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FOREWORD

This thesis is presented in the traditional fonn, although, part of this thesis has

been published. The tirst two sections consist of an introduction, the rationale, hypothesis.

objectives and a comprehensive review of the literature on the tapie. The next two

sections constitute the body of the thesis, while the last chapter comprises the conclusions

and recommendations.

While the work reported in this thesis is the responsibility of the candidate. it was

supervised by Dr. B. K. Simpson, Department of Food Science and Agricultural

Chemistry, MacDonald Campus of McGill University. The amino acid analysis of the fish

collagenases was conducted by the Sheldon Biotechnology Centre. McGill University.
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ABSTRACT

collagenases were extracted from the skeletaJ muscle of winter flounder

(Pseudopleuronectes americanus) with Tris-HCI buffer, pH 7.4, containing 5 mM CaCI2.

The crude extract in the active fOnD was purified by ammonium sulfate fractionation,

followed by a succession of column chromatographie steps which inc1uded ion-exchange,

immobilized metal affinity and size-exclusion in the Fast Protein Liquid Chromatography

(FPLC) system. The trypsin-like and chymotrypsin-like activities of the crude extract

diminished with purification. A comparative study of the collagenase fraction from ion

exchange chromatography (lEX-I) and the commercial collagenase fraction from

Clostridium histolyticum indicated that the two enzymes were similar with respect to their

response to temperature but differed with respect to their response to pH. The enzymes

differed slightly in terms of their thennal and pH stabilities. The winter flounder

collagenase fraction from size-exc1usion chromatography (SEC) had a higher optimum

pH temperature than the IEX-l fraction as weIl as the commercial collagenase. However,

both SEC and the IEX-l extracts had the same optimum pH. The collagenase fraction

from SEC had a slightly lower thennal stability than the IEX-I fraction and the

commercial collagenase.

The higher catalytic efficiency (VmaxlKm') and the lower ~G values for C.

histolyticum collagenases showed that bacterial collagenases are bener catalysts than

winter flounder skeletal muscle collagenases for the PZ-peptide hydrolase reaction at 370

C and pH 7.l.

Zymography revealed the presence of two collagenase isoenzymes from the fish

muscle, designated as WFC-I and WfC-2 with molecular weights of 79,600 and 75,500,

respectively. WFC-l was separated from WfC-2 by electrophoretic blotting onto the

u
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PVDF membrane. The amine acid composition of WFC-l and WFC-2 were closely

reIated.

The fish collagenases were inhibited by metai chelators, EDTA and 1,10

phenanthroline suggesting that these enzymes are metalloproteases. The enzyme activity

in the presence of EDTA and 1,1O-phenanthroline were recovered upon addition of low

levels of calcium and zinc ions, respectively. Higher levels of these metal ions inhibited

the isoenzymes. 2-Mercaptoethanol and dithiothreitoI were aIso effective inhibitors.

Dl
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RÉSUMÉ

Des collagénases ont été extraites du muscle squelettique de la plie rouge

(Pseudop/euronectes americanus) en utilisant du tampon Tris-Hel, 7,4, contenant 5 mM

de CaCI2• L'extrait brut sous sa forme active a été purifié par fractionnement au sulfate

d'ammonium, suivi par plusieurs étapes de chromatographies sur colonne comprenant les

chromatographies échangeuse d'ions, d'affinité avec des métaux immobilisés et de

tamisage moléculaire en utilisant un système FPLC. Les activités de type trypsine et

chymotrypsine de l'extrait brut ont diminué avec la purification. Une étude comparative

de la fraction colIagénase obtenue par chromatographie échangeuse d'ions (1EX-1) et de

la fraction collagénase commerciale de C. histolyticum a indiqué que les deux activités

enzymatiques étaient similaires en terme de réponse à la température différaient en terme

de réponse au pH. Les enzymes différaient légèrement en tennes de stabilités à la

température et au pH. La fraction collagénase de la plie rouge obtenue par

chromatographie de tamisage moléculaire (SEC) avait une température optimale

d'activité supérieure à celles mais de la fraction collagénase obtenue par IEX-l et de la

collagénase commerciale. Cependant. les fractions obtenues par SEC et IEX-I avaient le

même pH optimal. La fraction obtenue par SEC avait une stabilité à la température

légèrement plus faible que celles de la fraction obtenue par IEX-I et de la collagénase

commerciale.

L'efficacité catalytique plus élevée et la plus faible valeur de ôG pour les

collagénases de C. histo/yticum ont montré que les collagénases d'origine bactérienne

étaient de meilleurs catalyseurs pour la réaction hydrolase du peptide PZ à 37°C et à pH

7, l, que les collagénases du muscle squelettique de la plie rouge.

La zymographie a révélé la présence de deux isoenzymes de la collagénase dans le

muscle squelettique du poisson, désignées comme étant WFC-I et WfC-2 avec des poids

IV
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moléculaires respectifs de 79.600 et 75.500. WfC-l a été séparée de WFC-2 par transfert

électrophorétique sur une membrane de PVDF. La composition en amino-acides de

WFC-I et WFC-2 étaient très proches.

Les collagénases du poisson ont été inhibées par des chélateurs de métaux,

comme l'EDTA et la 1,1 O-phénanthroline, suggérant que ces enzymes étaient des

métalloprotéases. L'activité enzymatique en présence d' EDTA et de 1,1 O-phenanthroline

a été récupérée, respectivement, après l'addition d'ions calcium et d'ions zinc. L'addition

de quantités plus élevées de ces ions métalliques a inhibé l'activité des isoenzymes. Le 2

mercaptoéhanol et le dithiothreitol étaient également des inhibiteurs de l'activité

enzymatique.

v
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CONTRIBUTION TO KNOWLEDGE

Electrophoretic blotting had been used to isolate proteins for sequencing and/or

amino acid analysis and to my knowledge this is the first time that this method

was used to transfer winter flounder skeletal muscle collagenase isoenzymes

from Tris-glycine gels onto the PVDF membrane for amino acid analysis.

2 The fish collagenases were shown to be metalloenzymes. i.e.. inhibited by metal

chelators in contrast to the reported crab collagenases which were serine

proteases.
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Chapter 1

INTRODUCTION

The term "collagenase" was tirst used in 1927 by Ssadikow to refer to a pancreatic

enzyme which cleaved denatured collagen. However, this enzyme could have been any

other protease capable of degrading denatured collagen. Collagenases are highly specitie

enzymes from prokaryotes and eukaryotes capable of cIeaving the main body chain of

native collagen at physiological pH and temperature (Harper. 1980). The group of

eollagenolytic enzymes which satisfies this detinition was tirst isolated from several strains

of Clostridium histolyticum in the 1930's and shown to digest native horse Achilles tendon

at 37°C for 3 - 4 days (Mandl, 1961). In the following years, several microbial species

were shown to produce collagenolytic enzymes. Since sorne of these microorganisms are

pathogenic, investigators have suggested that collagenolytic enzymes maybe involved in

microbiaI pathogenicity (Harper, 1980).

Vertebrate collagenase was tirst detected in tissue culture of bullfrog tadpoles

(Gross and Lapiere, 1962). Further investigations in the following years led to the

isolation of collagenolytic enzymes from mammals (Eisen et al., [968: Jeffrey and Gross.

1970: Werb and Reynolds, 1975: Gillet el al.. 1977), crustaceans (Eisen and Jeffrey. 1969.

Eisen et al.. 1973: Baranowski et al., 1984~ Nip et al., 1985) and fish (Yoshinaka et al..

1978: Kim et al., 1993). Vertebrate collagenases are ubiquitous enzymes which are

closely associated with ail types of collagen in a wide variety of tissues. frequently bound

to collagen fibers, reticulum and basement membrane. Based on this association and their

activity, it is assumed that these enzymes play a role in the metabolism of connective

tissues (Montfort and Perez-Tamayo, 1975: Pardo and Perez-Tamayo. 1975).

Furthermore, vertebrate collagenase is believed to play an important role in cell migration

and collagen remodeling during tissue repair and regeneration (Agren et al., 1992). On
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the other hand. collagenolytic enzymes from the hepatopancreas of shellfish and digestive

tract of teleosts probably play a nutritional role. Several fish and shellfish are carnivorous.

thriving on animal tissues frequently containing collagen. Yoshinaka el al. (1978)

demonstrated a correlation between collagenolytic activity and the diet of the fish. the

enzyme activity was higher in the carnivores feeding on diets rich in collagen than

omnivores and herbivores. [n a similar manner, fiddler crabs scavenge on tissues usually

containing collagen, thus collagenolytic activity in the digestive system of these organisms

would facilitate breakdown and absorption of their diets.

