5 fiM) (Harpel and Brower, 1983), part of the MDC-incorporating activity that was 

measured in plasma and certain fractions during this study is probably due to o^- 

macroglobulin binding MDC, which is not dependent on Ca2+ or thrombin. Lorand 

(1983) states that o^-macroglobulin can bind amines, and it can also form non-enzymatic 

e(y-glutamyl)lysine bonds by the direct nucleophilic attack of the 8-lysine amine of a 

protein on the internal y-glutamylcysteinyl thioester of Oj-macroglobulin. From the 

assays conducted with IV-1, which according to SDS-PAGE contains 20-30% o^- 
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macroglobulin (Fig. 2.1), it appears that MDC binding occurs very quickly (within the 

first 5-10 min) and is not affected by EGTA or casein (Seymour, 1995). After the first 

10 min the MDC appears to dissociate and the specific activity decreases (Table 2.2). 

From these data it is apparent that the MDC-incorporating ability of IV-1 acts 

independently of Ca2+. Therefore, the MDC-incorporating activity of FV-l could be due 

to Oj-macroglobulin. The MDC-incorporating activity of Oj-macroglobulin activity can 

be distinguished from PTGase by its activity in the absence of Ca2+ and thrombin. 

When fraction I was applied to 7.5% SDS-PAGE with Oj-macroglobulin for 

comparison, there were no protein bands in fraction I that corresponded with the bands 

found for oCj-macroglobulin, but a faint band that has a Mr that is within the range of 

molecular weight for PTGase (75-80 Kd) (De Backer-Royer et al., 1992; Jiang and Lee, 

1992; Takagi and Doolittle, 1974) is present (Fig. 2.1). Electrophoresis of bovine plasma 

PTGase that was partially purified revealed a band with a Mr of 80 Kd (Fig. A.l in 

appendix A). Cohn fraction I, which is precipitated with 8% ethanol, is composed of 50- 

60% fibrinogen. This closely resembles fraction I in this study, which was precipitated 

with 10% ethanol, and was composed of approximately 50% fibrinogen with about 30% 

albumin, as estimated by visual comparison of electrophoretic bands (Fig. 2.1). PTGase 

is known to closely associate with fibrinogen, and it is believed that there is no free 

PTGase in the blood (Credo et al., 1978; Greenberg et al., 1985; Lorand, 1986). 

Therefore, the fractions that contain fibrinogen (I and I-S) will have most of the PTGase. 

Fraction I that was activated with Ca2+ had both high and low molecular weight 

fluorescent bands, when incubated with MDC and casein (Fig. 2.2). Fluorescent bands 

were found in the stacking gel and running gel for the lane containing activated fraction 

I, indicating MDC-incorporation into protein, but no fluorescent bands were found in the 

samples without Ca2+, or the sample that contained Zn2+ (Fig. 2.2). The presence of high 

molecular weight (HMW) bands, in the stacking and top of the running gel, along with 

an approximate 50% reduction in the casein bands suggests that a Ca2+ dependent cross- 

linking of casein occurred even in the presence of MDC, which is a competitive inhibitor 

of protein cross-linking (Fig. 2.3). Activated fraction I without MDC had HMW bands 

and an almost complete reduction in casein, and even a reduction in fibrinogen (Fig. 2.4). 

P-casein is the most efficient known macromolecular substrate for amine incorporation 
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by human plasma FXIIL, (Gorman and Folk, 1980), which implies that bovine PTGase 

would find casein a suitable substrate for MDC-incorporation and cross-linking. 

Fraction I and I-S when assayed with EGTA showed either greatly reduced or no 

fluorescent activity (Table 2.2). This further supports the data that the MDC- 

incorporating activity of these fractions depends on Ca2+, which indicates the presence 

of PTGase. Fraction I specific activity was only slightly higher than that of CBP, and 

partially purified PTGase was 142 times higher (Tables 2.1 and 2.2). Fraction I-S, when 

preactivated with 140 mM Ca2+, had a 218 fold higher fluorescent activity than CBP, 

indicating that this fraction has a high concentration of PTGase (Table 2.3). 

Fraction II+III, according to SDS-PAGE, has a faint band that corresponds in Mr 

to the HMW band of o^-macroglobulin (Fig. 2.1). Fraction II+III may also have a small 

amount of PTGase present due to the fact that there was a slight amount of MDC- 

incorporation seen as a fluorescent band with the sample that contained Ca2+, but not 

with any of the samples that lacked Ca2+ (Fig. 2.2). SDS-PAGE did not show any bands 

that corresponded in Mr to PTGase, but the amount may be so small that it wouldn't be 

detected by this method. 

Fraction II+III has only 34% of the Ca2+ activated specific activity of CBP. The 

specific activity of fraction II+III was also reduced by almost 60% with EGTA. EGTA 

chelates Ca2*, and without Ca2+ PTGase is not active (Takagi and Doolittle, 1974; 

Lorand, 1986; Greenberg et al. 1991; De Backer-Royer and Meunier, 1992). Therefore, 

due to the fact that the fluorescent band occurred only in the activated fraction II+III 

(Fig. 2.2), and the drop in specific activity when no Ca2+ was present (Table 2.2), it 

appears that a large part of fraction II+III activity is due to PTGase. Because of the low 

specific activity and the faintness of the fluorescent bands it appears that the amount of 

PTGase present is very small when compared to fraction I, I-S, and even CBP. 

Fraction IV did not have any fluorescent bands whether or not Ca2+ was present 

(Fig. 2.2). SDS-PAGE showed that fraction IV contained approximately 15% o^- 

macroglobulin, but no bands that corresponded in Mr with PTGase (Fig. 2.1). The 

specific activity of fraction IV was 31% lower than that of CBP, and possibly due to Oj- 

macroglobulin binding MDC. The lack of fluorescent bands due to the o^-macroglobulin 

binding MDC in fraction IV may be due to several factors.   One possibility may be 
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because the samples were incubated for 16.5 hrs in the presence of DTT. Starkey and 

Barrett (1977) found that Oj-macroglobulin will dissociate into quarter subunits in the 

presence of 1 mM DTT at pH 8 when incubated at 20°C. This dissociation of Oj- 

macroglobulin will prevent the binding of amines. This may explain why fractions (i.e. 

IV and IV-1) that contain high concentration of a2-macroglobulin, and are incubated with 

MDC and applied to SDS-PAGE do not appear to have fluorescent bands due to Oj- 

macroglobulin binding MDC. 

The specific activity of fraction IV did decrease by 68% in the presence of EGTA 

when incubated for 30 min. The drop in specific activity in the presence of EGTA is 

similar to that of IV-1 when the reaction time is 30 min (Table 2.2). Since the MDC- 

incorporating reaction with IV-1 is known to occur within the first 10 min, it is possible 

that the drop in specific activity seen with fraction IV with EGTA is because the reaction 

went to long and was no longer linear. This study found EGTA to activate the cysteine 

protease papain, possibly EGTA is reacting with the cysteine residue of o^-macroglobulin 

resulting in the MDC dissociating more quickly from (Xj-macroglobulin, which would 

result in fraction IV + EGTA specific activity being lower than fraction IV without 

EGTA (Table 2.2). Another explanation for the drop in activity may lie with DTT in the 

reaction mixture dissociating the subunits of o^-macroglobulin. The lack of fluorescent 

bands with electrophoresis suggests that fraction IV does not contain PTGase activity 

(Fig. 2.2). 

BPP and 600N had 19% and 51%, respectively, of the specific activity of CBP 

(Tables 2.1 and 2.2). This MDC-incorporating activity could be due to both PTGase and 

Oj-macroglobulin. Seymour (1994b) found that BPP would incorporate MDC into 

methylated casein in the presence of Ca2+ resulting in fluorescent bands when 

electrophoresed, suggesting the presence of TGase activity. Although this study observed 

no HMW bands or a reduction in casein when BPP was incubated with casein in the 

presence of Ca2+, thrombin, and DTT (Fig. 2.4) it is possible that the PTGase activity of 

BPP is lost over time. 

Fraction I-S had the highest specific activity of all the fractions compared in this 

study. This activity is Ca2+ dependent and attributed to PTGase. Fraction I had a 

slightly higher specific activity than CBP, but the fibrinogen made it difficult to assay 
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and difficult to solubilize. Fraction II+III had a specific activity lower than CBP that is 

possibly due to the presence of PTGase and o^-macroglobulin. Fraction IV and IV-1 had 

specific activities that were attributed to  o^-macroglobulin. 

The two components of bovine plasma that were found to be readily separated 

from the other proteins in bovine plasma with cold ethanol fractionation were PTGase 

and Oj-macroglobulin. The ability of PTGase to cross-link proteins means that PTGase 

can be used in several fields. PTGase (FXnia) has already been used to cross-link whey 

proteins and caseins (Traore and Meunier, 1992), and pig PTGase was shown to cross- 

link myosin heavy chain in mackerel fish mince (Jiang and Lee, 1992). o^- 

Macroglobulin inhibits a wide range of proteinases, which would be very useful in 

products such as surimi that have a proteolysis problem. The use of PTGase and Oj- 

macroglobulin in industry is limited because of the expense associated with preparing 

these proteins. Cold ethanol fractionation of bovine plasma may provide a simple and 

inexpensive source of crude TGase and o^-macroglobulin. 
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Chapter 3.  ACTIVE COMPONENTS OF BOVINE PLASMA FOR GEL- 
ENHANCEMENT OF PACIFIC WHITING SURIMI 

Abstract 

Five bovine plasma ethanol fractions were applied to Pacific whiting surimi to 

determine which components of plasma were most effective in enhancing surimi gel 

strength (GS) at different incubation temperatures. Bovine plasma fractionated with 10% 

ethanol (fraction I) had the highest GS with a 1% (w/w) concentration in surimi when 

incubated for 20 hr (4°C) before being cooked at 90oC. Fraction 1(1%) GS was reduced 

approximately 44% when incubated with 10 mM EGTA. Fraction 1(1%) inhibited 56% 

of surimi autolytic activity when Zn2+ was not present, but in the presence of 1 mM Zn2+ 

its autolytic activity dropped by 16%. Fraction I gel-enhancing effects are attributed to 

both plasma transglutaminase, which is Ca2+ dependent, and an inhibitor that can inhibit 

papain and surimi autolytic activity independently of Ca2+. Fraction I-S (0.1%), which 

is a concentrated form of PTGase, when preactivated with 140 mM Ca2+, had a steadily 

increasing GS when incubated at 25°C for up to 6 hrs before cooking. The GS was 

greatly reduced and did not increase in the presence of 5 mM EGTA. Fraction I-S 

(0.1%) inhibited 24% of surimi autolysis, but did not inhibit surimi autolysis in the 

presence of Zn2+. The gel-enhancing abilities of fraction I-S are believed to be due 

entirely to PTGase. Fraction n+EI (1%) only moderately increased GS when set at 2 

hr (250C) and 20 hr (4°C) before cooking, and had a slight decrease in GS in the 

presence of 10 mM EGTA. Fraction II+III (1%) inhibited 56% of surimi autolytic 

activity. Fraction IV (1%) enhanced GS when set at both 2 hr (250C) and 20 hr (4°C) 

before cooking at 90°C, and was not significantly affected by 10 mM EGTA. It inhibited 

over 70% of surimi autolytic activity at a 1% (w/w) concentration. Fraction IV-l (1%) 

had a higher GS than BPP and all other fractions when set at 2 hr (25°C) and 20 hr (40C) 

before cooking. The GS of IV-l (0.1%) in surimi steadily increased when incubated at 

25°C for up to 6 hrs. The GS was greatly reduced in the presence of 5 mM EGTA. It 

inhibited surimi autolytic activity by 81% (1% w/w), and 52% (0.1% w/w). Fraction IV 

and IV-l gel-enhancing abilities are believed to be due to proteolytic  inhibition. 
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Introduction 

Pacific whiting (Merluccius productus) is an abundant fish species found off the 

western coast of North America (Radtke, 1992), and is mostly used in the production of 

surimi or surimi-related products due to its soft texture. This softness is caused by the 

hydrolysis of muscle and connective tissue proteins by proteases (Chang-Lee et al., 1989; 

Tsuyuki et al., 1982). The amount of softening is believed to be related to the 

myxosporidian parasites that infect the muscle fibers of Pacific whiting (Kabata and 

Whitaker, 1981; Hartley, 1993). 

Surimi is a Japanese term that refers to fish paste produced by minced and 

washed fish flesh, which can be used to produce food analogs, such as imitation crab 

(Okada, 1992). Fillets or mince that have high proteolytic activity also produce low 

quality surimi products (An et al., 1994a; Morrissey et al., 1993; Nagashisa et al., 1983). 

The majority of the degradation occurs in the surimi when the 50-70oC temperature range 

is reached during cooking (e.g. 90oC). During this heating time cathepsin L, which has 

a temperature optimum of 55°C, is proteolytically active and degrades the myofibrillar 

proteins needed for gel formation (An et al., 1994a). Without inhibition of the 

proteolytic activity, Pacific whiting surimi will not form a strong gel after it has been 

cooked. One of the major determinants of the price at which surimi is sold is the gel 

strength (GS), which measures the elasticity and deformability of the surimi gel (Peters, 

1991). 

Surimi gels are produced by cooking the fish paste and allowing that paste to 

cool. Before cooking, surimi can be "set" at low (near 0°C) or high temperatures (near 

40oC) (Lanier, 1986). For most fish species the maximum GS is found when the surimi 

is set or preincubated at 20-40oC before cooking (Okada, 1992; Joseph et al., 1994; 

Tsukamasa and Shimizu, 1990). Lanier (1986) states that preincubation at 40°C of 

surimi gels greatly increases the strength (stress at failure) and to a lesser extent, the 

elasticity (strain at failure). Surimi gels made from Pacific whiting are composed mostly 

of salt soluble myofibrillar proteins, the majority of which is myosin (Lanier, 1986). The 

gel is believed to be formed primarily by hydrogen and hydrophobic bonds between 

myosin molecules after they are denatured during cooking (Park et al., 1993;   Hamada 
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1992). Cross-linking of myosin with e(7-glutamyl)lysine bonds has also been shown to 

contribute to GS in Alaska pollack surimi (Sakamoto et al., 1995; Seguro et al., 1995; 

Sakamoto et al., 1994). 