The tirst hints of collagenase activity in fish probably dates back to the 1960'5

when women working in fish canneries showed signs of collagenolytic attack on their

hands (Mandl. 1961). Collagenolytic enzymes from the fish skeletal tissues may had been

responsible for this attack.

[n the living organism. there is a control mechanism to regulate enzyme activity

Upon death of the animal, there is a breakdown of the control system such that

biochemical activity continues unregulated causing changes in the tissues. [n tish and tish

products, texture is an important quality attribute that has to be maintained during storage

Several studies have shown that fish meat begins to soften after a day of chilled storage

(Hatae el al., 1985; Toyohara and Shimizu, 1988~ Montera and Borderias, 1990a~ Oka el

al.. 1990~ Toyohara et al.. 1990). It has been demonstrated that collagen. a major

component of the skeletal muscle connective tissues, contributes to tish meat texture

(Hatae et al., 1986~ Sato et al., 1986). During ice/chilled storage of fish, degradation of

collagen may occur which may eventually result in mushiness of the fish tissues. Softening

of the fish tlesh is a common problem which usually results in major losses ta the tishing

industry. Earlier studies attributed this particular type of spoilage to microbial activity,

however, severa! investigations refuted this observation. Angel et al. (1985) showed that

there was no correlation between the number of proteolytic bacteria (Flavobacterium and

Pseudomonas) and texturai changes in the prawn muscle leading them to suggest that

2
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mushiness may have resulted from the activity of enzymes from the cephalothorax of the

pra\vn. In a similar study, Lindner el al. (1988) also suggested that mushiness of prawn

stored in ice was probably caused by the diffusion of collagenolytic and other proteolytic

enzymes from the autolyzing hepatopancreas. In blue grenadier texture deterioration was

traced to the structural breakdown of the fine collagenous fibrils which connect the muscle

fibers to the myocommatal connective tissue (Bremner and Hallett. 1985). Similar

structural degradation was detected in spotted trevalla (Bremner and Hallett. 1986).

Endogenous collagenases and/or other proteases were also implicated in these tibrillar

destruction (Bremner and Hallett. 1985: 1986). The role of other endogenous proteases

in the softening of fish tissues during low temperature storage has also been suggested by

several other workers. Several types of cathepsins isolated from the skeletal tissues have

been implicated in the softening of the fish flesh (Reddi et al.. 1972: Doke et al.. 1980:

Makinodan el al., 1985: Busconi el al., 1989: Jiang et al., 1992: Yamashita and

Konagaya, 1992a, 1992b).

The fish industry is one of the important food industries in Canada and other

countries. Despite the availability of the different post harvest handling techniques, the

industry still encounters a number of problems, one of which is the softening/deterioration

of the fish fresh texture during chilled storage. Texture deterioration lowers the general

acceptability as weil as the market value of the fish and fish products.

A clear understanding of the factors which contribute to the structural

deterioration of the fish muscle is important for developing more effective preservative

strategies. Even though the influence of pH, microbial activity and physicaVmechanical

factors in inducing texturaI deterioration in fish and shellfish have been thoroughly

investigated. there is a paucity of information regarding the presence and role of

collagenolytic enzymes in the skeletal muscles of fish. Texture deterioration of fish due to

the breakdown of connective tissues by endogenous collagenolytic enzymes has been

suggested by a number of investigators. Thus, there is a need to establish the presence of

3
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collagenolytic enzymes in the skeletal muscles of tish and elucidate the raIe of these

enzymes in the structural breakdown of fish tissues. Hence this study will be based on the

hypothesis that there is/are collagenolytic enzyme(s) in skeletal muscles ofwinter tlounder

If the above hypothesis is proven then proper post harvest handling and low temperature

storage techniques can be devised to preserve the desirable texture of the fish.

Winter flounder. Pseudoplellrollec:tes americ.:allllS. is a bottom dwelling fish. living

from the tideline to one hundred feet. and found mainly in the Atlantic coast of North

America. This fish species thrives on bottom dwelling crustaceans. molluscs and marine

worms. Winter flounder wruch supports one of the most important commercial tlounder

fisheries in the United States are known as blackbacks when the size is 3 1
/2 pounds or less.

and are marketed as lemon sole when over 3Y2 pounds (Faria. (984). The fish tolerates

low temperature weil since it produces an "antifreeze" in the blood during winter. In this

study, the tish samples were obtained from Moncton. New Brunswick, where the daily

mean temperature during winter ranged from -2.4°e to -8AoC and for the rest of the year

from 2.1 oC to 19.1°C (Canadian Climate Program. (993). Cathepsins had been detected

in the muscle ofwinter flounder (Reddi et al., 1972). however. there is a dearth of data on

the presence of collagenolytic enzyme(s) in the fish flesh and its (their) raie in the

postmortem fish flesh softening.

Objectives

The primary objective of this study was to [solate collagenolytic enzyme(s) from

winter flounder (Pseudoplellronectes americallus) and ta characterize the enzyme(s) with

respect ta their responses to pH, temperature, inhibitors, as weIl as their kinetic and

thermodynamic properties. Determination of these properties would provide basic

knowledge which could be useful in finding/evoiving methods ta prevent undesirable

postmortem texturai changes resulting from the action of these enzymes.

4



(

(

(

The specifie objectives were:

(i) To isolate collagenolytic enzymes trom the skeletaI muscle of winter flounder.

P. americalllls~

(ii) To purify the collagenolytic enzymes 50 as to remove other enzymes and other

contaminants which may influence their activities and properties~

(iii) To characterize the purified enzymes based on their response to pH.

temperature and inhibitors~

(iv) To determine the kinetic and thermodynamic properties of the fish

collagenases:

Cv) To determine the amino acid composition of the fish collagenases.

5
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Chapter 2

LITERATURE REVIE\V

2.1 Introduction

Microorganisms. have been implicated in the spoilage of fresh seafoods during

postharvest handling and storage of fishlshellfish. These microorganisms utilize various

substrates. e.g. protein. amino acids. etc. producing metabolites/products which cause

undesirable changes in the flavor, odor and color of fishlshellfish. Proteolytic

microorganisms, e.g., Pseudomonas and F/avobaclerium were also thought to be involved

in the texturai deterioration of fishlshellfish during cold storage. ho\vever. studies sho\ved

that there was no correlation between the number of proteolytic bacteria and freshwater

prawn muscle degradation (Angel et al., 1985). Purging of freshwater prawn did not

prevent the development of mushiness during ice-chilled storage (Nip el al.. 1(85).

Baranowski el al. (1984). Angel et al. (1985) and Lindner et al. (1988) suggested the

possible raie of collagenases and other proteases on the texturai deterioration of shelltish

during ice-chilled storage. Thus, the focus of this study was to establish the presence of

collagenase(s) in the skeletal tissues offish.

The integrity of the texture of fish skeletal muscle is influenced by a number of

factors, mainly by the amount of connective tissues which give support and strength ta the

muscle, as well as the endogenous proteolytic enzymes which can cleave/attack these

connective tissues, and myofibrillar proteins resulting ta the graduaI disintegration of the

fish skeletal muscles, and finally mushiness. Collagen, a structural protein is one of the

main connective tissues found in the muscles of vertebrates. The collagen content of

mammals and birds are generally higher than those of fish. Terrestrial animais require

more and stronger connective tissues ta support and maintain their muscles, whereas,
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bodies of aquatic species are supported by water (Hultin, 1985). A combination of these

tàctors, i.e., lower collagen content and higher activity of endogenous proteolytic enzymes

makes fish muscle more susceptible to texture deterioration than birds and mammals

during processing and/or cold storage. Collagenases, i. e., tissue collagenases are highly

specifie enzymes that cleave peptide bonds in the triple-helical regions of collagen.

otherwise collagen is very resistant to enzymatic attack (Stryer. 1988).

2.2 Collagen, structure and function

Connective tissues are present in ail multicellular organisms, occurring in various

forms, each having its physiological function(s). The three main roles of connective

tissues are to give mechanicai strength to organs, to provide a framework for movement

and to promote the right environment for cell growth and proliferation (Bailey and Light.

1989).

The connective tissues in animais are classified as skeletal tissues and soft tissues.

The soft connective tissues refer to the skin, tendons, blood vessels walls and the

basement membrane. These connective tissues vary in composition but the major protein

common to ail is collagen.