To prevent proteolysis in Pacific whiting surimi, food grade inhibitors such as 

bovine plasma protein (BPP), egg white, and potato extract are added to surimi 

(Morrissey et al., 1993; Chang-Lee et al., 1990; Groninger et al., 1985). These products 

greatly enhance GS in Pacific whiting surimi, but a side effect of adding inhibitors to 

surimi can be unwanted color and/or taste (Park, 1994; Morrissey et al., 1993; Porter et 

al., 1993). For example, BPP at 2% can give the surimi an unwanted yellow color 

(Morrissey et al., 1993; Reppond and Babbitt, 1993). The addition of blood products that 

contain hemoglobin can lead to a darker color, which can affect HunterLab L*, b*, and 

a* values (Guzman et al., 1995), and add a blood taste (Wismer-Pedersen, 1979; Graham, 

1978). Whiteness in surimi, which is calculated in industry by L*-3(b*) (Park, 1994), 

may decrease with the addition of blood products. Color is another factor that 

determines surimi quality (Peters, 1995). 

Of the inhibitors listed above, BPP is the most effective in improving GS 

(Morrissey et al., 1993). The effectiveness of BPP is believed to be due to protease 

inhibitors, such as Oj-macroglobulin which are found in plasma (Harpel and Brower, 

1983). Oj-Macroglobulin is a broad protease inhibitor that can bind serine, thiol 

(cysteine), carboxyl, and metalloproteinases (Barrett and Starkey, 1973). It also contains 

an internal y-glutamyl thioester of cysteine which can produce e(Y-glutamyl)lysine 

covalent bond between Oj-macroglobulin and protein, and is capable of binding amines 

(Lorand, 1983), such as monodansylcadaverine (MDC). Oj-Macroglobulin has been 

shown to increase the GS of Hoki surimi, which also has a problem with softening 

during cooking (Lorier and Aitken, 1991). Plasma also contains low and high Mr 

kininogens (Salvesen et al., 1986). Low-Mr kininogen contains three cystatin-like 

sequences, which has been shown to inhibit cathepsin L (Salvesen et al., 1986). 

Another component of plasma that may aid in enhancing GS in surimi is plasma 

transglutaminase (PTGase). Transglutaminase (TGase) is an enzyme that can covalently 

bind proteins through an £(Y-glutamyl)lysine covalent bond (Greenberg et al., 1991; 

Lorand, 1983; Folk, 1980).  PTGase, which is also known as factor Xin, fibrinoligase, 
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and fibrin-stabilizing factor, is composed of two identical 80-83 Kd polypeptides 

designated a-chains, and two identical 80 Kd polypeptides called b-chains which gives 

it a Mr of 320-325 Kd (Jiang and Lee, 1992; Greenberg et al., 1991; Takagi and 

Doolittle, 1974; Bohn, 1972). Activated PTGase has a Mr of 80 Kd and a pH optimum 

between 7.5 and 8 (De Backer-Royer and Meunier, 1992). PTGase can be activated two 

ways: 1.) with thrombin and Ca2+ (Ichinose et al., 1988; Takahashi et al., 1986; Takagi 

et al., 1974), or 2.) with high concentrations of Ca2+ (> 100 mM Ca2+) (De Backer-Royer 

et al., 1992b; Lorand, 1986; Credo et al., 1978). 

TGase activity has also been found in fish. Endogenous TGase has been shown 

to covalently link myosin heavy chain (MHC) from Alaska pollack and Atlantic croaker 

(Kamath et al., 1992), and walleye pollack (Funatsu et al., 1993), which can increase GS. 

Araki and Seki (1993) found that carp TGase polymerized walleye pollack, rainbow 

trout, chum salmon, atka mackerel, white croaker, and carp actomyosin at various rates. 

Seguro et al. (1995) added 0.3% microbial TGase to 2nd grade Alaska pollack surimi. 

They found cross-linking of myosin heavy chains with e(Y-glutamyl)lysine bonds with 

a possible correlation shown between e(y-glutamyl)lysine content and an increase in GS. 

Sakamoto et al. (1995) also showed an improvement in Alaska pollack surimi with 

microbial TGase. Seymour (1995) found that bovine plasma cross-linked Pacific whiting 

(PW) myosin at a 15:1 protein concentration ratio (bovine plasma:myosin). He found 

that when the bovine plasma was incubated with the PW myosin at 37°C for 2 hrs there 

was an approximate 50% reduction of the myosin, when compared to the controls, as 

determined by SDS-PAGE. Jiang and Lee (1992) showed that pig PTGase improved the 

GS of minced mackerel. 

To determine the components of bovine plasma that were most effective in GS 

enhancement of Pacific whiting surimi, the plasma was fractionated with ethanol. Cohn 

et al. (1946) fractionated human plasma with ethanol at temperatures below 0oC. 

Following similar procedures outlined by Cohn et al. (1946) the plasma was separated 

into fraction I, I-S, II+III, and IV. Fraction IV-1 was purchased from Sigma Chemical 

Company (St. Louis, MO). These fractions were then applied to Pacific whiting surimi 

with the objective of determining which fractions would improve GS. 
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Materials and Methods 

Materials 

Monodansylcadaverine (MDC), N,N-dimethylated-casein, Cohn fraction IV-1 

(bovine plasma), Guinea Pig liver transglutaminase (GPTGase), ammonium sulfate, 

Trizma base, dithiothreitol (DTT), CaCl2 (anhydrous), fibrinogen, papain (2X 

crystallized), ethylene glycol-bis(P-aminoethyl ether) N.N.N'.N'-tetraacetic acid (EGTA), 

4-20% SDS-PAGE gradient gels, high molecular weight standards, oc-N-benzoyl-DL- 

arginine-2-naphthylamide (BANA), L-Tyrosine andL-trans-epoxysuccinylleucylamido(4- 

guanidino)butane (E-64) were purchased from Sigma Chemical Co. (St.Louis, MO). Oj- 

Macroglobulin was purchased from Calbiochem (LaJolla, CA). Coming Cell Wells, 24 

wells each with a 3.4 ml capacity per well, were purchased from VWR (Seattle, WA). 

Low molecular weight standards were purchased from Pharmacia (Piscataway, NJ). 

Sodium caseinate and bovine thrombin (186 units/mg) were purchased from United States 

Biochemical (Cleveland, OH). Beef plasma protein (BPP) and 600N (hydrolysed BPP) 

were obtained from AMPC, Inc. (Ames, IA). Pacific whiting (Merluccius productus) 

surimi without inhibitors was obtained from a local onshore commercial processor. 

Surimi had 4% sucrose, 4% sorbitol (ICI Specialties, New Castle, DE), and 0.3% Brifisol 

S-l, a polyphosphate mixture (B.K. Ladenburg, Corp., Cresskill, NJ) added to it and was 

packaged in approximately 500 g packages and frozen at -20oC. The moisture content 

of the surimi from batch 8/94 was 76.25%, and 6/95 was 77.31%. 

Surimi Gel Preparation 

Frozen Pacific whiting surimi was partially thawed under cold running water and 

chopped into small pieces. The pieces were put into a porcelain mortar with a 750 ml 

capacity that was on ice. Surimi paste was prepared with 2% salt, 0.13% CaCl2 (if 

EGTA added then no Ca2+ added) and the moisture was adjusted to 78% with cold water 

(4°C). Once ingredients were added they were mixed for 7 min if the total volume was 

30-60 g or 10 min if the total volume was 90-150 g with a pestle. Once surimi was 

mixed it was put into a 8" X 10" vacuum bag and vacuum sealed with a Reiser vacuum 

packer (Germany) with the vacuum and the sealer set at 5.   One comer of the bag was 
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cut and the paste squeezed into a 60 ml syringe with a 1.5 cm diameter hole cut into the 

top. The paste was pressed into 3.4 ml wells of cell culture plates that had two holes, 

each with a 2 mm diameter, drilled into the bottom. Both the wells and the lids were 

sprayed with Pam® (Boyle-Midway, Inc., New York, NY) cooking spray before surimi 

paste added. The tops were evened with a spatula before the lid was placed on the wells. 

The surimi plate was then placed into another 8" x 10" vacuum bag and vacuum packed 

with the vacuum set at 1 and the sealer set at 5. The surimi paste plate was then placed 

in a zip-lock bag. Treatments included (1) time zero (no incubation) heating at 90°C for 

15 min., (2) 2 hr at 25°C followed by heating at 90oC for 15 min., (3) 20 hr at 40C 

followed by heating at 90°C for 15 min. After cooking the samples were placed in an 

ice-water bath for 15 min. Before the gel strength was read the samples were set out at 

room temperature (~2VC) for 1.5 hrs. 

Gel Strength by Punch Test 

Breaking strength (g) and deformation (cm) were measured with the SINTECH 

(MTS SINTECH, Inc., Research Triangle Park, NC) punch test using a 5 mm diameter 

round end plunger. Samples were measured with the plunger in the center of the cell 

plate wells. Gel strength was determined by multiplying the breaking strength (g) and 

deformation (cm) (Lanier, 1992). Samples with a flat line and a breaking strength under 

100 g with a deformation above 1.0 cm did not form a gel and were recorded as having 

a gel strength of zero. 

Pacific Whiting Myosin 

Pacific whiting (Merluccius productus) mince was obtained from a local onshore 

processor and frozen at -20°C. Pacific whiting (PW) myosin was acquired from mince 

by the method of Martone et al. (1986). 

Bovine Plasma 

Bovine blood was collected at the Clark Meat Science Lab at Oregon State 

University, with approximately 1 L of 3.8% sodium citrate added per 9 L of bovine 
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blood. Citrated bovine blood was centrifuged at 665 x g (Sorvall GS-3) for 20 min 

and then again for 10 min in a Sorvall RC-5B refrigerated ultracentrifuge to remove red 

blood cells.  The resulting citrated bovine plasma (CBP) was frozen at -80°C. 

Transglutaminase Activity Assay 

Transglutaminase activity was measured as incorporation of 

monodansylcadaverine (MDC) into N,N-dimethylated-casein, which was adapted from 

the procedure developed by Lorand et al. (1971). Fraction I-S (150 |il) was mixed with 

an equal volume of 20% monoethylether. Preactivation of PTGase in fraction I-S 

consisted of adding 140 mM CaCl2 and bringing the volume up to 562.5 (il with 50 mM 

Tris-HCl pH 7.5 buffer (buffer B). The mixture was then incubated at 37°C for 60 min. 

MDC (46.9 nmoles) and N,N-dimethylated-casein (3 mg) in buffer B were added giving 

a total volume of 1.5 ml. After the MDC and methylated casein were added the I0 

(fluorescence at time zero or heat treated control) reading was taken with a 

spectrofluorometer (AMINCO, Silver Spring, MA) set at 350 nm excitation and 480 nm 

emission. After the reaction time was completed (approximately 30 min) at 37°C, an If 

(fluorescence at the end of reaction time) reading was taken. The difference in 

fluorescence was calculated: If - IQ = AIf. The equation to determine the units of 

activity was taken from Takagi et al. (1986). They found the enhancement factor (EF) 

to be 13 for their assay. The EF for the assay used in this study was found to be 13.7. 

The following equation was used to determine fluorescent activity: 

(M^C) incoipoiated =    13r7
I\I)      (MDC) total 

A unit of fluorescent activity for PTGase is defined as nmoles of MDC incorporated into 

methylated casein per minute of reaction time at 370C. 
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Cold Ethanol Fractionation (Cohn Fractions) 

Fraction I was prepared by precipitating the citrated bovine plasma (CBP) with 

a 10% ethanol concentration below 0oC. Fraction I-S was prepared according to the 

method outlined by Seymour (1995). Fraction II+III was prepared according to method 

6 (25% ethanol below 0°C) described by Cohn et al. (1946). Fraction IV was prepared 

according to method 5 (40% ethanol below 0°C; pH adjusted to 5.8 with 0.4 M sodium 

acetate-2M acetic acid (pH 3.9) buffer) of Cohn et al. (1946). All of the aforementioned 

fractions were resuspended in 50 mM Tris-HCl, 0.1 M NaCl (pH 7) (buffer A) and 

frozen at -80°C. Fraction IV-1 was purchased from Sigma Chemical Co., which was 

prepared from bovine plasma by Cohn method 6 (18% ethanol at -50C; pH adjusted to 

5.2). 

Protein Content 

Protein content was determined using Lowry's protein assay (Lowry et al., 1951) 

with bovine serum albumin as standard. Lowry activity assays were performed with 

tyrosine as the standard. 

Solubilization of Surimi Gels 

Pacific whiting surimi gels set at 250C for 0, 2, 4, and 6 hrs then cooked at 90oC 

for 15 min were solubilized according to the procedure outlined by Kamath et al. (1992). 

A portion of each of the surimi gels from each time set was cut up into small pieces and 

0.4 g of these pieces placed in 7.5 ml of 2% SDS-8 M urea-2% pME-20 mM Tris-HCl 

(pH 8.0). The samples were heated at lOO'C for 2 min then stirred at room temperature 

(~22°C) for 21 hrs. A Lowry assay was performed to determine the protein content. The 

0 and 6 hr samples were applied to SDS-PAGE gradient gels (4-20%) after being boiled 

in treatment buffer (4% SDS, 10% pME, 20% glycerol, 0.125 M Tris-HCl pH 6.8) for 

2 min. The high molecular weight standards were purchased from Sigma (Mr-SDS-200 

Kit) and consisted of rabbit myosin (205,000), P-galactosidase (116,000), phosphorylase 

b (97,400), bovine plasma albumin (66,000), ovalbumin (45,000), and carbonic anhydrase 

(29,000). 
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Autolysis Assay of Surimi 

To determine proteolytic activity of surimi and inhibitory activity of fractions the 

following assay was performed. Surimi (3 g) was incubated at 55°C for 1 hr with 3 ml 

of 2 fold solution (e.g. for 1% BPP 3 ml of 2% BPP was added to 3 g surimi), with a 

550C control that contained only surimi and buffer. Controls had 3 ml of solution added 

and were incubated at 0oC for 1 hr. A Lowry activity assay with tyrosine as the standard 

was used to determine the nmoles of tyrosine released per minute of reaction time. To 

determine % inhibition the following equation was used: 

% inhibition -    (C55-C0)-(155-10)   x 1QQ 
(C55-C0) 

C55 = nmoles tyrosine/min surimi without inhibitor at 550C 

CO = nmoles tyrosine/min surimi without inhibitor at 0oC 

155 = nmoles tyrosine/min surimi with inhibitor 55°C 

10 = nmoles tyrosine/min surimi with inhibitor 0oC 

Inhibition of Papain Activity 

Fraction I and GPTGase were incubated with several types of protein to determine 

if these proteins, that were cross-linked with TGase, would inhibit proteolysis with 

papain. Fraction I and I-S at various concentrations were preactivated with CaCl2 and 

thrombin with 625 \i\ buffer A. The volume was brought up to 889 |il with ddH20 and 

the mixture incubated at 370C for 10 min. When preactivation was not performed buffer 

A was substituted for Ca2+ and thrombin. After preactivation, 261 |il of casein (2 mg) 

in buffer A or fibrinogen (2 mg) was added along with papain (0.005 or 0.025 mg). The 

total reaction volume was 1.25 ml. This solution was allowed to incubate 1 hr at 37°C. 

Controls with papain and without fraction I or I-S, with fraction I or I-S only, and with 

casein were also incubated at the above times and temperature. The reactions were 

stopped by adding 200 |il 50% TCA. 
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GPTGase was incubated with fibrinogen and PW myosin in 50 mM Imidazole-0.1 

M NaCl (pH 7) (buffer C). GPTgase (0.012 mg) was preactivated with 5 mM CaCl2, 

625 \i\ buffer C, fibrinogen (2 mg) or PW myosin (2 mg), and the volume was brought 

up to 1.2 ml with ddH20. For GPTGase incubated with fibrinogen 0.1 units of thrombin 

were also added. This mixture was incubated at 370C for 30 min. After this incubation 

time papain (0.012 mg or 0.025 mg) was added and the mixture was further incubated 

for 60 min. Controls consisted of GPTGase with substrate for 90 min, papain with 

substrate for 60 min, and substrate alone for 90 min. The reactions were stopped with 

200 pi of 50% TCA. 

Bovine serum albumin (BSA) and fibrinogen were incubated with papain to 

determine if these proteins would inhibit papain activity. BSA (0.1, 0.2, 0.4, and 2 mg) 

was incubated with casein (2 mg) and papain (0.025 mg) without CaCl2 or thrombin for 

60 min. Fibrinogen (0.2 and 2 mg) was incubated with casein (2 mg) and papain (0.025 

mg) with and without CaCl2 and thrombin for 60 min. The reactions were stopped with 

200 \i\ of 50% TCA. 

After incubation the samples were assayed for TCA soluble oligopeptides by 

Lowry's assay (Lowry et al., 1951) and expressed as nmoles of tyrosine released per 

minute of reaction time with papain. Inhibition and activation of papain was expressed 

as: 

P- PT % Inhibition = J__L± x 100 

PT— P 
% Activation = x 100 

where P=papain activity and PT=papain activity with GPTGase or fraction I. 

Papain activity was also measured with fraction I and GPTGase using the BANA 

assay (Barett and Kirschke, 1981). Fraction I (0.006, 0.012, and 0.03 mg), with and 

without CaCl2 (5 mM) and thrombin (2 units), was incubated with papain (0.003 mg) and 

BANA substrate for 10 min at 370C. GPTGase (0.0015, 0.003, and 0.006 mg), with and 
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without CaCl2 (5 mM), was incubated with papain (0.003 mg) and BANA substrate for 

10 min at 37°C. Inhibition or activation of papain activity with the BANA assay was 

determined by comparing AA520. 

P - P 
% Inhibition =  x 10 0 

PT-P % Activation = —— x 100 

Where P= AA520 of papain without fraction I or GPTGase; Pp AA520 of papain with 

fraction I or GPTGase. 

Standardization of Gel Strength 

The average breaking strength (g) and deformation (cm) values for each of the 

two different surimi batches made with the same sample of BPP at a 1% (w/w) 

concentration at time zero (To), 2 hr (250C), and 20 hr (40C) were used to standardize 

the gel strength of surimi gels made from the different batches and between experiments. 

The standardization followed the equation: 

FXABPP 
EBPP 

where: F= breaking strength (g) or deformation (cm) of surimi gel with bovine 

plasma fraction for that experiment; ABPP= average 1% BPP breaking strength (g) or 

deformation (cm) for all experiments; EBPP= average 1% BPP breaking strength (g) or 

deformation (cm) for that experiment. 

After breaking strength (g) and deformation (cm) were standardized for each of 

the samples they were then multiplied together (g x cm) and the average taken to give 

the standardized gel strength for each sample. 
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Results and Discussion 

Gel Strength Measurements with BPP and Plasma Fractions 

Two different batches of surimi were used with the same BPP sample for 

determination of the effects of bovine plasma fractions on Pacific whiting (PW) surimi 

gel strength (GS). The average breaking strength (g) and deformation (cm) values for 

both batches with 1% (w/w) BPP were used to standardize the GS of each of the 

different fractions to compare experiments (Table 3.1). Surimi batch 8/94 with 1% BPP 

had a GS that was approximately half of batch 6/95 GS at TO. This difference in GS at 

TO between the two batches may be due to the fact that batch 8/94 was frozen at -20°C 

for 10 months, and the denaturation of myosin during frozen storage that occurred 

affected the GS. Ragnarsson and Regenstein (1989) showed that myosin in Pacific 

whiting fish muscle decreased significantly after 40 days of frozen storage at -70C. Hsu 

et al. (1993) showed that shear stress (KPa) in Pacific whiting fillets decreased by over 

50% when stored up to 12 weeks at -20°C. Therefore, batch 6/95 had a higher GS at TO 

possibly because it had more myosin to start with than batch 8/94. 

The 2 hr (250C) and 20 hr (4°C) treatments had very similar GS for both batches 

of surimi with 1% BPP (Table 3.1). The similarity in GS between both batches treated 

at 2 hr (250C) and 20 hr (4°C) may be due to BPP inhibition of surimi autolytic activity 

and endogenous TGase activity. Seymour (1995) found that PW surimi contains 

endogenous TGase activity. The endogenous TGase may not vary substantially between 

batches of surimi which may explain the similar GS between batches with the same 

sample of BPP. Cross-linking of myosin by endogenous TGase has been related to GS 

in surimi made with hoki (Kimura et al., 1991), Alaska pollack (Sakamoto et al., 1995; 

Nowsad et al., 1993; Tsukamasa and Shimizu, 1991; Nishimoto et al., 1987; Numakura 

et al., 1985), walleye pollack (Funatsu and Arai, 1991), and sardine (Funatsu et al., 

1993). 

Both batches of surimi were used in determining the GS with the bovine plasma 

fractions I, I-S, H+m, IV, and IV-1 at time zero (TO), 2 hr (250C), and 20 hr (40C) 

(Figure 3.1). Fraction I (1%), without preactivation with Ca2+ or thrombin, had the most 

dramatic difference between treatments, with 20 hr (4°C) giving a higher GS than BPP 



Surimi Batch Date TO n 2 hr (250C) n 20 hr (40C) n 

8/94 

Breaking Strength 

(g) 
214.09 ±48.09 8 401.18 ±89.64 41 378.46 ± 88.37 35 

Deformation (cm) 0.52 + 0.18 8 0.67 ±0.12 41 0.69 ±0.12 35 

Gel Strength 112.4 ±68.0 269.47 ± 126.77 262.5 ± 124.97 

6/95 

Breaking Strength 

(g) 
335.52 ± 64.0 28 441.06 ±54.72 16 389.05 ± 80.0 12 

Deformation (cm) 0.69 ±0.11 28 0.67 ± 0.06 16 0.71 ± 0.09 12 

Gel Strength 230.07 ± 90.51 296.06 ± 77.38 274.93 ±109.02 

Table 3.1. Average breaking strength (g), deformation (cm), and gel strength (g x cm) for 1% BPP in two batches of 
surimi at time zero (TO), 2 hr (250C), and 20 hr (40C) treatments with standard deviations. The average breaking 
strength (g) and deformation (cm) values were used to normalize measurements of other experiments. 00 
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(1%) (Fig. 3.1). Fraction I-S (0.1%), that was not preactivated, was the only fraction that 

had a decrease in GS from TO to the 20 hr (4°C) treatment, and the lowest GS at these 

treatments (Fig. 3.1). Fraction II+III did not have as much variation in GS between 

treatments as the other fractions, and it had the lowest GS at 2 hr (250C) and 20 hr (4°C) 

of all fractions at 1% (Fig. 3.1). Fraction IV (1%) and IV-1 (1%) also had a large 

difference between treatments with 20 hr (40C) having the highest GS (Fig. 3.1). 

Fraction IV-1 (1%) had the highest GS of all the fractions at all treatments, and a higher 

GS than both BPP (1%) samples at 2 hr (250C) and 20 hr (40C) (Fig. 3.1). 

Fraction 1(1%) with and without 1 mM E-64 (0.03% w/w) was incubated at 20 

hr (40C) before cooking, and cooked immediately without preincubation (TO) (Fig. 3.2). 

Fraction I (1%) + 1 mM E-64 had a 20% and 38% increase in GS at TO and 20 hrs 

(40C), respectively, over 1 mM E-64 alone. This increase in GS could be due to the 

PTGase from fraction I, and/or endogenous TGase, cross-linking the myosin during 

cooking of the surimi gel resulting in a higher GS than 1 mM E-64. Seymour (1995) 

found endogenous TGase activity in PW surimi. The presence of endogenous TGase 

could also explain the 21% increase in GS seen in the surimi with 1 mM E-64 between 

TO and 20 hr (40C). The GS at 20 hr (40C) for I + E-64 possibly reflects the activity 

of both added and endogenous TGase activity. An increase in GS was also seen with 

1 mM E-64 between TO and 20 hr (4°C). E-64 has been shown to inhibit the activity 

of PW cathepsin L (An et al., 1994b), and salmon cathepsin L (Yamashita and 

Konagaya, 1990). The GS of E-64 and BPP at both treatments are almost identical 

suggesting that BPP is acting like a cysteine protease inhibitor. Saeki et al. (1995) also 

found that the gel formation of E-64 and BPP were similar, and they concluded that 

BPP seemed to act as a cysteine protease inhibitor. These data indicate that for PW 

surimi, protease inhibition and TGase activity contribute to GS. 

Effects of EGTA on Gel Strength of Surimi with BPP and Plasma Fractions 

BPP and fractions I, II+III, and IV, all at a 1% (w/w) concentration in surimi, 

were incubated with and without 10 mM EGTA at 20 hr (4°C) before cooking, and 

cooked immediately without preincubation (TO) (Fig. 3.3). EGTA chelates Ca2+, without 
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which PTGase is not active (Credo et al., 1978; Lorand, 1986; Greenberg et al, 1991). 

At TO fraction IV + 10 mM EGTA had a higher GS than IV alone, which was the 

opposite result for fraction I and BPP. Fraction IV with and without EGTA at 20 hr 

(4°C) had similar GS. These data indicate that fraction IV GS is not dependent on Ca2+. 

The other fractions had a higher GS at 20 hr (4°C) than at TO. BPP and fraction I 

without EGTA had the largest difference in GS seen between TO and 20 hr (40C) with 

over a 40% increase in GS seen for both. BPP (1% ) without EGTA had the highest GS 

at 20 hr (4°C) with fraction 1(1%) without EGTA having the second highest GS when 

compared to the other fractions. The presence of EGTA reduced the GS of fraction I 

and BPP at 20 hr (4°C) by 35% and 42%, respectively. Fraction I at TO both with and 

without EGTA had similar GS, but at 20 hr (40C) fraction I without EGTA had a 1.5 

fold higher GS than fraction I with EGTA (Fig. 3.3). Activity assays for PTGase in 

fraction I have shown that in the presence of EGTA fraction I has no TGase activity (see 

chapter 2). The GS of fraction I + EGTA was still measurable indicating that part of the 

GS enhancement of fraction I is Ca2+ independent, but the drop in GS in the presence of 

EGTA indicates that another part of fraction I GS enhancement is Ca2+ dependent. 

Fraction II+III without EGTA had a 48% increase in GS between TO and 20 hr (4°C). 

Fraction II+III without EGTA also had the lowest GS of all samples at 20 hr (40C). The 

slight decrease in GS between TO and 20 hr (40C) for fraction II+III with EGTA might 

be due to uninhibited proteolytic activity. These data suggest that part of fraction II+III 

gel-enhancing abilities are Ca2+ dependent. 

The addition of BPP (1%), in the presence of Ca2+, to PW surimi enhanced GS 

when incubated or "set" at 25°C before cooking (Fig. 3.4). BPP (1%) was incubated 

with and without 1 mM or 5 mM EGTA at 25"C for 0, 2, 4, and 6 hrs before being 

cooked at 90oC (Fig. 3.4). The BPP sample without EGTA showed a steady increase in 

GS up to 6 hrs. The BPP samples with 1 mM or 5 mM EGTA (without Ca2+) showed 

no increase in GS at any time point, and the GS between the two EGTA concentrations 

was very similar. Both BPP+EGTA concentrations had a GS at all time points that was 

much lower than BPP without EGTA. The GS of 1% BPP + 1 mM EGTA or 5 mM 

EGTA after incubating at 25°C for 6 hrs was inhibited 58% and 61%, respectively, when 

compared to 1% BPP without EGTA. From these data it is apparent that part of BPP's 
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alone, and with 1 mM or 5 mM EGTA. The samples were incubated at 250C for 0, 2, 4, and 6 hrs before being 
cooked at 90oC for 15 min. The number of gel strength measurements taken for each of the samples at each 
of the time points was as follows: BPP without EGTA 12 measurements; BPP + 1 mM EGTA 8 
measurements; BPP + 5 mM EGTA 4 measurements. 
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gel enhancing ability is Ca2+ dependent. The increase in GS over time when the surimi 

is set at 250C before cooking and in the presence of Ca2+ suggests that TGase is 

involved. The TGase could be from the presence of endogenous TGase or from BPP. 