Collagen belongs to a family of fibrous proteins present ln ail multicellular

organisms. It is found in the skin, bone, tendon, cartilage, blood vessels, teeth and other

organs of mammals, and serves ta hoId the ceIls together in discrete units (Stryer, [988).

Collagen constitutes about one-fourth of the total weight of mammals (dry weight)

(Stryer, 1988) and about 30% ofits total protein (Veis, 1970). It aiso has a directive role

in developing tissues, i.e., tissues undergoing growth and remodeling (Stryer, 1988). [n

muscles, connective tissues comprise a small part yet they play a significant role in the

physioIogicai function of the muscle and in determining the eating quality of meat (Bailey

and Light, 1989). In fish muscle, collagen exists mainly as fibrous sheets called

7
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myocommata which surrounds the blocks of muscle tissue called myotomes (Kimura el.

al.. 1988).

The term "collagen chains" refers to a set of homologous polypeptide chains

(called a-chains). each of which exhibits a molecular weight of about 95,000 and each of

which is characterized by the presence of the typical Gly-X-y repeating sequence

throughout the 90% or more of its entire length (Miller and Gay, 1982). The residues X

and Y can be any amino acid, except glycine, frequently praline and hydroxyproline,

respectively (Bailey and Etherington, 1980). The presence ofthese pyrrolidine residues at

highly regular intervals induces the polypeptide chain to take up a polypraline II helix

rather than the usual a-helix of globular proteins (Bailey and Etherington. (980). Thus.

proline is a major element in stabilizing this conformation. Hydroxylation of proline and

other amino acids e.g.. lysine has been observed in different types of collagen. The degree

of hydroxylation varies among types of collagen. thereby inf1uencing their propel1ies.

Nonhydroxylated collagen has been observed to be less stable than normal collagen. e.g.,

the melting temperature is 15°C lower (Berg and Prockop, 1973). Hydroxyproline, the

imino acid which is almost confined to the Y - position is important in giving stability to

triple helix at physiological temperatures (Berg and Prockop. 1973). Hydroxylysine

another unusual amino acid appears ta have a dual function. It is not only involved in the

cross-linking mechanism (Bailey and Robins, 1973), but it also carries the carbohydrate

groups of collagen (Spiro and Spiro. 1971). Vertebrate collagens contain signiticant but

highly variable levels of covalently linked carbohydrate, thus they can be designated as

glycoproteins (Miller, 1984). The carbohydrate units consist either of a galactose residue.

a-D-galactopyranosyl hydroxylysine, or of the disaccharide, a-D-glucopyranosyl-( 1~2-p

D-galactopyranosyl hydroxylysine (Spiro. 1967). The linkage to the protein is achieved

through an acetal bond between the C-l of the pYranose from the galactose and the

hydroxy group of hydroxylysine (Miller, 1984).

8
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Three collagen chains each in the form of a left-handed polyproline-type helix

make up the collagen molecule. The rod-like collagen molecule is about 1.5 nm in

diameter and 290 nm in length and is stabilized by interchain hydrogen bonds and by

interactions of the radially extending amino acid residues with water molecules (Sikorski

el al., 1984). These collagen molecules aggregate into collagen fibrils which tinally forro

into the collagen fibers (Fig. 1). Newly synthesized aggregates of collagen tibrils are

stabilized by ionic and hydrophobie bonds, whereas, older aggregates are stabilized by

covalent intermolecular cross-links (Sikorski et al., 1984).

The ionic and hydrophobie bonds which maintain the precise alignment of collagen

fibers are not responsible for the tensile strength of collagen (Bailey and Etherington,

1980). The high mechanical strength or stability of collagen fiber is due to the formation

within the fibers of intra- and intermolecular cross-links (Bailey and Light, 1989). There

are three distinct mechanisms involved in both the intermolecular and intramolecular

cross-linking of collagen molecules. First, is the formation of the disulfide bonds which

are confined to the cysteine-containing collagen, i.e.. types III and IV. Second. is the

formation of divalent bonds which link two collagen chains of the same or ditferent

molecules formed from lysine or hydroxylysine aldehydes. The third mechanism is the

formation of more complex bonds which involve the linking of two a chains together from

the simpler reducible divalent bonds (Bailey and Light, 1989).

2.3 Types of collagen

Differences in the chemistry of collagens from various tissues have been observed

and the five types that had been identified and found ubiquitously distributed throughout

the connective tissues of mammals are presented in Table 1. Type 1 collagen, the most

common type, is a heteropolymer composed of two identical and one different chains

while Type II and Type III are homopolymers having three identical chains (Bailey and

9
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Fig. 1. Diagrammatic representation of the structure ofthe collagen fibre, depicting the
typical repeating anùno acid sequence, the triple helix of three polyproline type
helices, and the quarter stagger-end overlap a1ignment of the molecules in the fibre
(Bailey and Etherington, 1980).
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Table 1. Isomorphic forros of collagen*

Type Molecular Tissue J-bydroxyproline Hydroxylysine Carbohydrate
composition distribution content content h)'1 rox~'lysine

residuesllOOO residuesllOOO 0/0 elvcos'tlatÎon
1 [al( 1)ha2 Tendon. bone 1 6-8 20

dentine. dermis

II [a.IIb Cartilage. \itreous 2 20 - 25 50
homour.
invertebral discs

III [a. nIb Fetal dennis. 1 6 - 8, L5 - 2u
cardiovascuJar
system. synovial
membrane.
viscera. muscle

IV Possibly [aIVb Basement 10 60 -70 SO
membrane. [ens
capsule and
kidney glomeruli

Two different a. 5 - 10 60 -
chains

Placental
membrane. lung

V [al2aA Placenta! 2-3 6-8 -
membrane.
cardiovascular
system. lung:
minor component
of most tissues

*Bailey and Etherington (1980)
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Etherington. 1980). Type 1 collagen is concemed with mechanical support, whereas, type

III collagen is present in the more flexible tissues (Miller et al., 1976). Type IV collagen

which is associated with membranes has been reported to have three identical chains

(Kefalides, 1971), has several different a-chains, and a short collagenous section

interspersed with glycoprotein (Spiro. 1972). The presence of more than one type of

chain (Glanville el al., 1979) and the presence of two more molecules have also been

reported (Bailey et al.. 1979). Type V collagen. a basement membrane - associated

collagen is generally believed ta be made up of two identical and one chemically different

chain (Bentz et al., 1978). As mentioned earlier, the levels of carbohydrate in collagen

varies for a given type of collagen from various sources, and for different types of

collagen. Types 1 and III collagen chains have the lowest levels of carbohydrate (0.5 

1.0%), whereas, types II. IV and V have more, from 60/0 in cd(II) to approximately 150./0

in aI(lV) (Miller. 1984).

Recently, other types of collagen referred to as types VI, VII, VIII. IX, X and XI

were identified. Type VI collagen found in the extracellular matrix of vascular system.

cartilage, comea and perimysium of muscles has filaments which are not cross-linked by

the usuaI collagen cross-links. Type VII collagen molecule which may occur in the

endomysium is 1.5 times longer than the fibrous collagen. Types VIII, IX, X and XI

which have been found in the epithelia. arteries and cartilage have the basic triple helicaI

structure with greater or lesser proportions of non-triple helicaI peptides (Bailey and

Light, 1989).

2.4 Collagen in fish, mammals and avian

In the animal kingdom, the main function of the muscle is locomotion. yet there are

differences among muscles of the same animal and among different species. These

differences are very obvious when fish muscles are compared with those of the mammals

12
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and birds (Hultin. 1985). The observed differences are due to the fol1owing tàctors:

fi rstly, fish do not require extensive and strong connective tissues to maintain and support

their muscles since the fish body is supported by water; secondly, most fish of commercial

importance are poikilothennic. and they live in cold water (Hultin. 1985). Thus.

properties of their muscle proteins may differ from those of the wann blooded animais.

Thirdly, due to the unique movement of fish the structural arrangement of their muscles

differ from those ofbirds and land animais (Hultin. 1985).

The collagen content of red meat is generally ! 0 times higher than that of fish t1esh

(Sikorski et al., 1984), although Jacqout (1961), had reported that connective tissues of

cartilaginous fish species approximated that of land animais. For instance. cattish and

dogfish had 7% and II % of connective tissues, respectively. These values are close ta

those reported for mammals, like rabbit (15%), caule (8 -200/0), and white rat (7~/à). On

the other hand, bony fishes had lower levels of connective tissue in the tlesh. e.g., 2% for

halibut, 3 - 5% for haddock and 5% for cod (Jacqout, 1961). Recent investigations have

shown that the collagen content of the muscle in the dorsal part of the body varied in fish

species, ranging from 1.6% to 12.4% of the total protein (Hatae et al.. 1986: Sato el al..