Seymour (1995) found that BPP could incorporate MDC into casein and cross-link 

proteins. Seymour (1995) also showed that bovine plasma when incubated with Pacific 

whiting myosin at 37°C had an approximate 50% decrease in myosin after 2 hrs, and an 

increase in high molecular weight (HMW) protein bands, suggesting cross-linking of PW 

myosin was occurring. The GS measured in the presence of EGTA could be due to 

protease inhibitors. Plasma is rich in otj-macroglobulin which can inhibit serine, thiol 

(cysteine), carboxyl, and metallo-proteinases (Harpel and Brower, 1983; Barrett and 

Starkey, 1973). Inhibition of proteolysis when the surimi reaches the 50-70°C 

temperature range while the surimi is being cooked at 90°C could enhance GS by 

preserving the myosin needed to form a gel. 

Contributions of PTGase and Oj-Macroglobulin to Surimi Gel Strength 

The separate contributions of PTGase and o^-macroglobulin to GS were examined 

at a 250C setting temperature using fractions with a higher concentration of these 

components. Fraction I-S, which was prepared by the procedure of Seymour (1995), is 

a concentrated form of PTGase. Fraction IV-1, which was obtained from Sigma 

Chemical Co. (St. Louis, MO), contains 20-30% o^-macroglobulin (see chapter 2). 

Fractions I-S (0.1%) and IV-1 (0.1%) and a combination of I-S (0.1%) + IV-1 (0.1%) 

were incubated with and without 5 mM EGTA at 250C for 0, 2, 4, and 6 hrs before being 

cooked at 90oC (Figs. 3.5, 3.6, and 3.7). 

Fraction I-S, which is very rich in bovine plasma transglutaminase (PTGase), was 

preactivated with 140 mM Ca2+ at 370C for 1 hr before being mixed with the surimi 

without EGTA. I-S with EGTA was not preactivated. Seymour (1995) showed that I-S 

in the presence of EGTA has no MDC-incorporating activity indicating PTGase activity 

had been inhibited. The PTGase activity of preactivated I-S was determined to be 1.27 

U/ g surimi gel. The GS of I-S (0.1%) with and without EGTA initially dropped from 

0 to 2 hr, but I-S without EGTA dramatically increased at 4 hr where it remained 
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Figure 3.5. Effects of fraction l-S with and without EGTA on surimi gel strength at 250C. 0.1% 
l-S (w/w) that was preactivated with 140 mM CaCI2 was added to surimi and incubated at 250C 
for 0, 2, 4, and 6 hrs before being cooked at 90oC. 0.1% l-S with 5 mM EGTA was not 
preactivated. Each time point had 3 measurements of gel strength taken, except hour 4, which 
had 2 measurements taken. 
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Figure 3.6. Effects of fraction IV-1 with and without EGTA on surimi gel strength at 250C. 0.1% 
IV-1 (w/w) with and without 5 mM EGTA was added to surimi and incubated at 250C for 0,2, 4, 
and 6 hrs before being cooked at 90oC. Each time point had 3 measurements of gel strength 
taken, except hour 4, which had 2 measurements taken. 
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Figure 3.7. Effects of fraction l-S + IV-1 with and without EGTA on surimi gel strength at 250C. 
0.1% l-S, preactivated with 140 mM CaCI2, plus 0.1% IV-1 (w/w) were added to surimi and 
incubated at 250C for 0, 2, 4, and 6 hrs before being cooked at 90oC. 0.1% l-S was not 
preactivated when mixed with 0.1% IV-1 and 5 mM EGTA. Each time point had 3 measurements 
of gel strength taken, except hour 4, which had 2 measurements taken. oo 
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constant up to the 6 hr time point (Fig. 3.5). The GS of I-S with EGTA continued to 

drop after the 4 hr time point. At the 6 hr time point the GS of I-S was 89% higher than 

the GS of I-S + EGTA. 

A similar trend in GS was observed with IV-1 (0.1%), which had a GS that was 

75% higher than IV-1 + EGTA at the 6 hr time point (Fig. 3.6). Fraction IV-1 does not 

have any apparent PTGase activity (see chapter 2). Seymour (1995) has shown that 

fraction IV-1 fluorescent activity is not dependent on Ca2+, and that PW surimi has 

endogenous TGase activity. Therefore, the Ca2+ dependent increase in GS seen for 

fraction IV-1 could be due to endogenous TGase activity in surimi. Fraction IV-1 

is rich in otj-macroglobulin (20-30%), which could be inhibiting the proteolytic activity 

in surimi which may allow the endogenous TGase to cross-link the myosin and cause an 

increase in GS. These data suggest that fraction IV-1 gel-enhancing ability lies with 

inhibiting proteolytic activity. The fact that the GS is Ca2+ dependent and increases over 

time when incubated at 25°C suggests that TGase activity is responsible for the increase 

in GS seen with IV-1 without EGTA. Wan et al. (1994) found that walleye pollack 

surimi gelation was completely inhibited by 2 mM EGTA, and that GS and cross-linking 

of myosin in surimi were dependent on Ca2+ concentration. They attributed the Ca2+ 

dependence of GS and cross-linking of myosin to endogenous TGase activity. 

The drop in GS observed between 0 and 2 hrs for fraction I-S without EGTA and 

fraction IV-1 without EGTA could be the result of a lag period before the effects of 

TGase activity, whether added PTGase (fraction I-S) or endogenous, on GS are observed. 

These data suggest that TGase activity can enhance GS in the presence of Ca2+, but there 

must be a sufficient setting time before cooking for these effects on GS by TGase to be 

seen. 

A combination of preactivated I-S (0.1%) with IV-1 (0.1%) without EGTA 

showed a slight increase in GS from 0 to 2 hrs, a drop at 4 hrs, and a dramatic increase 

at 6 hrs (Fig. 3.7). The GS of I-S + IV-1 plus EGTA continued to drop with a 68% 

decrease in GS at the 6 hr time point when compared to I-S + IV-1 without EGTA. 

Overall, I-S (0.1%) + IV-1 (0.1%) without EGTA had the highest GS when compared 

to I-S and IV-1 alone with or without EGTA, and even compared to BPP (1%) (Fig. 3.4) 
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after setting for 6 hrs at 25°C before being cooked at 90oC. These data indicate that a 

combination of proteolytic inhibition and TGase activity can enhance GS in PW surimi. 

Changes in Myosin upon Incubation with Fractions I-S and IV-1 

To determine the effects of I-S (0.1%), preactivated with 140 mM Ca2+, and IV-1 

(0.1%), samples of the above mentioned surimi gels at TO and 6 hr at 25°C were applied 

to SDS-PAGE gradient gels (4-20%) (Fig. 3.8 and Fig. 3.9). SDS-PAGE showed 

differences in myosin concentration of samples at TO (Fig. 3.8). The myosin bands for 

the control with (lane 2) and without EGTA (lane 3) for TO are completely gone, but 

they do show bands that appear to be break down products of myosin proteolysis. The 

GS of controls were not measurable because a gel was not formed. This data supports 

the claim that inhibitors are needed in PW surimi to prevent proteolysis of myosin, which 

is needed in order for a surimi gel to form. The myosin bands for preactivated I-S 

(0.1%) without 5 mM EGTA (lane 4) and with EGTA (lane 5) have approximately 50% 

of the myosin when visually compared to I-S + IV-1 + EGTA (lane 9). This difference 

is probably due to proteolytic activity that was only partially inhibited by fraction I-S. 

The myosin bands for IV-1 (0.1%) without (lane 6) and with EGTA (lane 7) have 

approximately 80% of the myosin of I-S (0.1%) + IV-1 (0.1%) with EGTA, when 

visually compared (lane 9). This suggests that fraction IV-l is protecting the myosin 

from proteolysis. The actin band is approximately the same concentration for all 

samples except the controls, where smaller bands under the actin band indicate 

proteolysis. There were HMW bands at the top of the gels for those samples without 

EGTA, except for the control which did not have inhibitors added. 

The SDS-PAGE gradient gel for 6 hrs at 25°C for the above mentioned surimi 

gels showed large differences in myosin concentration (Fig. 3.9). Again the controls 

without (lane 2) and with (lane 3) 5 mM EGTA show no sign of myosin, even the break 

down products present at 0 hrs are gone, and the actin band is lighter than it was at 0 

hrs. I-S (0.1%) without EGTA (lane 3) showed an approximate 90% decrease in myosin, 

and an increase in the HMW bands at the top of the gel, when visually compared to 0 

hrs. I-S (0.1 %) with EGTA (lane 4) showed only break down products of myosin, with 
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Figure 3.8. Fraction l-S and IV-1 with and without EGTA in surimi before 
incubating at 250C and applied to SDS-PAGE gradient gel (4-20%). Surimi 
was cooked at 90°C immediately after fractions added. Surimi was dissolved 
in 8 M urea, 2% BME, 2% SDS, 20 mM Tris-HCI (pH 8) by first heating to 
100oC for 2 min then stirring for 21 hrs at room temperature. All lanes contain 
30 ug of protein.    High molecular weight markers (lane 1); control with no 
inhibitor (lane 2); control + 5 mM EGTA (lane 3); 0.1% l-S preactivated with 
140 mM CaCI2-i- (lane 4); 0.1% l-S + 5 mM EGTA (lane 5); 0.1% IV-1 (lane 6); 
0.1% IV-1 + 5 mM EGTA (lane 7); 0.1% l-S + 0.1% IV-1 (lane 8); 0.1% l-S + 
0.1 % IV-1 + 5 mM EGTA (lane 9). 
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Figure 3.9. Fraction l-S and IV-1 with and without EGTA in surimi after 
incubating 6 hrs at 250C and applied to SDS-PAGE gradient gel (4-20%). After 
fractions were added to the surimi the mixture was incubated at 250C for 6 hrs 
and then cooked at 90oC.   Surimi was dissolved in 8 M urea, 2% BME, 2% 
SDS, 20 mM Tris-HCI (pH 8) by first heating to 100oG for 2 min then stirring for 
21 hrs at room temperature.  All lanes contain 30 ug of protein. High 
molecular weight markers (lane 1); control with no inhibitor (lane 2); control 
+ 5 mM EGTA (lane 3); 0.1% l-S preactivated with 140 mM CaCI2+ (lane 4); 
0.1% l-S + 5 mM EGTA (lane 5); 0.1% IV-1 (lane 6); 0.1% IV-1 + 5 mM EGTA 
(lane 7); 0.1% l-S + 0.1% IV-1 (lane 8); 0.1% l-S + 0.1% IV-1 + 5 mM EGTA 
(lane 9). 
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no HMW bands present. These data suggest that the myosin in surimi with Ca2+ present 

is being cross-linked by added PTGase resulting in the formation of the HMW protein 

band. The myosin band for IV-1 (0.1%) without EGTA (lane 6) has approximately 80% 

less myosin, and an increase in the HMW band, when compared to 0 hrs. The myosin 

band intensity for IV-1 (0.1%) with EGTA (lane 7) is darker than that of IV-1 without 

EGTA, but no HMW bands are present. These data indicate that the formation of the 

HMW protein band for surimi with fraction IV-1 is also Ca2+ dependent. Fraction IV-1 

does not have TGase activity, but PW surimi has been found to have endogenous TGase 

activity, which could be cross-linking the myosin and forming the HMW protein band. 

The fact that fraction IV-1 + EGTA myosin band is still mostly intact, suggests that 

fraction IV-1 is protecting the myosin in surimi from degradation. I-S (0.1%) + IV-1 

(0.1%) without EGTA (lane 8) myosin band has about the same intensity at that of IV-1 

without EGTA (lane 6), but the HMW bands appear to be darker than that of IV-1 

without EGTA (lane 6). The myosin band from I-S (0.1%) + IV-1 (0.1%) without 

EGTA (lane 8) at 6 hrs is greatly reduced when compared to the same sample at 0 hrs 

(lane 8). The darker HMW protein band could be due to both added PTGase (fraction 

I-S) and endogenous TGase activity cross-linking myosin. I-S (0.1%) + IV-1 (0.1%) 

with EGTA (lane 9) myosin concentration is very similar to that at 0 hrs, but with 

slightly more degradation after 6 hrs at 25 °C. 

These data indicate that the formation of a HMW protein band is dependent on 

Ca2+, indicating TGase activity, and the myosin in surimi can be protected from 

degradation by the addition of fraction IV-1, which contains 20-30% Oj-macroglobulin. 

Fraction I-S and IV-1 showed HMW protein band formation in the presence of Ca2+. 

Addition of I-S without EGTA showed a darker HMW band than IV-1 without EGTA. 

This HMW band from fraction I-S without EGTA could be caused by both added bovine 

PTGase and endogenous TGase cross-linking the myosin in the surimi. Fraction IV-l 

without EGTA HMW band formation could be due to endogenous TGase activity. 

Endogenous TGase activity in surimi made from other species of fish, such as Alaska 

pollack, have been linked to increases in GS when set at low temperatures (e.g. 25°C) 

before cooking (Kim et al., 1993; Kamath et al., 1992; Nishimoto et al., 1987). 

Numakura et al. (1985) showed that the GS of Alaska pollack surimi set at 20°C and 
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30oC increased up to 6 hrs incubation time, and that as the myosin decreased there was 

an increase in cross-linked myosin. The myosin band for I-S + IV-1 without EGTA was 

the most reduced after 6 hr when compared to I-S and IV-1 alone. Fraction IV-1 + 

EGTA myosin band is still partially intact even after setting for 6 hr at 25°C before 

cooking. This suggests that the presence of fraction IV-1 is protecting the myosin in 

surimi from being degraded by proteolytic activity. The formation of HMW bands and 

the absence of myosin degradation products in surimi that contained I-S, IV-1, and I- 

S+IV-1 without EGTA suggests that the majority of myosin in surimi was reduced due 

to  cross-linking by  either added or endogenous TGase. 

Autolytic Inhibition of Surimi with Plasma Fractions 

Different batches of surimi, and even individual Pacific whiting fish, vary in their 

proteolytic activity (Hartley, 1993). This variation has been attributed to the stage and 

degree of the myxosporidian infection of PW muscle fibers by Kudoa paniformis 

(Kabata and Whitaker, 1981). Different stages of the infection have been related to 

the amount of cathepsin L activity in PW surimi (Hartley, 1993). Autolytic activity in 

this study refers to the hydrolysis of proteins by endogenous proteases, such as cathepsin 

L, in surimi. 

This research found that the two batches of PW surimi that contained 

myxosporean infected tissue used to produce surimi gels (8/94 and 6/95) had similar 

proteolytic activity (Table 3.2). Proteolytic activity of both surimi batches (8/94 and 

6/95) were determined using autolysis at 55°C for 1 hr. The autolytic activity between 

surimi batch 8/94 and 6/95 were very similar (Table 3.2). 

The inhibitory activity of BPP and fractions I, I-S, n+m, IV, and IV-1 were 

determined using autolysis (Table 3.3). BPP (1%) inhibited 78% of the proteolytic 

activity in PW surimi. Fraction I (1%) in surimi batch 8/94 had an average inhibitory 

activity of 56%. Fraction n+m (1%), IV (1%), and IV-1 (1%) had an average inhibition 

of proteolysis of 56%, 71%, and 81%, respectively. Fraction I-S (0.1%) and IV-1 (0.1%) 

inhibited proteolysis by 24% and 52%, respectively. 



Surimi Batch nmoles tyr./min. 

8/94 2.78 ±0.11 

2.18 ±0.34 

1.28 ±0.01 

1.23 ±0.05 

1.20 ±0.05 

Average 1.73 ±0.11 

6/95 1.56 ±0.05 

1.92 ±0.07 

1.93 ±0.05 

Average 1.80 ±0.06 

Table 3.2. Autolytic activity of surimi batches 8/94 and 6/95. Autolysis was conducted by incubating 3 g 
surimi   + 3 ml buffer A at 550C for 60 min. Activity measured with Lowry activity assay with tyrosine as 
standard. Each sample had 4 measurements taken. Autolytic activity was measured as nmoles tyrosine 
released/min of reaction time and expressed with standard deviation. ON 



Sample nmoles tyr./min. % Inhibition 

1%BPP 0.51 ±0.12 78 

1%l 0.54 ± 0.08 56 

0.1% l-S 1.46 ±0.07 24 

1%ll+lll 0.55 ± 0.09 56 

1%IV 0.36 ± 0.06 71 

1%IV-1 0.24 ± 0.05 81 

0.1%IV-1 0.93 ±0.11 52 

Table 3.3. Autolysis inhibition of surimi with BPP and fractions I, l-S, II+III, IV, and IV-1. Autolysis was 
conducted by incubating 3 g surimi + 3 ml solution of buffer A with inhibitors at 2% (w/w) concentration at 
550C for 60 min. Autolytic activity was measured as nmoles tyrosine released/min of reaction time and 
expressed with standard deviation. Each experiment was repeated twice with each sample having 2 
replicates. 
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The autolytic inhibitory activity of E-64 and fractions I and I-S with Zn2+ were 

also tested (Table 3.4). E-64, which is a cysteine protease inhibitor (Rich, 1986; Barrett 

and Kirschke, 1981), was found to inhibit 81% and 83% of the proteolytic activity in 

surimi at 0.1 mM and 1 mM concentrations, respectively (Table 3.4). This inhibition is 

very similar to that of BPP, suggesting that the protease inhibitors in BPP are specifically 

inhibiting cysteine proteases. Cathepsin L is a cysteine protease and was found to be the 

most prominent enzyme in surimi autolytic activity (An et al., 1994a). Fraction I (1%) 

with 1 mM Zn2+ in surimi batch 8/94 had only 41% inhibitory activity (Table 3.4). 

Fraction I-S (0.1%) in the presence of 1 mM Zn2+ did not significantly inhibit surimi 

autolysis (Table 3.4). Zn2+ is an inhibitor of PTGase activity (Jiang and Lee, 1992; Folk 

and Chung, 1973; Credo et al., 1976). TGase may be cross-linking the proteins in the 

surimi forming polymers resistant to proteolysis that would appear to be inhibiting 

proteolytic activity. With TGase activity inhibited, any protease inhibitors present in 

fraction I and I-S would become more apparent. Therefore, the 41% inhibition observed 

with fraction I in the presence of Zn2+ may represent inhibition due to actual inhibitors 

binding to the proteases in surimi. Since I-S did not inhibit proteolysis in the presence 

of Zn2+, this suggests that proteolytic inhibition is due to PTGase alone. 

Model System for Determining Mechanism of Protease Inhibition 

Greenberg et al. (1991) mentions that e-(y-glutamyl) lysine bonds are resistant 

to proteolysis. To determine if these bonds would inhibit proteolytic activity, samples 

of TGase (both Guinea pig TGase and PTGase (fraction I)) were incubated with casein, 

fibrinogen, and PW myosin. 

Fraction I was incubated with papain and sodium caseinate (2 mg) in the presence 

or absence of Ca2+ and thrombin to determine whether or not papain proteolytic activity 

with casein would be inhibited (Table 3.5). With 8:1 protein content ratio (Fraction 10.2 

mg:papain 0.026 mg) and without Ca2+ and thrombin, fraction I inhibited papain activity 

by approximately 9% when both were incubated together for 60 min at 37°C. When 

fraction I was incubated with 4 mM Ca2+ and 6.25 units of thrombin at the same ratio 

and time there was 17% inhibition of papain activity. By increasing the protein content 



Sample nmoles tyr./min. % Inhibition 

1%l + 1mMZn2+ 0.38 ± 0.03 41 

0.1%l-S + 1mMZn2+ 1.19 ±0.07 0.8 

0.1 mM E-64 0.23 ± 0.02 81 

1 mM E-64 0.24 ± 0.03 83 

-2+ Table 3.4. Autolysis inhibition of surimi with E-64 and fractions I and l-S with and without Zn . Autolysis was 
conducted by incubating 3 g surimi + 3 ml solution of buffer A with inhibitors at 2 x concentration (e.g. 2% 
solution for 1% (w/w) concentration with surimi) at 550C for 60 min. Activity was measured as nmoles 
tyrosine released/min of reaction time and expressed with standard deviations.   *Zn2+ may have interfered 
with the Lowry activity assay. Each experiment was repeated twice with each sample having 2 replicates. 

ON 
oo 



Sample (w/w) nmoles tyr./min. % Inhibition 

l(8x) 0.44±0.01 17 

l(77x) 0.28±0.01 47 

papain 0.53±0.02 0 

*l(8x) 0.49±0.02 9 

*l (77x) 0.26±0.01 52 

*papain 0.54±0.02 0 

Table 3.5. Effects of fraction I on papain activity with Lowry activity assay. Papain (0.025 mg) was also 
incubated with casein (2 mg) plus 8x (0.2 mg) and 77x (2 mg) of fraction I, with calcium (4 mM), and 
thrombin (6.25 units), indicates calcium and thrombin were not present. Papain activity was determined 
by the Lowry activity assay using tyrosine as a standard, and each sample had 4 measurements taken. 
Activity is expressed as nmoles of tyrosine released/min of reaction time at 3TC with standard deviation. 

as 
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ratio to 77:1 (fraction I 2 mg:papain 0.026 mg) and incubating without Ca2+ and 

thrombin, papain activity was inhibited by 52%. In the presence of 4 mM Ca2+ and 6.25 

units of thrombin at a 77:1 protein content ratio, papain activity was inhibited 48%. The 

4% difference between these two numbers is hardly significant indicating that the 

presence of Ca2+ is not needed for fraction I to inhibit papain activity. This experiment 

indicates that the inhibitory activity of fraction I towards papain is Ca2+ dependent, and 

possibly due to the presence of an inhibitor. 

Fraction I contains fibrinogen and BSA. To determine if these proteins were 

having an inhibitory effect on papain they were incubated with sodium caseinate (2 mg) 

and papain both with and without 4.5 mM Ca2+ and 6.25 units of thrombin (Table 3.6). 

Even when the protein concentration of both proteins was 77 fold higher than papain no 

inhibition was observed. There was a 21% increase in activity with 2 mg of BSA and 

a 16% increase in activity with 2 mg fibrinogen, but this increase may be due to BSA 

and fibrinogen being better substrates than casein, which would result in a faster rate of 

hydrolysis. 

GPTGase, which requires only Ca2+ for activation (Greenberg et al., 1991), was 

incubated with fibrinogen and PW myosin prior to exposure to papain, and incubated 

along side papain (Table 3.7). When GPTGase (0.012 mg) was preincubated with 2 mg 

of fibrinogen in the presence of 5 mM Ca2+ and 0.1 units of thrombin for 30 min, prior 

to papain (0.05 mg) being added and incubated for 60 min, there was an average 

inhibition of papain activity of 38%, but when GPTGase and papain were incubated 

together for 60 min without the GPTGase and fibrinogen preincubation, then there was 

only 4% inhibition. It appears that GPTGase, when given time to first act on the 

fibrinogen before papain can degrade it, will inhibit the proteolytic activity of papain. 

When both are working at the same time the inhibitory effects are less noticeable. When 

GPTGase (0.0125 mg) was preincubated with PW myosin for 30 min in the presence 

of 5 mM Ca2+, and then with papain (0.025 mg) for 60 min there was 20% inhibition of 

papain activity. This may indicate that cross-linking of PW myosin by GPTGase is 

inhibiting proteolytic activity. 

Papain activity with fraction I was also determined using the BANA assay 

(Barrett and Kirschke, 1981) (Table 3.8).  Fraction I at a protein concentration ratio of 



|               Sample (w/w) nmoles tyr./min % Relative Activity           | 

BSA (4x) 0.37±0.01 0 

BSA (8x) 0.40±0.02 7.5 

BSA(16x) 0.38±0.02 3 

BSA (77x) 0.45±0.01 22 

|                     papain 0.37±0.01 0 

FBRG (8x) 0.48±0.02 2 

FBRG (77x) 0.46±0.03 0 

|                     papain 0.47±0.02 0 

*FBRG (8x) 0.51 ±0.04 4 

*FBRG (77x) 0.57±0.03 16 

|                    *papain 0.49±0.02 0 

Table 3.6. Effects of bovine serum albumin (BSA) and fibrinogen (FBRG) on papain activity. Papain (0.025 
mg) was incubated with casein (2 mg) plus 4x (0.1 mg), 8x (0.2 mg), 16 x (0.4 mg) and 77x (2 mg) BSA at 
3TC for 60 min without calcium (4 mM) and thrombin (6.25 units). FBRG at 8x (0.2 mg) and 77x (2 mg) 
was also incubated with casein (2 mg) and papain (0.025 mg) with calcium (4 mM) and thrombin (6.25 
units) at 370C for 60 min. indicates calcium and thrombin were not present.   Papain activity was 
determined by the Lowry activity assay using tyrosine as a standard, and each sample had 4 measurements 
taken. Activity is expressed as nmoles of tyrosine released/min of reaction time with papain and expressed 
with standard deviation. The increase in activity for papain incubated with BSA or FBRG over papain alone 
is expressed as % relative activity. 



Sample (w/w) nmoles tyr./min. % Inhibition 

GPTG 30'; papain (2x) 60' (A) 0.23±0.04 50 

(B) 0.32±0.04 29 

Average 0.28±0.06 38 

GPTG + papain (2x) 60' (A) 0.43±0.02 6 

(B) 0.44±0.10 2 

Average 0.43±0.02 4 

papain 60' (A) 0.46±0.07 0 

(B) 0.45±0.005 0 

Average 0.45±0.01 0 

*GPTG 30'; papain (2x) 60' 1.07±0.02 20 

*papain 1.34±0.05 0 

Table 3.7. Effects of Guinea pig transglutaminase (GPTG) on papain activity with fibrinogen and Pacific 
whiting myosin using the Lowry activity assay. GPTG (0.012 mg) was incubated with fibrinogen (2 mg), 
calcium (5 mM) and thrombin (0.1 units) in 50 mM lmidazole-0.1 M NaCI (pH 7) for 30 min before papain 
(0.025 mg) was added and incubated for 60 min.  GPTG (0.012 mg) and papain (0.025 mg) were incubated 
together for 60 min with calcium (5 mM), thrombin (0.1 units), and fibrinogen (2 mg). *GPTG (0.012 mg) 
was incubated with PW myosin (2 mg), and calcium (5 mM) in 50 mM lmidazole-0.1 M NaCI (pH 7) for 30 
min before papain (0.025 mg) was added and incubated for 60 min.   Papain activity was determined by the 
Lowry activity assay using tyrosine as a standard, and each sample had 4 measurements taken. Activity is 
expressed as nmoles of tyrosine released/min of reaction time with papain at 370C and expressed with 
standard deviation. A and B refer to two separate experiments. to 



1                Sample (w/w) delta A 520 % Inhibition                I 

1 (2x)                       ' 0.3063±0.0359 30 

1                        1 (4x) 0.3035±0.0686 30 

1                      l(10x) 0.2505±0.1163 42 
I                    papain 0.4361 ±0.0195 0 
I                2 U thrombin 0 0 
|             I (2x) w/o papain 0.01 0 
I            papain + thrombin 0.1981 ±0.0296 43 
I          papain w/o thrombin 0.3461 ±0.0369 0 

*l (2x) 0.1356±0.0704 57 
*l (4x) 0.0942±0.0570 70 

I                    *l(10x) 0.0370±0.0237 88 
I                   *papain 0.3157±0.0516 0 

**l (2x) 0.2917±. 0510 15 
**l (4x) 0.2531 ±.0695 26 

**l(10x) 0.1601 ±0.0690 53 
|                   **papain |                    0.3442±0.0290 I                  o 

Table 3.8. Inhibition of papain activity with fraction I. Inhibition of papain was determined by comparing the 
change in delta A 520 between papain alone and papain with fraction I from the BANA assay, and was 
expressed with standard deviation. Each sample had 6 measurements taken. Papain (0.003 mg) was 
incubated with fraction I 2x (0.006 mg), 4x (0.012 mg), and 10 x (0.03 mg) at 370C for 10 min with calcium (5 
mM) and thrombin (0.2 units), indicates samples were incubated with calcium (5 mM) only. **lndicates 
samples were incubated without calcium and thrombin. -J 
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2:1, 4:1, and 10:1 with papain (0.006, 0.012, and 0.03 mg fraction I: 0.003 mg papain), 

was preactivated with 5 mM Ca2+ and 2 units of thrombin, and papain activity was 

inhibited 30%, 30%, and 42%, respectively. With 5 mM Ca2+ only there was 57%, 70%, 

and 86% inhibition, respectively. Without Ca2+ and thrombin there was 15%, 26%, and 

53% inhibition, respectively. Papain was inhibited 43% in the presence of thrombin (2 

units) alone. Fraction I will inhibit papain activity whether or not Ca2+ is present. In the 

presence of Ca2+ the inhibitory activity of fraction I is almost twice as high as fraction 

I without Ca2+. This difference in inhibitory activity is possibly due to PTGase. The 

inhibitory activity of fraction I without Ca2+ could be due to a cysteine protease inhibitor, 

or papain using fibrinogen as an alternate substrate to BANA. 