1986). Furthermore, it has been observed that the firmness of raw fish meat increased at

higher collagen content. AJso different muscle parts of fish contain varying levels of

collagen, e.g., carp white muscle contains 3.0 g collagen/lOO g protein and the dark

muscle contain 8.6 g coIlagen/ 100 g protein (Kimura et al., 1979). Collagen content is

also influenced by the season, i.e., period of maturation, period of starvation, etc. For

instance, maturation and starvation have been related to increased collagen content in

certain species of fish (Love el al., 1976). However, the increase could be relative and

may have partly resulted from other constituents being preferentially utilized (Thomson

and Farragut, 1965). During period of starvation, fish albumin and myofibrillar proteins

are degraded, however, the connective tissues are not. Thus during starvation, the

proportion of collagen to total protein increases. However, the same reason could not

13
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explain the thickening of the skin of herring during starvation (Hughes. 1963 ). [n the case

of cod. collagen content varies throughout the year (Love el al.. 1976: 1972b). Lavety

and Love (1972). reported that cod myocommata increased in mechanical strength with

starvation. In a similar study Love et al. (1976) showed that cod myocommata thickened

during starvation. During this period the breaking strength of myocommata tissue is

greater suggesting more intermolecular cross-linking in collagen. however, the new

collagenous layer did not differ in molecular shape. amino acid composition. imino acid

stabilization or intramolecular cross-linking (Love el al., 1976). Similar observations have

been noted during sexual maturation of fish. According to Sikorski et al. (1984) at this

stage there is thickening of the connective tissue. then a thinning away in the fol1owing

season of intensive feeding. Many reports have also shown that in herring the proportion

of collagen to total protein increased during the period of maturation (Love. 1980).

Age also influences the collagen content of fish. Younger fish have a lower

percentage of insoluble collagen than older fish (Ramshaw el al.. 1988). [n trout. except

for the very old ones. collagen content generally increases with age (Montero and

Borderias. 1990b) and in cod. myocommata increased in thickness with fish gro\Vlh (Love

el al.. 1972b). Cross-linking of collagen in trout increased with size of the tish (Nlontero

and Borderias. 1990b). In rockfish (Sebasles sp.), the high level of cross-linking could be

due to the longevity of the fish (Bogason. 1984).

So far, only two types of collagen, i.e., Types 1 and V have been isolated from the

skeletal muscle of various fish species. Type 1 collagen was found in eel, mackereL saury

salmon, carp (Kimura et al.. 1988), hake and trout (Montero et al.. (990) while Type V

collagen was isolated from the skeletal muscle of mackerel, carp, lizard fish. Japanese eeL

sturgeon spotted shark and rainbow trout (Sato et al.. 1988).

Collagen in mammals. birds and fish show certain similarities. in terms of type and

composition. Mammalian and fish collagens contain similar amino acids in approximately

the same proportion. although quantitatively there is a wider range of composition among

[4
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Table 2 shows the amino acid composition of collagen from fish and mammalian sources.

Fish coIIagens have lower hydroxyproline content than mammalian coIIagens. The lower

Table 2. Amino acid composition of fish myocommata coIIagen 1 (residues/ 1000 residue).

Bovine L.
Amino acid Cod Catfish Hake dorsi

intramuscular
connective

tissue2

3-hydroxyproline
4-hydroxyproline 40.7 39.5 41.2 109
Aspartic acid 42.3 37.6 39.1 34
Threonine 25.8 25.4 30.2 17
Serine 62.9 64.2 48.3 36

( Glutamic acid 82.2 72.2 81.7 83
Proline 87.6 79.2 91.5 113
Glycine 313.6 311.8 323.1 336
Alanine 106 92.7 118 107
Valine 26.1 25 24.4 25
Methionine 20.4 19.2 20.6 5
Isoleucine 18.6 14.5 15.6 12
Leucine 32.3 27.6 28.0 25
Tyrosine 6 3.6 4.3 ...

.J

Phenylalanine 14.5 14.4 15. 1 14
Hydroxylysine 8.2 27.6 6.7 8
Lysine 39.6 48.8 38.4 ., ...

--'
Histidine 16.3 40.4 12.7 54
Arginine 59.1 56.5 61.3 45

1Yamaguchi et al., (1976)~ 2Mclain et al.. (1971)

(
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hydroxyproline is accompanied by an increase in the threonine and serine content in the

fish collagen. Thus, despite the reduced hydroxyproline in the fish collagen. the total

number of the hydroxy group is similar to that of the mammalian collagen. Studies have

shown that fish muscle collagen has a higher biological value than bovine muscle collagen.

as indicated by the higher content of essential amino acids in the former.

Like mammalian collagen. however, fish collagen also contains carbohydrates.

Most of these carbohydrates are Iinked o-glycosidically to hydroxylysine residues. mainly

as glucosylgalactosylhydroxylysine residues (Sikorski el al.. 1984).

Collagen in fish is confined mainly in the muscles, the skin, fins and the skeleton.

with the muscles having the Iowest collagen concentrations. Being a major constituent of

connective tissues, collagen is assumed to play an important role in the mechanical

strength, integrity and rheological properties of the muscles and fillets. and the water

holding and gel-forming capacities of comminuted cooked products (Sikorski el al..

(984).

The muscles of tish are divided into myotomes which are separated by thin

membranes referred to as the myocommata. The myocammata is made up of connective

tissues the amaunt of which increases with respect to the myotomes towards the tail

region (Sikorski el al.. 1984). The myotomes comprise of muscle fibers surrounded by

basement membranes which contain thin collagen fibrils.

2.5 Degradation of collagen

The degradation of native collagen is initiated by collagenase. a highly specitic

enzyme. The action of collagenase makes the collagen molecule an easy target for other

proteolytic enzymes like chymotrypsin. trypsin, cathepsin. etc.

The native collagen triple helix is highly resistant ta the action of most proteases.

however, the connective tissue cells synthesize a number of proteases capable of acting on
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collagen under physiological conditions (Bailey and Light. 1989). This group of proteases

includes aspartic. cysteine. metallo- and serine proteases. Arnong these enzymes.

collagenase. a zinc metalloendopeptidase plays a critical role. Collagenase cleaves aIl

fibrous collagen. cleaving types 1 and III at a faster rate than type Il. The action of this

collagenase is conforrnationally dependent. acting on the collagen triple helix at a definite

locus. between the Gly-Ile or Gly-Leu peptide bonds across aIl three peptide chains, but

has little action on the same site on individual alpha chains. This collagenase has no effeet

on non-fibrous collagen types IV and V (Bailey and Light. (989).

The rate controlling step in collagen degradation is the initial attaek by

collagenases (Harper, (980). These enzymes seem to make only one initial specifie

scission at the end of the collagen molecule. i.e.. Type 1 collagen (TC) and thus give rise

to two reaction products. a larger peptide (75% of the substrate) which is referred to as

TC.ob and a smaller peptide (25% of the substrate) referred to as TCB (Fig. 2). A

multienzyme degradation of the reaction products may follow to yield smaller peptides.

The presence of cross-linkages prevents the release of shorter fragments from the tibers.

and the activity of other enzymes on the non-helical regions becomes necessary to release

these trapped fragments. Hence, collagen degradation requires the joint action of

collagenase and at least another protease on the different sites of the collagen moleeule.

2.6 Proteolysis in food myosystem and post harvest fish flesh softening

Upon death of animais the muscle becomes an isolated structure and is converted

ioto meal. This conversion process is accompanied by a number of irreversible changes

which include a drop in pH due to lactic acid formation. stiffening of the muscle or of

rigor mortis due to the interaction of myosin heads and actin which becomes irreversible

because of loss of ATP. After a certain period the meat becomes flaccid and eventually

tender. The tenderization of meat/muscle food is associated with the dissociation of
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Fig. 2. Diagrammatic illustration showing c1eavage ofthe type 1 collagen molecule (TC)
by collagenase at 25°C. Two helical fragments, TCA and TCs, three quarters and
one quarter the length of the original molecule, respectively, are produced
(Woolley, 1984).

18



(

(

(

actomyosin complex., the loss of Z-disks~ denaturation of collagen and disintegration of

connectin (Robbins et al.. 1979~ Koohrnarie et al., 1986~ 1988). The resolution of rigor

and consequent flesh sofiening/tenderization is due to a series of degradative enzymatic

activity of neutral (cytoplasmic) and acid (lysosomal) proteases. The acid cathepsins

cause partial breakdown of the actomyosin complex, its anchoring proteins and other

intracellular proteins, and damage to the sarcolemma (Bailey and Light, 1989). The

cathepsins also degrade the connective tissues surrounding the muscle cells.

The postmortem proteolysis in mammals and birds is desirable due to increased

meat tendemess. an important quality attribute in mammals and birds. However.

postmortem softening of raw fish flesh is not desirable, since it is associated with

deterioration. While the process of fish tlesh softening is very rapid, tenderization in

mammals and birds occurs at much slower rates. The more tender texture and fast

deterioration of the fish skeletal muscle could be influenced by the lower stability of its

connective tissues, particularly collagen. Fish muscles have approximately one-tenth the

collagen content and fewer collagen cross-links than those of the land animais (Bracho and

Haard~ 1990: Cepeda et al.. 1990). The lower stability of the fish collagens compared to

mammalian collagens has been manifested in their lower shrinkage temperature. ease of

gelatinization, solubility in various alkalis and acids and susceptibility to enzymes (Eastoe.

1957).

The connective tissue of the myocommata and the collagen fibers forming the

endomysial reticulum are to a large extent responsible for the integrity of the muscles and

the normally smooth and glossy appearance of the fish fillet (Sikorski et al., 1984). Once

the myotomes are disconnected from the myocommata, gaping occurs. Gaping is a

phenomenon which occurs when the connective tissues fail to hold the muscle blocks (and

fibers) together (Love et al., 1969). Endogenous proteolytic enzyme activity may also

play an important role in gaping. This phenomenon is characterized by the formation of

slits and holes and possible disintegration of the fish flesh during filleting and skinning
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operations. The species and size of fish influence gaping. Love el al. (1969) obsen.:ed

that roundfish were more susceptible to gaping than tlatfish. After 20 h post-mortem, they

found haddock to be most susceptible to gaping, followed by cod. saithe. redfish. halibut

and sole. On the other hand. catfish and skate were resistant to gaping (Love el al..

1969). Fillet thawed from smaller fish was observed to gape more than those from bigger

fish with the same ultimate pH in the muscles. This observation could be explained by the

fact that bigger fish have thicker myocommata which can resist greater strain (Love el al..

1972a).

2.7 Major enzymes implicated in fish flesh softening

The activities of several enzymes have been demonstrated in the skeletal muscle of

various fish species. In live fish the activities of these enzymes are regulated/controlled by

naturally occurring inhibitors or other proteases. When the fish dies. endogenous enzymes

remain active. With the enzyme regulatory mechanism broken down, endogenous enzyme

degrade muscle tissues causing undesirable changes in the fish. Cathepsin activities in the

fish muscles are approximately 10 times greater than in mammals and possibly contribute

to the postmortem softening of the fish tissues (Seibert and Schmitt. 1964). In recent

years Iysosomal proteolytic enzymes particularly cathepsins isolated from seafoods. have

been implicated in the texture deterioration of fish (Konagaya, 1985a~ Makinodan el al..

1985: Busconi et al., 1989: Yamashita and Konagaya, 1992a~ 1992b). Cathepsins D. E

and L were shown to be present in the muscle of chum salmon, rainbow trout, carp. red

sea bream and horse mackerel (Yamashita and Konagaya, 1992a). Cathepsins 0 and E are

acidic proteases with optimum pH at 3.4 and 2.8, respectively, while cathepsin L exhibits

optimum activity at pH at 5.7. These cathepsins have been shown to degrade myofibrillar

proteins and eventually cause softening of the fish flesh. It has been suggested, however.

that autolysis of fish muscle and its eventual degradation is mainly due to cathepsin L
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activity, since the optimum pH of cathepsins 0 and E are far below the physiological pH

of the fish (Yamashita and Konagaya, 1992a). It is worth ooting that the activity of

cathepsin 0 still persists at higher pH values although at much reduced rates and its role in

texture deterioration couId therefore not be readily discounted. It was observed in

salmon. that during spawning the mature fish has very high cathepsin 0 activity and the

fish tissues autolyze drastically (Konagaya. 1985a~ 1985b). Cathepsin 0 found in the

muscle of freshwater fish Tilapia mosambica (Doke et al.. 1980) and Ti/apia nilo/ieu

(Jiang el al.. 1992) also participate in the texturai degradatioo. Cathepsin 0 from the

lysosomal extracts of Ti/apia llilo/ica caused fragmentation of myofibrils isolated from the

muscle of the same fish, at 4°C, pH 5.5 - 6.5 for three days. Maximum proteolysis by

lysosomal enzymes was at pH 6.5. Cathepsin 0 from T. mosambica which has optimum

pH at 2.8 - 3.8 with hemoglobin as substrate, also showed maximum degradation of

endogenous sarcoplasmic proteins at pH 5 (Doke e/ al., 1980). Cathepsin 0 from the

skeletal muscle of winter tlounder (Reddi e/ al., 1972) and carp muscle (ivlakinodan el

al.. 1982) were also implicated in the texture degradation of these tish species. A

proteinase with characteristics similar to cathepsin E isolated from albacore (Groninger.

1964) and a trypsin-like serine proteinase in the muscle of white croaker (Busconi (lI al..

1989) also acted on the skeietal myofibrils of these fishes.

The role of other enzymes aside from the proteases in the texturai deterioration of

fish has been suggested. A lipase isolated from rainbow trout muscles (Geromel and

Montgomery, 1980) and phospholipase A from pollock muscles (Audley el al.. (978)

liberate fatty acids which can react with the proteins. According to Love and Elerian

( 1964) Anderson and Steinberg (1964), the liberated fatty acids may interact directly with

muscle proteins causing denaturation and adversely changing the water holding capacity

and texture of the meat.

Collagenases which have regulatory roles, i.e., tissue remodeling and repair in the

living orgamsms may cause considerable postmortem degradation of the connective
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tissues. Several investigators have suggested the participation of collagenase(s) in the

texture deterioration of fish/shellfish. The diffusion of collagenolytic and proteolytic

enzymes from the hepatopancreas of prawn was suggested to cause mushiness of the

skeletal tissues (Lindner et al.. (988). In blue grenadier. the activity of endogenous

collagenases and other proteases was implicated in the disintegration of the fibrils which

attach the muscle fibers to the myocommatal connective tissue sheets of the fish (Bremner

and Hallett. (985). Similarly. degradation of the tissues in rainbow trout was traced to the

degradation of nonhelical regions in type V collagen (Sato et al.. (991).

Belly burst in fish like capelin (Gildberg. 1978: Gildberg and Raa. (979). herring

and sprat (Marvik. 1974) is a phenomenon particularly observed when fish is caught

during intense feeding period. This is characterized by connective tissue breakdown. a

result of the activity of digestive enzymes which difiùsed into the surrounding tissue

during storage (Gildberg. (978) .

2.8 Collagenases, definition and characteristics

Collagenases (E.C. 3.4.24.7. for vertebrate collagenase) are enzymes that catalyze

the hydrolytic c1eavage of undenatured collagen (Seifter and Harper. (970). A true

collagenase should digest native collagen molecules (cleave the main body helix) at

physiological pH and temperature below the thermal denaturation temperature of the

substrate (Harper, (980). According to the Enzyme Commission classification system.

collagenases are highly specifie for collagen (native or denatured) and are without activity

on any other protein (Barman. 1969). If the collagen molecule is denatured it becomes

susceptible to hydrolysis by other proteases.

True collagenases attack soluble collagen at one specifie site (Gly-Ile: Gly-Leu),

producing two characteristic products, the N-terminal 3/4 fragment and the C-terminal 1/4

fragment (Woolley, 1984) as shown in Fig. 3. Collagenase action on Type l collagen
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Fig. 3. Cleavage site ofamino acid sequences in the region for chick skin crl(l) and

skin calfa2(O chains ofcollagen (Gross et al., 1980).
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molecule results in cleavage of a Gly-Ile peptide bond of the al (1) chain and a Gly-Leu

bond in the a.2(I) chain (Gross et al.. 1980). The al(II) chains of cartilage collagen are

cleaved at Gly-I1e bond. while cr 1(III) chains are attacked at Gly-Leu bond (Miller et al.