Oj-Macroglobulin did not appear to be present in fraction I according to SDS- 

PAGE (see chapter 2). Other inhibitors in plasma that inhibit cathepsin L are low- and 

high-Mr kininogens with a Mrof 50,000-78,000 and 108,000-120,000 (Kato et al., 1981; 

Turpeinen et al., 1981; Salvesen et al., 1986), which could be present in fraction I. 

High-Mr kininogen is very susceptible to kallikrien, which is activated when plasma is 

fractionated with ethanol (Komiya et al., 1974b). Low-Mr kininogen is very resistant to 

kallikrien, but has a Mr that is close to albumin (Mr 67,000) so the band that corresponds 

in Mr to kininogen could be masked by albumin when applied to SDS-PAGE. The fact 

that the autolytic inhibitory activity of fraction I-S appears to be entirely Ca2+ dependent 

(Table 3.4) suggests that an inhibitor in fraction I was removed during the procedure to 

produce fraction I-S. 

GPTGase and papain were incubated together with 5 mM Ca2+ and papain activity 

was determined using the BANA assay (Table 3.9). GPTGase at a protein concentration 

ratio of 0.5:1, 1:1, and 2:1 (0.0015, 0.003, and 0.006 mg GPTGase: 0.003 mg papain) 

was incubated with papain. Papain activity was increased by 8%, 10%, and 38%, 

respectively. This activation of papain could be due to GPTGase acting upon the cysteine 

residue in the active site of papain. 



Sample (w/w) delta A520 % Relativity Activity 

GPTG (2x) (A)0.8412±0.0574 130 

(B)0.7137±0.1104 155 

Average 0.7647±0.1105 142 

GPTG (1x) (B) 0.5065±0.0556 110 

GPTG (1/2x) (B) 0.4965±0.0345 108 

papain (A) 0.6522±0.0409 100 

(B) 0.4602±0.0446 100 

Average 0.5370±0.1072 100 

Table 3.9. Activation of papain activity with Guinea pig transglutaminase (GPTG). Activation of papain was 
determined by comparing the change in delta A 520, which is expressed with standard deviations, between 
papain alone and papain with GPTG from the BANA assay.    Papain (0.003 mg) was incubated with GPTG 
0.5x (0.0015 mg), 1x (0.003 mg), and 2 x (0.006 mg) with calcium (5 mM) at 370C for 10 min. A and B 
indicate two separate experiments each with 4 measurements taken. The increase in papain activity when 
incubated with GPTG is expressed as % relative activity. 

-J 
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Conclusions 

Fractions I, I-S, and IV-1 were found to be the most effective in enhancing GS 

in Pacific whiting surimi. Ca2+ dependent GS enhancement was attributed to 

transglutaminase, both added and endogenous. Ca2+ independent GS enhancement was 

attributed to cysteine protease inhibitors, such as o^-macroglobulin. A combination of 

fractions rich in PTGase (i.e. I and I-S) and otj-macroglobulin (i.e. IV-1) can achieve a 

GS comparable to BPP at lower concentrations when first set at 25°C before cooking at 

90°C. It was also concluded that PTGase appears to slow down proteolysis by forming 

protease-resistant cross-links. From these data it was determined that PTGase and 

cysteine protease inhibitors, such as Oj-macroglobulin, were the main components of 

bovine plasma that contributed to GS enhancement in Pacific whiting surimi. 

Endogenous TGase activity present in the Pacific whiting surimi also appeared to 

contribute to GS enhancement. 
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Chapter 4.  SUMMARY 

The proteolytic softening of Pacific whiting (PW) surimi is most effectively 

curtailed when the food-grade inhibitor BPP is used. The bioactive components of 

bovine plasma were examined to determine which elements contributed to gel strength 

(GS) enhancement in PW surimi. 

Bovine plasma is composed mostly of albumin, with fibrinogen, o^- 

macroglobulin, and a small amount of PTGase activity which may contribute to GS 

enhancement of PW surimi. BPP (1%) inhibited proteolytic activity in PW surimi by 

78%. This amount of inhibition is similar to the 81% and 83% inhibition seen with E-64 

(0.1 mM and 1 mM), which is a specific inhibitor for cysteine proteases (Rich, 1986; 

Barrett and Kirschke, 1981). Cathepsin L, which is a cysteine protease, is the major 

enzyme implicated in PW surimi autolysis (An et al., 1994a). E-64 (1 mM) in PW 

surimi had a GS similar to BPP (1%) at TO and 20 hr (40C). These data suggest that 

inhibition of cysteine proteases will effectively enhance GS in PW surimi. 

Seymour (1995) found that BPP incorporated MDC into methylated casein and 

cross-linked proteins when incubated at 370C for up to 48 hrs in the presence of Ca2+. 

The present study showed that BPP had a small amount of MDC-incorporating activity 

when assayed, but did not confirm cross-linking of proteins. The MDC-incorporating 

activity detected in BPP when assayed could be due to o^-macroglobulin. A 20% 

ethanol precipitated bovine plasma fraction that had high Ca2+ activated MDC- 

incorporating activity was prepared (see Appendix A). After spray drying, 20% of the 

MDC-incorporating activity remained. Therefore, it is possible that commercially 

prepared BPP could still have PTGase activity, but this activity could be lost during 

storage. 

Bovine plasma contains over 50% bovine serum albumin (BSA) (White et al., 

1973). BSA did not enhance GS of surimi when added at 1% (w/w) concentration. It 

was also found BSA did not inhibit papain activity when the Lowry activity assay 

(Lowry et al., 1951) was used. Weerasinghe (1995) found BSA to be resistant 

proteolysis,  but did not inhibit papain activity.   Although BSA did not inhibit papain, 
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which is a cysteine protease, it could still contribute to GS enhancement due to its 

resistance to proteolysis and the fact that a solid gel forms when it is cooked at 90°C. 

Human plasma contains approximately 0.3 g fibrinogen per 100 ml (White et al., 

1973), which is equivalent to approximately 4% of the protein in plasma. Any fraction 

that contains large amounts of fibrinogen, such as fraction I, should have a high 

concentration of PTGase, since it is believed that all the PTGase in plasma is associated 

with fibrinogen and fibrin (Lorand, 1986). Fibrinogen (Sigma Chemical Co.) when 

added to surimi at 1% (w/w) concentration does not enhance GS significantly, nor does 

it inhibit papain activity. 

Fraction I, which is precipitated by 10% ethanol, consists of over 60% fibrinogen. 

When not preactivated, fraction I enhanced GS in PW surimi very effectively, despite 

lack of Ca2+ dependent MDC-incorporating activity. A possible explanation for the 

increase in GS for unactivated PTGase in fraction I may lie with proteolytic hydrolysis. 

Papain, which is a cysteine protease, can partially hydrolyze TGase resulting in its 

activation (Folk and Chung, 1973). Cathepsin L, a cysteine protease, is similar to papain 

(papain super family) and may also be able to activate PTGase. Another explanation is 

that endogenous TGase in the surimi could be cross-linking the fibrinogen from fraction 

I resulting in an increase in GS. 

The exact mechanism behind fraction I autolytic and papain inhibitory activity is 

not known. Fraction I (1%) inhibited 40% of the proteolytic activity of PW surimi in 

the presence of Zn2+, which inhibits PTGase. Without Zn2+, it inhibits 56% of the 

autolytic activity. The 16% difference in activity may be due to PTGase cross-linking 

proteins, but the inhibitory activity in the presence of Zn2+ suggests the presence of a 

protease inhibitor in fraction I. According to the BANA assay, papain activity was 

inhibited by fraction I whether or not Ca2+ was present. Whether this inhibition was due 

to an actual papain inhibitor or to a protein in fraction I being used as an alternate 

substrate to BANA by papain, is not clear. Plasma cysteine protease inhibitors, such as 

the kininogens and Oj-macroglobulin, were not detected in fraction I according to SDS- 

PAGE. High-Mr kininogen may not be present in fraction I because it is very susceptible 

to hydrolysis by kallikrien, which is activated when plasma is fractionated with ethanol 

(Komiya et al., 1974b).  Low-Mr kininogen is very resistant to kallikrien, but has a Mr 
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that is close to albumin (Mr 67,000) so the band that corresponds in Mr to kininogen 

could be masked by albumin when applied to SDS-PAGE. The surimi autolytic 

inhibitory activity of heat treated fraction I (fraction I-S) is 24% at 0.1% (w/w) 

concentration, but this inhibitory activity is eliminated when incubated with Zn2+. This 

data suggests that fraction I-S inhibitory activity is completely due to PTGase, and the 

inhibitor in fraction I has been removed by the treatment used to produce fraction I-S. 

Fraction I-S has less fibrinogen than fraction I, and is a highly concentrated form 

of PTGase. PTGase in fraction I-S can be preactivated with Ca2+ before it is added to 

surimi without an insoluble clot forming. The specific activity of fraction I-S is 63 fold 

higher than that of fraction I when the standard MDC-incorporating assay is used. When 

the PTGase is completely activated fraction I-S specific activity is approximately 160 

fold higher than fraction I. Because fraction I-S is a very concentrated form of PTGase, 

less of this fraction can be used in surimi to enhance GS. Fraction I-S that is not 

preactivated did not significantly increase the GS when incubated for 20 hr at 4°C before 

cooking at 900C. Fraction I-S, when preactivated with Ca2+ and incubated at 250C for 

6 hr before cooking at 90°C, enhanced the GS of surimi by greater than 90% when 

compared to I-S with EGTA, but when compared to BPP (1%) and IV-1 (0.1%) without 

EGTA the GS was much lower. This data suggests that PTGase can increase GS in PW 

surimi when first set at 25°C before cooking at 90°C. 

The myosin of PW surimi is greatly reduced with an increase in high molecular 

weight (HMW) bands, according to SDS-PAGE, when I-S (0.1%) preactivated with 140 

mM Ca2+ is added and incubated at 25°C up to 6 hrs before cooking at 90°C. The surimi 

with I-S + EGTA had a large decrease in myosin with smaller bands that appeared under 

the myosin band, but no HMW protein bands. Fraction I-S + EGTA reduction of myosin 

appears to be due to proteolysis, which is signified by the smaller protein bands under 

the myosin band. The reduction of myosin and the appearance of HMW bands in the 

surimi with activated I-S without EGTA suggests that PW myosin is being cross-linked 

by TGase activity. 

Fraction IV-1, which consists of 20-30% Oj-macroglobulin, enhanced GS 

significantly. Fraction IV, with approximately 15% Oj-macroglobulin, also enhanced GS. 

Fraction IV GS was not significantly affected by EGTA. Its GS was lower than fractions 
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IV-1 and I at 20 hr (4°C), but higher than fraction n+m. Fraction IV (1%) inhibited 

71% of surimi autolytic activity. Fraction IV-1 had the highest GS of all the fractions 

including BPP at 1% (w/w) at the 20 hr (4°C) and 2 hr (250C) treatments. Fraction IV-1 

(1%) inhibited 81% of the surimi autolytic activity, and at a 0.1% concentration inhibited 

52% of surimi autolytic activity. The gel-enhancing abilities of fraction IV and IV-1 are 

believed to be due to the proteolytic inhibition by cysteine protease inhibitors, such as 

Oj-macroglobulin, working together with endogenous TGase activity. This effect can be 

seen best with IV-1. 

When fraction IV-1 (0.1%) without EGTA is incubated at 250C up to 6 hrs before 

cooking at 90°C there is a steady increase in GS, a decrease in myosin, and an increase 

in HMW protein bands. The GS of fraction IV-1 with EGTA, although measurable, did 

not increase over the 6 hr time period, and had a significantly lower GS at all time points 

when compared to fraction IV-1 without EGTA. Although the myosin decreased for 

fraction IV-1 with EGTA there was no increase in HMW protein bands, but the fact that 

myosin was still present indicated that it's proteolysis was being partially inhibited. 

These data indicate that the GS increase and HMW band formation of fraction IV-1 is 

Ca2+ dependent, suggesting that TGase activity is involved. Fraction IV-1 did not have 

TGase activity, but surimi does have endogenous TGase activity, which could be 

contributing to the GS once the proteolytic activity in the surimi is inhibited. 

The GS of fractions I-S (0.1%) + IV-1 (0.1%) when set at 250C for 6 hrs before 

cooking at 90°C was higher than BPP (1%) with the same treatment. The myosin 

content of surimi with I-S + IV-1 without EGTA was greatly reduced, but there was an 

increase in the HMW protein bands when compared to TO. Fractions I-S + IV-1 with 

EGTA did not have the increase in HMW bands, but the myosin band was only slightly 

reduced when compared to TO. These data indicate that the increase in GS and HMW 

band formation for fractions I-S + IV-1 in surimi were Ca2+ dependent, and that the 

proteolysis of myosin was being inhibited in a Ca2+ independent manner. 

Fraction I-S effectiveness in GS enhancement appears to lie with added PTGase 

activity, which can inhibit or make proteins resistant to proteolysis by the £(7- 

glutamyl)lysine bonds between proteins (Greenberg et al., 1991). Although the GS is 

slightly lower than that of IV-1 it still can be effective in increasing GS in low quality 



81 

PW surimi using setting temperatures at 25°C or 4°C. The optimum conditions would 

be to use both I-S and IV-1 together at either high (250C) or low (40C) setting 

temperatures described above, but whether this is economically feasible on an industrial 

scale remains to be seen. 