1976: Gross et al.. 1980). It appears that the minimum specific sequence required tor

collagen cleavage is Gly-Ile-Ala or Gly-Leu-Aia (Woolley. 1984).

CoUagenases from various sources exhibit slight differences In their physico

chemical properties. Microbial collagenases are stable over a wide pH range. For

instance. Vihrio B-30 collagenase with optimum activity at 37°C and pH 7.6 is stable at

pH 4.4 - 7.4 (Merkel and Dreisbach. 1978) and Cytophaga sp. with optimum pH of 7 5 is

more stable at pH 6 - 8 (Sasagawa et al.. 1993). The same enzyme has optimum

temperature of 30°C and stability at 15 - 40°C. Collagenase from Baeil/us alvei has

optimum pH of 4.0. 6.0 and 7.0 (Kawahara et al.. 1993). Pig synovial collagenase with

optimum pH at 7.5 - 8.5 is stable at pH 6.5 - 9.0 (Tyler and Cawston. 1980) while rabbit

tumar collagenase has an optimum pH range from 7.0 - 9.5 (McCraskery et al.. 1975).

Collagenolytic enzymes from 6sh and shellfish exhibit optimum pH similar to those

of collagenases from microorganisms and mammals. A collagenolytic enzyme determined

to be a serine protease trom crab hepatopancreas has an optimum pH of approximately 8.0

and is stable at pH 6 - 9 (Eisen et al.. 1973). A collagenolytic enzyme from freshwater

prawn has an optimum activity at pH of 6.5 - 7.5 and 37°C (Nip et al.. (985). while

collagenase from file 6sh was most active at pH 7.75 and at 55°C (Kim et al.. 1993).

A wide range of molecular weights have been observed in collagenases from

ditferent sources. Collagenases from Clostridium histo(Vlicum have molecular weights

ranging from 68 kDa - 125 kDa (Bond and Van Wart. 1984a). ft~ angllil/arllm

collagenase has an estimated molecular weight of 35 kDa (Stenvag et al.. (993) and

Vibrio B-30 collagenase. a tetramer. has a molecular weight of 105 kDa (Merkel and

Dreisbach, 1978). A 120 kDa collagenase was isolated from C/ostridillm perfringen\'

(Matsushita et al., 1994). Mammalian collagenases, mostly tram tissue cultures, have
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molecular weights as low as 33 kDa - 35 kDa for collagenase from rabbit tumors

(McCroskery et al., 1975), and as high as 92 kDa for Type IV collagenase (Ogata el al..

1992).

Collagenolytic enzymes from shellfish have 10wer molecular weight than their

mammalian and microbial counterparts. For instance, a collagenolytic protease from crab

was found to be about 25 k.Da in size (Eisen et al., 1973). Collagenases from various

sources also exhibited different isoelectric points (pI), e.g., pH 4.8 for Cylophaxa sp

(Sasagawa el al., 1993) and -8.0 for rabbit synovial collagenase (Werb and Reynolds,

1975). Differences in properties could be due to differences in their chemical

composition, e.g., amino acid composition.

2.9 Sources of collagenase

Microorganisms, e.g., C/oslridium hislolylicunz (Gallop el al., 1957~ Debellis el

al., 1954) and Clostridium pelfringens (Mandl, 1961) are among the tirst known

producers of collagenolytic enzymes. Vertebrate collagenase was first observed in tissue

culture of bullfrog tadpole in serum-free media (Gross and Lapiere, (962). Mammals

(Jeffrey and Gross, 1970~ Eisen et al., 1968), and fishlshellfish (Eisen and Jeffrey, 1969:

Eisen el al., 1973~ Yoshinaka et al., 1978: Grant el al., 1980: Grant and Eisen, 1980:

Welgus el al., 1982: Grant et al., 1983~ Baranowski et al., 1984~ Nip et al., 1985: Kim el

al., 1993) are also producers of the enzyme.

Collagenases from higher animais appear to be elaborated by special celIs, e.g.,

lysosomes which are involved in the repair and remodeling processes, whereas, microbial

collagenases are usually extracellular (Seifier and Harper, 1970). In general, the

microorganisms producing collagenase are host-invasive, and presumably the enzymes

contribute to their pathogenecity by allowing the microorganisms to penetrate connective

tissue barriers (Seifter and Harper, 1970).

25



(

(

(

2.9.1 Types of collagenases

Collagenases from bacteria and vertebrates are metalloenzymes, i.e., they require

metal ions specifically both zinc and calcium ions for optimum activity and stability. They

are inhibited by chelating agents such as ethylenediaminetetraacetic acid (EDTA). and

1, 10-phenanthroline. The presence of zinc as a catalytic metal has been established in

collagenases from various sources. According to Seifter and Harper (1970) collagenases

from microbial, amphibian and mammalian sources are metalloenzymes having an intrinsic

metaI component, most likely zinc atom at their active site. Extracellular collagenolytic

protease from Baci//us cereus (Strain Soc 67) was shawn to have 1 mole of Zn/mole

enzyme (Makinen and Makinen, 1987). Collagenases from Clostridium histo(vlicllm were

found to have either slightly less or slightly more than 1 mole zinc ion/mole enzyme (Bond

and Van Wart, 1984a). A 120-kDa collagenase from Clostridillm perjri/lgen\; is also a

zinc protease (Matsushita et al., 1994). Achromobacter collagenase which showed a close

similarity to C. histolyticllm collagenase also has a metal ion at its active site (Lecroisey el

al., 1975). Human neutrophil collagenase has a catalytic zinc ion situated at the bottom of

the active site c1eft and it is pentacoordinated by 3 histidines and by hydroxamic acid

oxygens of an inhibitor. A second non-exchangeable zinc ion and two calcium ions are

also present and presumed to stabilize the catalytic domain (Bode et al., 1984). Rabbit

bone collagenase aiso contains zinc on its active site (Swann et al., 1981).

The influence of other ions, i.e., calcium (Seifter and Harper, 1970), cobalt

(Yagisawa et al., 1965) and magnesium (Takahashi and Seifter, 1970: Matsushita et al..

1994) on the collagenolytic activity of the enzymes have also been investigated. Among

these metals calcium ions have the most influence on the catalytic activity of collagenase.

Calcium ions are required for both the binding of the enzyme to the collagen substrate and

for full catalytic activity (Seifter and Harper. 1970). It appears that the calcium ion makes

the enzyme conform around the putative zinc atom such that the latter is chelated with
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two or three amino acid residues similar to that of the zinc in carboxypeptidase A. [f

calcium ion is insufficient. the protein conformation will vary. and possibly only one or

t\VO of the chelating positions of the zinc atom are occupied by amino acid residues of the

enzyme, leaving two or three positions around the zinc atom available to bind with other

substances. It can be assumed that one or two ofthese four positions normally bind(s) to

the substrate.

Interaction of a multifunctional inhibitor, e.g., cysteine with the enzyme in the

absence of calcium, resu[ts in stronger binding. Thus. the presence of calcium ions

reduces the efficiency of collagenase inhibitors. Addition of calcium reversed the

inhibitory action of EDTA on collagenase (Lecroisey et al.. 1975: Van Wart and

Steinbrink. (981). Calcium cauld be an inherent component of collagenase. Bond and

Wart (1984a) observed that variable quantities of calcium ions co-puritied \vith

collagenases from Clostridium histolytÙ.,llm. The amount of calcium bound to the

collagenases varied tram 2 atams to about 7 atoms per molecule. increasing in number

with increasing molecular weight of the enzyme (Bond and Van Wart. 1984a).

A second group of collagenases belong to the c1ass of serine proteases. This

group includes collagenases from crustaceans (Eisen et al.. 1973: Welgus et al.. 1981:

Grant et al., 1983: Baranowski et al., 1984: Nip et al.. 1985), sorne fungi and arthropods

(Keil, 1980). Unlike their mammalian counterpart this group of enzymes are not inhibited

by metalloenzyme inhibitors but are inhibited by phenylmethylsulfonyl fluoride (PrvISF). N

a-p-tosyl-L-lysine chloromethyl ketone (TLCK) and other serine protease inhibitors. The

activity of these collagenases is also enhanced by calcium ions.

2.9.2 Latent collagenases

CoUagenases trom various sources may be secreted in the active or latent form.