From the data gathered it is apparent that two mechanisms are responsible for GS 

enhancement of PW surimi. These mechanisms appear to be protease inhibition and 

cross-linking of proteins in surimi. The protease inhibition appears to be due to cysteine 

protease inhibitors. The most abundant cysteine protease inhibitor in bovine plasma is 

OCj-macroglobulin. The high- and low-Mr kininogens are also found in plasma, and may 

contribute to GS. This study found that fraction IV-1, which is high in Oj- 

macroglobulin, had the highest inhibition of surimi autolysis and the highest GS when 

compared to the other bovine plasma fractions. The increase in GS of PW surimi with 

fraction I-S is Ca2+ dependent, suggesting that GS is enhanced by added bovine PTGase 

activity when first set at 25°C before being cooked at 90°C. PTGase appears to be able 

to cross-link proteins, specifically PW myosin, which may make these proteins resistant 

to proteolysis. Cross-linking of myosin by added TGase has been shown by other studies 

to contribute to the GS of surimi from other fish species. Endogenous TGase activity 

also appears to be contributing to the GS enhancement of PW surimi once the proteolytic 

activity has been inhibited. 

The data gathered from this study has shown two mechanisms of GS enhancement 

in PW surimi. One mechanism is Ca2+ independent, and is attributed to cysteine protease 

inhibitors. The other mechanism is Ca2+ dependent and attributed to both added bovine 

PTGase and endogenous TGase activity. Setting of surimi with bovine plasma fractions 

and BPP at 250C or at 4°C before cooking  increased the GS of the surimi. 
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Appendix A 

Effects of Bovine Plasma Fractionated with Heat Treatment and 20% Cold 
Ethanoi on Gel Strength of Pacific Whiting Surimi 

Introduction 

Pacific whiting surimi's softening problem during cooking is overcome by adding 

inhibitors, such as spray dried bovine plasma protein (BPP) (Morrissey et al., 1993; 

Chang-Lee et al., 1990; Groninger et al., 1985). The enzyme implicated in the majority 

of the proteolytic activity occurring during cooking of Pacific whiting surimi is cathepsin 

L, a cysteine protease (An et al., 1994a). 

The components responsible for the effectiveness of BPP in enhancing gel 

strength have yet to be identified, but are believed to be protease inhibitors. O^- 

Macroglobulin is a highly concentrated inhibitor found in plasma (Harpel and Brower, 

1983), which can inhibit serine, thiol (cysteine), carboxyl, and metallo-proteinases 

(Barrett and Starkey, 1973). Bovine plasma also contains other cysteine protease 

inhibitors, such as high- and low-Mr kininogens (Adam et al., 1985). 

Another component of plasma that may aid in gel-enhancement is plasma 

transglutaminase (PTGase). PTGase must be activated by either an enzymatic 

modification by thrombin in the presence of Ca2+, or high concentrations of Ca2+ (>100 

mM) (De Backer-Royer et al., 1992; Greenberg et al., 1991; Lorand, 1986; Shen and 

Lorand, 1983; Folk, 1980; Credo et al., 1978). PTGase can also be activated by partial 

hydrolysis with trypsin or papain (Folk and Chung, 1973). Once activated PTGase can 

cross-link proteins, such as myosin heavy chain, covalently (Seguro et al., 1995; Araki 

and Seki, 1993; Funatsu et al., 1993; Kamath et al., 1992). Jiang and Lee (1992) added 

pig PTGase to minced mackerel, which resulted in a decrease in mackerel actomyosin 

that was attributed to cross-linking,  and an increase in GS. 

Fractionation of bovine plasma to separate active components from unwanted 

proteins to enhance GS of Pacific whiting surimi was the purpose of this experiment. The 

effect of spray drying on enzyme activity was also investigated. 
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Materials and Methods 

Materials 

Trizma base, CaClj (anhydrous), and ethylene glycol-bis(P-aminoethyl ether) 

N,N,N',N'-tetraacetic acid (EGTA) were purchased from Sigma Chemical Co. (St.Louis, 

MO). Corning Cell Wells 24 wells each with a 3.4 ml capacity per well were purchased 

from VWR (Seattle, WA). Beef plasma protein (BPP) and 600N-BPP were obtained 

from AMPC, Inc. (Ames, IA). Pacific whiting (Merluccius productus) surimi without 

inhibitors was obtained from a local onshore processor. Surimi had 4% sucrose, 4% 

sorbitol (ICI Specialties, New Castle, DE), and 0.3% Brifisol S-l, a polyphosphate 

mixture (B.K. Ladenburg, Corp., Cresskill, NJ) added to it and was packaged in 

approximately 500 g packages and frozen afc^CC. The moisture content of the surimi 

was 76.25%. 

Bovine Plasma 

Bovine blood was collected at the Clark Meat Science Lab at Oregon State 

University, with approximately 1 L of 3.8% sodium citrate added per 9 L of bovine 

blood. Citrated bovine blood was centrifuged at 665 x g (Sorvall GS-3) for 20 min and 

then again for 10 min in a Sorvall RC-5B refrigerated ultracentrifuge to remove red 

blood cells.  The resulting citrated bovine plasma (CBP) was frozen at -80°C. 

Preparation of 20% Ethanol Precipitated Plasma (20EHT) and Spray Dried 
20EHT 

20EHT was prepared by first heat treating bovine plasma at 560C for 4 min. in 

25 ml aliquots. The plasma was then centrifuging at 7,800 x g (Sorvall SS-34) for 10 

min, and the supernatant recovered. The supernatant was cooled down to 0°C to -3°C 

in an ice-water-salt bath and ethanol (95% food grade) kept at -20°C was added until the 

mixture was at 20% ethanol. The temperature was kept below 0oC. This mixture was 

stirred at 0 to -30C for 30 min and then centrifuged at 7,800 x g (Sorvall SS-34) for 20 
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min.   The resulting pellet was resuspended in 50 mM Tris-0.1 M NaCl (pH 7) (buffer 

A) and frozen at -80°C. 

20EHT was prepared as described above from 4.5 L of bovine plasma. The 

pellet, after ethanol precipitation, was resuspended in buffer A giving a total volume of 

1 L. This mixture was spray dried at 176.7°C using a NIRO Atomizer (Copenhagen, 

Denmark).  The spray dried 20EHT was stored at 40C. 

MDC-Incorporating Activity Assay 

Fluorescent activity was measured as incorporation of monodansylcadaverine 

(MDC) into N,N-dimethylated-casein, which was adapted from the procedure developed 

by Lorand et al. (1971). Plasma samples (150 |il) were mixed with an equal volume of 

20% monoethylether. They were then heat treated prior to being assayed for TGase 

activity at 56°C for 4 min. Preactivation of the heat treated plasma and plasma fractions 

consisted of adding 5 mM CaCl2, 5 mM DTT, 6.25 units of thrombin, and bringing the 

volume up to 562.5 |il with 50 mM Tris-HCl pH 7.5 buffer (buffer B). The mixture was 

then incubated at 37°C for 10 min. MDC (46.9 nmoles) and N,N-dimethylated-casein 

(3 mg) in buffer B were added giving a total volume of 1.5 ml. After the MDC and 

methylated casein were added the IQ (fluorescence at time zero or heat treated control) 

reading was taken with a spectrofluorometer (AMINCO, Silver Spring, MA) set at 350 

nm excitation and 480 nm emission. After the reaction time was completed (usually 30 

min) at 370C, an If (fluorescence at the end of reaction time) reading was taken. The 

difference in fluorescence was calculated: If -10 = AIf. The equation to determine the 

units of activity was taken from Takagi et al. (1986). They found the enhancement 

factor (EF) to be 13 for their assay. The EF for the assay used in this study was found 

to be 13.7.  The following equation was used to determine fluorescent activity: 

(MDC) incorporate(i =   131   f{1 )      (MDC) total 

A unit of fluorescent activity for 20EHT and SD20EHT is defined as nmoles of MDC 

incorporated into methylated casein per minute of reaction time at 37°C. 
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Surimi Gel Preparation 

Frozen Pacific whiting surimi was partially thawed under cold running water and 

chopped into small pieces. The pieces were put into a porcelain mortar with a 750 ml 

capacity that was on ice. Surimi paste was prepared with 2% salt, 0.13% CaClj (if 

EGTA added then no Ca2+ added) and the moisture was adjusted to 78% with cold water 

(4°C). Once ingredients were added they were mixed for 7 min if the total volume was 

30-60 g or 10 min if the total volume was 90-150 g with a pestle. Once surimi was 

mixed it was put into a 8" X 10" vacuum bag and vacuum sealed with a Reiser vacuum 

packer (Germany) with the vacuum and the sealer set at 5. One corner of the bag was 

cut and the paste squeezed into a 60 ml syringe with a 1.5 cm diameter hole cut into the 

top. The paste was pressed into 3.4 ml wells of cell culture plates that had two holes, 

each with a 2mm diameter, drilled into the bottom. Both the wells and the lids were 

sprayed with Pam cooking spray before surimi paste added (Boyle-Midway, Inc., New 

York, NY). The tops were evened with a spatula before the lid was placed on the wells. 

The surimi plate was then placed into another 8" x 10" vacuum bag and vacuum packed 

with the vacuum set at 1 and the sealer set at 5. The surimi paste plate was then placed 

in a zip-lock bag. Treatments included (1) time zero (no incubation) heating at 90°C for 

15 min., (2) 2 hr at 250C followed by heating at 90oC for 15 min., (3) 20 hr at 40C 

followed by heating at 90°C for 15 min. After cooking the samples were placed in an 

ice-water bath for 15 min. Before the gel strength was read the samples were set out at 

room temperature (~2rC) for 1.5 hrs. 

Gel Strength by Punch Test 

Breaking strength (g) and deformation (cm) were measured with the SINTECH 

(MTS SINTECH, Inc., Research Triangle Park, NC) punch test using a 5 mm diameter 

round end plunger. Samples were measured with the plunger in the center of the cell 

plate wells. Gel strength was determined by multiplying the breaking strength (g) and 

deformation (cm) (Lanier, 1992). Samples with a flat line and a breaking strength under 

100 g with a deformation above 1.0 cm were considered to have a gel strength of zero. 
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Standardization of Gel Strength 

The average breaking strength (g) and deformation (cm) values for each of the 

two different surimi batches made with the same sample of BPP at a 1% (w/w) 

concentration at time zero (To), 2 hr (25°C), and 20 hr (4°C) were used to standardize 

the gel strength of surimi gels made from the different batches and between experiments. 

The standardization followed the equation: 

FxABPP 
EBPP 

where: F= breaking strength (g) or deformation (cm) of surimi gel with bovine 

plasma fraction for that experiment; ABPP= average 1% BPP breaking strength (g) or 

deformation (cm) for all experiments; EBPP= average 1% BPP breaking strength (g) or 

deformation (cm) for that experiment. 

After breaking strength (g) and deformation (cm) were standardized for each of 

the samples they were then multiplied together (g x cm) and the average taken to give 

the standardized gel strength for each sample. 

Autolysis Assay of Surimi 

To determine proteolytic activity of surimi and inhibitory activity of fractions the 

following assay was performed. Surimi (3 g) was incubated at 550C for 1 hr with 3 ml 

of 2 fold solution (e.g. for 1% BPP 3 ml of 2% BPP was added to 3 g surimi), with a 

55°C control that contained only surimi and buffer. Controls had 3 ml of solution added 

and were incubated at 0°C for 1 hr. A Lowry activity assay with tyrosine as the standard 

was used to determine the nmoles of tyrosine released per minute of reaction time. To 

determine % inhibition the following equation was used: 

% inhibition -   (C55-C0)-(155-10)   x 1Q 
{C55-C0) 
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C55 = nmoles tyrosine/min surimi without inhibitor at 55"C 

CO = nmoles tyrosine/min surimi without inhibitor at 0°C 

155 = nmoles tyrosine/min surimi with inhibitor 55°C 

10 = nmoles tyrosine/min surimi with inhibitor 0oC 

Results and Discussion 

The average specific activity of bovine plasma that was first heat treated and then 

precipitated with a 20% ethanol concentration (20EHT) was 65.05 ± 4.55 U/g (Table 

A.l), which was 11.2 fold higher than CBP (see Table 2.1). After freezing the 20EHT 

at -80oC the activity dropped by 41% (Table A.l). Spray drying of fresh 20EHT reduced 

the specific activity by 81% (Table A.l). 

Citrated bovine plasma (CBP) with heat treatment and 20% ethanol precipitation 

was applied to a 10% SDS-PAGE gel (Fig. A.l). Visual comparison of CBP (lane 2) 

to CBP heat treated at 56°C (lane 3), showed that heat treatment reduced the fibrinogen 

content in CBP by more than 50%. The 20% ethanol precipitated CBP after heat 

treatment (20EHT) showed approximately a 50% reduction in albumin and 20% 

reduction in fibrinogen when compared to CBP. Partially purified bovine PTGase (lane 

6) contains approximately 30% albumin, and bands that correspond in Mr to fibrinogen 

subunits, which compose approximately 50% of the protein. The top protein band (Mr 

80 Kd) corresponds in Mr to activated PTGase (F Xmj which has a Mr of approximately 

75-80 Kd (Lorand, 1986; Jiang and Lee, 1992). 

Fresh and spray dried 20% ethanol precipitated bovine plasma (20EHT) were 

added to surimi at a 1% (w/w) concentration both with and without preactivation with 

thrombin (Fig. A.2). Fresh 20EHT (1%) that was preactivated with thrombin had 

approximately 0.6 units of TGase activity/g surimi gel added. It had a gel strength (GS) 

that was 24% of the preactivated SD20EHT (1%) GS at 2 hr (250C) and 20% at 20 hr 

(40C) (Fig. A.2). SD20EHT (1%) both unactivated and preactivated, with 0.05 units 

thrombin/mg of SD20EHT protein, were tested in surimi at 2 hr (250C) and 20 hr (40C). 