Latent collagenases refer to the precursors form of the enzyme in culture media of certain

27



(

(

(

cells or tissue explants or in tissue homogenates (Woolley. 1984). Collagenases isolated

from the tissues of multicellular organisms are usually in their zymogen forms. This group

of coLIagenases plays an important role in the remodeling of special tissues at specitic

times of development or physiological expression. The same group couId be involved in

the repair of damaged tissues. i.e., promote regeneration or healing ofbums or wounds.

Two inactive forms of collagenases have been found from various sources. the

procollagenase or zymogen fonn and the enzyme-inhibitor complex. The zymogen form

of collagenase has been detected in tissue cultures of tadpoles (Harper el al.. (971),

bovine gengiva (Birkedal-Hansen el al.. 1976), rat uterus (Woessner, (977), mouse bone

(Gillet el al., 1977: Sakamoto et al.. (978), human skin fibroblasts (Stricklin el al., 1977:

(978) and pig synovium (Cawston and Tyler, (979). Collagenase may be inhibited by

serum proteins or other components and thus exists as an enzyme-inhibitor complex

(Harper, 1980), as in the case of bovine gengival collagenase which exists in both inactive

forms (BirkedaI-Hansen et al., 1976: Stricklin et al., 1977).

Unlike the mammalian and amphibian collagenases, the enzymes isolated from

fiddier crab (Eisen and Jeffrey, 1969: Eisen el al.. (973) and freshwater prawn

(Baranowski el al.. 1984: Nip et al., (985) were active. These digestive collagenolytic

enzymes strictly play a nutritional function. There are speculations however, that during

coldlice storage. these group of enzymes may come in contact with the skeletal tissues of

the shellfish/fish causing tissue softening or degradation (Lindner et al.. 1988).

2.9.3 Activation of latent collagenases

Activation of latent collagenases may be achieved by the use of several proteases.

Incubation of bovine gengiva procollagenase with trypsin released the active enzyme

accompanied by a decrease of molecular weight from 80,000 to 60,000 - 65,000

(BirkedaI-Hansen el al., 1976). A decrease in the molecular weight (-77,000) of a
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precursor from the rat uterus when incubated with a naturally occurring activator. (serine

protease) in the uterus was concomitant with the appearance of an active enzyme with a

molecular weight of -60,000 (Woessner. 1977). Other proteases observed to convert

procollagenases to their active fooos include plasmin, kalikrein, chymotrypsin, and

cathepsin B (Eeckhout and Vaes, 1977).

Mercurials as weil as chaotropic ions were also used to release the active enzymes.

Maximum activation of latent pig synovial collagenase was achieved with the use of 4

aminophenylmercuric acetate and phenylmercuric chioride (Cawston and Tyler. 1979).

Collagenase from wounded tissues of pigs (Agren el al.. 1992) and type TV collagenase

l'rom humans (Kleiner el al., 1993) were aIse activated by aminophenylmercuric acetate.

Sodium thiocyanate had also been observed to activate complexes between alpha

2-macroglobulin and collagenase (Nagai, 1973~ Abe and Nagai. 1972).

Procollagenases may also be activated by physical means. such as freezing and

thawing as in the case of the latent coUagenase in embryonic chick skin organ culture

(Kawamoto and Nagai, 1976).

Spontaneous activation of the pig collagenase was also observed during

purification (Cawston and Tyler, 1979).

2.9.4 Collagenolytic enzymes from fisb/shellfish

Collagenolytic enzymes have been isolated from vanous fish/shellfish specles

including the fiddler crab, [Ica pugi/ator, (Eisen et a/., 1973~ Eisen and Jeffrey, 1969).

freshwater prawn, Macrobrachium rosenbergii, (Nip et a/., 1985~ Baranowski et a/.,

1984), and filefish, Novoden modestnis (Kim et a/., 1993). The extraction procedures

involved the use of soIvents like 0.05 M Tris-HCI, pH 7.4, with or without CaCI2

(Baranowski et a/., 1984~ Nip et a/., 1985) and of organic solvents like acetone (Eisen et

al., 1973).
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The collagenolytic enzyme from the hepatopancreas of fiddler crab, [Ica pllgi/ator.

was tirst extracted by Eisen and Jeffrey in 1969 with 0.05M Tris-Hec pH 7.4. containing

5 mM CaCI2. The activity of the enzyme on native reconstituted collagen at pH 7.5 and

37°C was linear with respect to time. The enzyme was also capable of reducing the initial

specifie viscosity of collagen solution by 55% in 3 h at pH 7.5 and 25°C without loss of

optical rotation. This indicates that the enzyme can cleave the native collagen helix

without producing denaturation (Eisen and Jeffrey, 1969). A similar observation was

made by Eisen et al. (1973) on the purified crab hepatopancreas collagenase. The

decrease in the viscosity of the collagen solution indicated changes, i. e.. cleavage in the

collagen structure which resulted to the production of fragments shorter than the a or ~

collagen chains, e.g., one-quarter length fragments. In a similar study. Eisen and Jeffrey

(1969) observed that the action of the crude collagenolytic enzyme on the collagen

molecule resulted to the production of three fragments which they identified as TC..\75.

TC.-\7û and TC..\67, corresponding ta 75%, 70%, and 67% of the molecular length from the

N-terminal end of the collagen molecule, respectively.

A comparison of the amino acid composition of collagenase from fiddler crab

hepatopancreas with microbial collagenases is shown in Table 3. The amina acid residues

of collagenases are given as residues/molecule assuming a molecular weight of 25,500 for

crab hepatopancreas collagenase (Eisen et al., 1973), 68,000 for al, 115,000 for ~.

79,000 for y!, 100,000 for Ô. 110,000 for E and 125,000 for ç collagenases from C.

histolyticum (Bond and Van Wart. 1984a).

Crab hepatopancreas collagenase shows properties similar ta microbial collagenase

e.g., C. histolyticum, hawever, it also exhibit properties not observed in the latter, e.g..

differences in pl, affinity to certain ligands, molecular weight, etc. Differences in certain

properties between the crab collagenase and other collagenases could be traced to the

differences in their amino acid composition.
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Table 3. A comparison of the amino acid composition offiddler crab hepatopancreas

collagenase and clostridial collagenases.

Residue/molecule
Amino acid Crab Clostridium histolyticum collagenases2

collagenase1

al ~ YI cS E "
"";l

Lysine 2 51 91 62 83 94 101
Histidine 5 6.1 17 13 19 21 22
Arginine 5 20 30 23 31 ........ 36.).J

Aspartic acid 29
Aspartic acid 90 156 98 13 1 144 160
+ Asparagine
Threonine 24 42 80 57 60 68 73
Serine 17 37 67 46 59 69 72
Glutamic acid 13
Glutamic acid 59 98 69 95 104 115
+ Glutamine
Praline 12 16 27 18 .... ., 38 47-'-
Glycine 28 56 92 60 61 73 99
Alanine 21 38 66 47 43 46 57
Cysteine 8 2.2 3.5 2.4 4.1 4.5 -l.5
Valine 20 3 1 -") "''') 38 42 62)- -'-
Methionine '" 3.7 8.0 4.9 9.6 12 15.J

Isoleucine 17 "'., 50 31 38 38 56.J_

Leucine 13 51 72 51 68 69 87
Tyrosine 8 43 70 52 68 75 78
Phenylalanine 8 30 51 37 36 39 34
Tryptophan 2

Total 235 608 1030.5 703.3 875.7 969.5 1118.5

1Eisen el al., (1973)~ 2Bond and Van Wart (1984a)
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The crab collagenolytic protease, both the crude extract and the purified enzyme

aiso exhibit properties similar to other serine proteases. The enzyme demonstrated

trypsinolytic and chymotrypsinolytic properties by degrading low molecular weight

synthetic substrates specifie for these proteases (Grant and Eisen, 1980~ Grant el al..

1983). Further degradation of the TC:\75 fragment after cleavage of collagen molecule by

the crude extract was attributed to the action of other proteases in the enzyme extract

(Eisen and Jeffrey, 1969). The crab hepatopancreas collagenase is inhibited by leupeptin

and Nu-p-tosyl-L-Iysine chloromethylketone but not by chymostatin and N

benzyloxycarbonyl-L-phenylalanine chloromethylketone (Grant el a/.. 1983). Ir is

however, not inhibited by chelators like EDTA.. l, 10-phenanthroline and cysteine which

are known inhibitors of Zn-containing collagenases from mammalian and microbial

sources.