The preactivated SD20EHT, which had approximately 0.1 units of TGase activity/g 



Sample Specific Activity (U/g) 

Fsh.20EHT(11/94)* 72.38 ± 7.98 

Fsh.20EHT(2/95) 57.72 ± 3.31 

Ave.Fsh.20EHT 65.05 ± 4.55 

Fzn.20EHT(2/95) 38.39 ± 2.52 

SD20EHT(1/95)* 12.28 ± 2.21 

SD20EHT(3/95) 12.34 ±0.81 

Ave.SD20EHT 12.32 ±0.93 

Table A.1. Specific activity of heat treated and 20% ethanol precipitated bovine plasma (20EHT), and spray 
dried 20EHT (SD20EHT) expressed with standard error. Fluorescent activity as determined by MDC (46.9 
nmoles) incorporation into N.N dimethylated casein (2 mg) in the presence of 5 mM calcium, 5 mM DTT, 
and 6.25 units of thrombin (unless otherwise indicated) in buffer B. Units are defined as nmoles MDC 
incorporated into casein/ min at 370C.  *AII samples with heat treated controls have been standardized by 
dividing U/g protein by the following: 20EHT/1.11; SD20EHT/1.08. 

o o 
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Figure A.1. 10% SDS-PAGE with citrated bovine plasma (CBP) with various 
treatments and partially purified bovine plasma transglutamlnase (50 ug). Low 
molecularweight markers (lane 1); CBP (lane 2); CBP heat treated at 560Cfor4 
min (lane 3); 20% ethanol precipitated CBP after heat treatment (20EHT) (lane 
4); partially purified bovine plasma transglutamlnase (lane 5). 



□2hr (250C) 

^20 hr (40C) 

2hr (250C) 

20 hr {40C) 

1%BPP(8/94) 

269.47 

262.5 

1%SD20EHT 

134.32 

151 

1%SD20EHT(P1) 

195.54 

292.67 

1%20EHT(P2) 

47.44 

59.39 

Figure A.2. Effects of fresh (20EHT) and spray dried (SD20EHT) heat treated citrated bovine plasma with 
20% ethanol precipitation on surimi gel strength. 20EHT and SD20EHT were dissolved in 50 mM Tris-0.1 M 
NaCI (pH 7) buffer and added to surimi at a 1% (w/w) concentration. The samples were then incubated at 
both treatments shown (2 hr (250C) and 20 hr (40C)). The gel strength for all samples were standardized 
with 1 % BPP and are shown with error bars. PI indicates preactivation of SD20EHT with 25 units of 
thrombin before added to surimi. P2 indicates preactivation of 20EHT with 48.6 units of thrombin before 
added to surimi. 
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surimi gel added, had approximately a 31% higher GS than unactivated SD20EHT at 2 

hr (250C) and almost 2 fold higher GS at 20 hr (40C). 

The effects of 20% ethanol precipitated bovine plasma on GS both fresh (20EHT) 

and spray dried (SD20EHT) indicate that SD20EHT, preactivated with thrombin, when 

incubated at 40C for 20 hr will give a GS similar to BPP (1%) (Fig. A.2). At 2hr (250C) 

the GS is much lower than BPP. Without preactivation the SD20EHT (1%) still has a 

higher GS than fresh 20EHT (1%) that is preactivated. Fresh 20EHT (1%) that is 

preactivated with thrombin before being added to surimi forms a gel, which is due to the 

fibrinogen being converted to fibrin and the TGase cross-linking the fibrin. This gel 

does not disperse evenly within the surimi paste and results in clumps of 20EHT im the 

surimi gel, which would result in a lower GS. SD20EHT also gels when preactivated 

with thrombin, but not to the extent of 20EHT. Even though 20EHT has more PTGase 

activity than SD20EHT (Table A.l) it can give a lower gel strength in surimi if it isinot 

preactivated properly. Preactivation with a high concentration (>100 mM) of Ca2+ may 

overcome the premature gelling of 20EHT. SD20EHT effectiveness in gel-enhancement 

appears to be greatly affected by preactivation with thrombin and Ca2+, indicating that 

the remaining PTGase activity may play a large role. 

Proteolytic inhibition of surimi autolysis was also performed with BPP, and fresh 

and spray dried 20% ethanol precipitated bovine plasma (20EHT and SD20EHT) at a;l% 

(w/w) concentration (Table A.2). Fresh 20EHT had a 6% lower inhibitory effect on 

surimi autolysis than SD20EHT. The difference in inhibitory activity could be due to 

the SD20EHT resuspended in 50 mM Tris-0.1 M NaCl (pH 7), being more concentrated 

than fresh 20EHT, although the protein concentration of each sample was measured with 

a Lowry protein assay. Another explanation may be that the spray drying of the 20EHT 

produced such small particles that it more easily integrated into the surimi resulting in 

better inhibition of proteolytic activity. 



Sample nmoles tyr./min % Inhibition 

1% Fresh 20EHT 1.26 ±0.08 47 

1%SD20EHT 1.12 ±0.03 53 

Table A.2. Autolysis inhibition of surimi with heat treated citrated bovine plasma and 20% ethanol 
precipitation both fresh (20EHT) and spray dried (SD20EHT). Autolysis was conducted by incubating 3 g 
surimi + 3 ml solution of buffer A with inhibitor at 2% (w/w) concentration at 550C for 60 min. Each sample 
was measured 6 times. Activity was expressed as nmoles tyrosine released/min of reaction time with 
standard deviation. 

o 
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Appendix B 

Effects of Bovine Plasma Fractions on Whiteness of Pacific Whiting Surimi 

Introduction 

Food grade inhibitors, such as spray dried bovine plasma protein (BPP), egg 

white, and potato extract powder are presently used to prevent the softening associated 

with Pacific whiting surimi (Morrissey et al., 1993; Chang-Lee et al., 1990; Groninger 

et al., 1985). Although these products greatly enhance the gel strength (GS) of surimi 

they can leave an unwanted off-taste or off-color (Park, 1994; Akazawa et al., 1993; 

Morrissey et al., 1993; Porter et al., 1993). The food grade inhibitor most effective in 

improving GS in Pacific whiting surimi is BPP (Morrissey et al., 1993). The addition 

of blood products can give food products a darker color (Morrissey et al., 1993; Reppond 

and Babbitt, 1993; Wismer-Pedersen, 1979; Graham, 1978), which can decrease 

HunterLab L* (white to black) and increase b* (yellow to blue) values. 

Fractionation of bovine plasma can separate the unwanted proteins that cause a 

darker color from the gel-enhancing components, which can improve the color of surimi 

while maintaining a desirable GS. 

Materials and Methods 

Materials 

Trizma base and CaClj (anhydrous) were purchased from Sigma Chemical Co. 

(St.Louis, MO). Coming Cell Wells 24 wells each with a 3.4 ml capacity per well were 

purchased from VWR (Seattle, WA). Beef plasma protein (BPP) was obtained from 

AMPC, Inc. (Ames, IA). Pacific whiting (Merluccius productus) surimi without 

inhibitors was obtained from a local onshore processor. Surimi had 4% sucrose, 4% 

sorbitol (ICI Specialties, New Castle, DE), and 0.3% Brifisol S-l, a polyphosphate 

mixture (B.K. Ladenburg, Corp., Cresskill, NJ) added to it and was packaged in 
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approximately 500 g packages and frozen at -20°C. The moisture content of the surimi 

batch 8/94 was 76.25% and batch 6.95 was 77.31%. 

Bovine Plasma 

Bovine blood was collected at the Clark Meat Science Lab at Oregon State 

University, with approximately 1 L of 3.8% sodium citrate added per 9 L of bovine 

blood. Citrated bovine blood was centrifuged at 665 x g (Sorvall GS-3) for 20 min and 

then again for 10 min in a Sorvall RC-5B refrigerated ultracentrifuge to remove red 

blood cells.  The resulting citrated bovine plasma (CBP) was frozen at -80°C. 

Preparation of 20% Ethanol Precipitated Plasma (20EHT) and Spray 
Dried 20EHT 

20EHT was prepared by first heat treating bovine plasma at 56°C for 4 min. in 

25 ml aliquots. The plasma was then centrifuging at 7,800 x g (Sorvall SS-34) for 10 

min, and the supernatant recovered. The supernatant was cooled down to 0oC to -30C 

in a ice-water-salt bath and ethanol (95% food grade) kept at -20°C was added until the 

mixture was at 20% ethanol. The temperature was kept below 0°C. This mixture was 

stirred at 0 to -30C for 30 min and then centrifuged at 7,800 x g (Sorvall SS-34) for 20 

min. The resulting pellet was resuspended in 50 mM Tris-0.1 M NaCl (pH 7) (buffer 

A) and frozen at -80°C. 

20EHT was prepared as described above from 4.5 L of bovine plasma. The 

pellet, after ethanol precipitation, was resuspended in buffer A giving a total volume of 

1 L. This mixture was spray dried at 176.7°C using a NIRO Atomizer (Copenhagen, 

Denmark).  The spray dried 20EHT was stored at 4°C. 

Cold Ethanol Fractionation (Cohn Fractions) 

Fraction I was prepared by precipitating the citrated bovine plasma (CBP) with 

a 10% ethanol concentration below 0oC. TGase fraction I-S was prepared according to 

Seymour (1995). Fraction H+III was prepared according to method 6 (25% ethanol 

below 0oC) described by Cohn et al. (1946).   Fraction IV was prepared according to 
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method 5 (40% ethanol below 0°C; pH adjusted to 5.8 with 0.4 M sodium acetate-2M 

acetic acid (pH 3.9) buffer) of Cohn et al. (1946). All of the aforementioned fractions 

were resuspended in 50 mM Tris-HCl, 0.1 M NaCl (pH 7) (buffer A) and frozen 

at -80oC. Fraction IV-1 was purchased from Sigma Chemical Co., which was prepared 

from bovine plasma by Cohn method 6 (18% ethanol at -5oC; pH adjusted to 5.2). 

Surimi Gel Preparation 

Frozen Pacific whiting surimi was partially thawed under cold running water and 

chopped into small pieces. The pieces were put into a porcelain mortar with a 750 ml 

capacity that was on ice. Surimi paste was prepared with 2% salt, 0.13% CaC^ (if 

EGTA added then no Ca2+ added) and the moisture was adjusted to 78% with cold water 

(40C). Once ingredients were added they were mixed for 7 min if the total volume was 

30-60 g or 10 min if the total volume was 90-150 g with a pestle. Once surimi was 

mixed it was put into a 8" X 10" vacuum bag and vacuum sealed with a Reiser vacuum 

packer (Germany) with the vacuum and the sealer set at 5. One comer of the bag was 

cut and the paste squeezed into a 60 ml syringe with a 1.5 cm diameter hole cut into the 

top. The paste was pressed into 3.4 ml wells of cell culture plates that had two holes, 

each with a 2mm diameter, drilled into the bottom. Both the wells and the lids were 

sprayed with Pam cooking spray before surimi paste added (Boyle-Midway, Inc., New 

York, NY). The tops were evened with a spatula before the lid was placed on the wells. 

The surimi plate was then placed into another 8" x 10" vacuum bag and vacuum packed 

with the vacuum set at 1 and the sealer set at 5. The surimi paste plate was then placed 

in a zip-lock bag. Treatments included (1) time zero (no incubation) heating at 90°C for 

15 min., (2) 2 hr at 250C followed by heating at 90oC for 15 min., (3) 20 hr at 4°C 

followed by heating at 90°C for 15 min. After cooking the samples were placed in an 

ice-water bath for 15 min. Before the gel strength was read the samples were set out at 

room temperature (~2rC) for 1.5 hrs. 
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Whiteness 

HunterLab L*, a*, and b* values were measured with a Minolta CR-300 

Chromameter (Ramsey, NJ). Whiteness was calculated using the formula (Park, 1994): 

Whiteness = L*- 3b* 

Results 

Whiteness of surimi samples with bovine plasma fractions were compared to BPP 

and controls without added inhibitors (Table B.l). The controls without inhibitor for 

both batches of surimi were very similar, and had the highest whiteness value. Addition 

of 5 mM EGTA reduced the whiteness by only 0.1%, indicating that addition of 0.13% 

Ca2+ or EGTA does not significantly affect whiteness. Fractions IV-l (0.1%) and I-S 

(0.1 %) had the highest whiteness values compared to the other fractions and BPP at a 

1% concentration. A combination of 0.1% I-S + 0.1% IV-l had a whiteness value 

equivalent to BPP (1%). Fraction 1(1%) whiteness was equivalent to both batches of 

BPP (1%). Fraction II+III (1%) had the second lowest whiteness value when compared 

to the other fractions and BPP at 1%. Fraction IV (1%) had the lowest whiteness value, 

which was approximately 30% lower than BPP (1%). Fraction IV-l (1%) also had a 

lower whiteness than BPP (1%). 20EHT (1%) had a whiteness value approximately 7% 

lower BPP (1%). 



Sample L* (+)b* (-)a* Whiteness 

Control (8/94) 75.53 ± 0.85 2.15 ±0.22 3.38 ±0.17 69.08 ± 0.72 

Control (6/95) 76.82 ± 0.71 2.54 ± 0.35 3.55 ± 0.20 69.19 ±0.76 

Control (6/95)+5 mM EGTA 76.97 ± 0.82 2.80 ± 0.35 3.41 ±0.12 68.56 ±1.12 

1% BPP (8/94) 75.83 ± 0.31 3.11 ±0.10 3.43 ± 0.03 66.50 ±0.11 

1% BPP (6/95) 74.88 ± 0.47 2.98 ±0.19 3.55 ± 0.08 65.94 ±0.19 

1%l 75.33 ± 0.46 3.07 ±0.16 3.62 ± 0.05 66.11 ±0.23 

1%20EHT 72.51 ± 0.69 3.87 ± 0.69 3.94 ±0.11 60.91 ± 1.85 

1%IV-1 75.08 ± 0.63 3.73 ±0.18 3.74 ± 0.05 63.87 ±0.16 

1% ll+lll 75.02 ± 0.63 4.61 ± 0.23 3.91 ± 0.05 61.17 ±0.22 

1%IV 75.85 ± 0.39 10.28 ±0.42 3.71 ± 0.05 45.01 ± 1.04 

0.1% l-S 72.56 ± 0.53 1.95 ±0.24 4.19 ±0.11 66.70 ± 0.29 

0.1% IV-1 73.52 ± 0.48 1.68 ±0.25 3.93 ±0.13 68.48 ± 0.44 

0.1% l-S+ 0.1% IV-1 74.09 ± 0.40 2.71 ± 0.24 3.91 ±0.11 65.96 ± 0.36 

Table B.1. Whiteness of surimi with BPP and bovine plasma fractions I, l-S, ll+lll, IV and IV-1. The HunterLab L*. b*, 
and a* values were measured for surimi with 1% (w/w) BPR fractions I, ll+lll, IV, and IV-1. 0.1% l-S and 0.1% IV-1 were 
also measured. Whiteness = L* - 3(b*). All measurements are expressed with standard errors. 
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