The optimum pH for the enzyme is approximately 8.0 at 25°C with 14C-labelled

collagen fibrils as substrate. At pH values lower than 6.0, the enzyme loses activity which

is irreversible at pH below 3.5 (Eisen el al., 1973). The collagenolytic enzyme from

fiddler crab is an acidic protease having an isoelectric point less than 3 (Grant el a/..

1983). The molecular weights of the crab collagenases ranged from 25,000 - 25.700

(Eisen et al., 1973) and from 23,000 - 26,000 (Grant et a/., 1983 >, for crab collagenase [

and collagenase II, respectively.

Collagenolytic activity 10 the hepatopancreas of the freshwater prawn.

Ivlacrobrachium rosenbergii, was first described by Baranowski et a/., (1984). Aside

from collagenolytic activity, the crude enzyme extract showed slight trypsinolytic and u

chymotrypsinolytic activities, but no pepsinolytic activity. Similar to the crab collagenase,

the crude prawn enzyme extract may contain mainly collagenase with smaller amounts of

other enzymes or it can be an enzyme molecule containing multiple activities (Baranowski

et al., 1984).
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A related study on freshwater prawn collagenase conducted by Nip et af. (1985)

showed the enzyme to be maximally active at 37°C and pH 6.5 to 7.5 with insoluble

bovine collagen as substrate. The enzyme still retained its activity at ace. Exposure of

prawn tissue to the enzyme at ooe for 96 h caused increased hydrolysis of prawn collagen.

thought to be responsible for the texturai changes in prawn during ice-chilled storage.

A collagenolytic enzyme fraction was isolated from hepatopancreas of lobster.

Humanls americallus. through the successive steps of acetone and butanol precipitation.

followed by the suspension of the resulting powder in Tris-HCI butfer, pH 7.5. containing

5 mM CaCI2, ammonium sulfate precipitation, ion-exchange and gel filtration

chromatography (Chen, 1991). The semi-purified enzyme had a molecular weight range

from 15.000 - 66.000~ two pH optima of 4 and between 7 - 8 for the hydrolysis of bovine

insoluble collagen~ two temperature optima one at 25°C and the second in the range of 40

- 50°C. and the enzyme fraction was most stable at pH 8.0.

Collagenase was also isolated with ammonium sulfate from the internai organs of

filefish (Novoden modestrlls) and purified by ion-exchange chromatography (DEAE

Sephadex A-50) followed by gel filtration chromatography on Sephadex G-lSO (Kim el

al., 1993). The crude extract and the purified enzyme showed maximum activity at pH

8.0 and 7.75, respectively, for the hydrolysis of insoluble collagen. 80th fractions had

maximum activity at 55°C. Yoshinaka et al. (1978) also reported the presence of

collagenases in the digestive organs of certain teleosts.

2.10 Inhibitors of collagenase

Collagenolytic enzymes from vertebrates and invertebrates are inhibited by various

inhibitors, such as ethylene diaminetetraacetic acid (EDTA), 1,1 O-phenanthro1ine and

cysteine. These compounds have been shown to be effective against collagenases from

human skin (Woolley et al., 1978), pig synovium (Cawston and Tyler, 1979), rabbit tumor
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(McCroskery et al., 1975), rabbit bone (Swann et al., 1981) and microbial collagenases

from Baci/lus cereus (Makinen and Makinen, 1987), Vibrio angllil/anlm (Stenvag et al..

(993), C/ostridium histo/yticum (Van Wart and Steinbrink, 1981) and Vibrjo 8-30

(Merkel and Dreisbach, 1978). These inhibitors however, have very minimal effects on

the callagenolytic enzymes fram crab hepatopancreas (Eisen and Jeffrey, 1969; Eisen et

al., 1973). Rather, the collagenolytic activity of the crab protease was effectively inhibited

by serine protease inhibitors like diisopropylflourophosphate, phenylmethylsulfonyl

fluoride (PMSf), N-a-p-tosyl-L-Iysine chloromethyl ketone (TLCK) and saybean trypsin

inhibitor (Eisen el al., 1973; Eisen and Jeffrey, (969), suggesting that these crustacean

collagenases are serine proteases.

2.10.1 Chelating agents as inhibitors

There are two modes of action in which chelating agents can inhibit

metalloenzymes: (1) the chelator binds to the enzyme forming an inactive complex: (2)

the chelator detaches the functional metal ion producing an inactive apoenzyme (Vallee,

1960). If there is/are no irreversible conformational changees) in the apoenzyme upon

removal of the cation, adding back of the same cation ta the reaction will restore enzyme

activity (Whitaker, 1972).

Ethylenediaminetetraacetic acid (EDTA) forms strong complexes with divalent

cations and cations of higher oxidation states like Fe2
-, Zn2

-, Cu2
-, Coz-, Mnz-, Mgz.,

Ca2
"', Fe)· and Mo6

.... 1,10 phenanthroline aIso form stable complexes with certain cations,

particularly Zn2
'" and fe2

+, through coordination of the cation with the two nitrogen atoms

of the inhibitor. The effectiveness of these metal chelators as inhibitors depends upon the

relative stabilities of the complex of the cation with the inhibitor and with the enzyme

(Whitaker, 1972).

34



(

(

(

2.10.2 Thiot protease inhibitors

Thiol compounds, such as 2-mercaptoethanol. dithiothreitol and glutathione

effectively inhibited collagenases from vertebrates (McCroskery et al.. 1975~ Woolley el

al.. 1978: Tyler and Cawston , (980). Inhibition of enzymes by these compounds may

result from the reaction between the inhibitor and an essentiaI sulfhydryl, or a general

reaction with the sulfhydryl groups which could lead to enzyme denaturation (Whitaker.

(972), i.e. disruption of disulfide bonds.

2.10.3 Naturally occurring inhibitors

Collagenase activity In VIVO tS regulated by a number of naturally occurnng

inhibitors. A low molecular weight cationic protein from the aorta and cartilage was

found to inhibit collagenase from the marnmary carcinomas and osteosarcoma (Kuettner el

al., (977). Ciz-Macroglobulin in blood serum inhibits collagenase (Eisen et al.. 1971.

Werb et al., (974). The mechanism of enzyme inhibition by Ci2-macroglobulin involves a

two-stage process. The tirst stage consists of a proteolytic attack by the enzyme on Œ2

macroglobulin, i.e., the c1eavage of the sensitive region of the molecule. In the second

stage, the c1eaved Cirmacroglobulin undergoes a confonnational change enabling it to trap

the enzyme irreversibly. Thus access of the substrate to the active site of the enzyme is

sterically hindered causing inhibition. This is more pronounced with larger substrate

molecules but has negligible effect on smaller substrates since these are capable of

diffusing in/out of the active site (Barret and Starkey, 1973). Thus being aware of the

specificity of the enzyme, it can be assumed that a collagen region may exist in trus

inhibitor (Harper, 1980). Estradiot and progesterone inhibited the production or release of
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collagenase present in involuting rat uterus (Ryan and Woessner. 1974). Serum anti

proteases and a(-antitrypsin also inhibited human skin collagenase (Eisen et al.. 1971).

Human serum albumin capable of inhibiting vertebrate collagenase also inhibited

crustacean hepatopancreas collagenase.

Collagenolytic activity is affected by inhibitors from microbial sources. Antipain

and leupeptin \vhich have been isolated from strains of Streptomyces and Actillomyces

inhibit an acid collagenase from avian osteoclasts (Blair et al.. 1993). The same enzyme is

also inhibited by pepstatin.. a pentapeptide inhibitor isolated from Steptomyces testaceu.\"

and Streptomyces argenteo/lis (Blair et al.. 1993).

2.10.4 Inhibitory drugs against collagenase

Anti-inflammatory drugs against rheumatic diseases appear to inhibit the human

leukocyte collagenase. Sanocricin.. phenylbutazone. flufenamic acid. acetylsalysilic acid.

and indomethacin were shown to be effective (Harper. 1980). Doxycycline was also

found ta inhibit neutraphil collagenase (Barsa el al.. 1993).

2.10.5 Inhibitory action of heavy metals

Collagenase from B. cerells (strain Soc. 67) is inhibited by Hg-. Hg2
-. Pb2

-. Cu2
-.

Fe2
-, Cr2

- and Ni2
"', the last two metals being more effective (Makinen and Makinen.

(987). Co2
'" also caused slight inhibition of collagenase from V anguil/anlm (Stenvag el

al., (993). Gold(I) compounds inhibited human neutrophil collagenase (Mallya and Van

Wart, (989). High concentrations of Zn2
-.- inhibited microbial collagenase (Stenvag et al..

1993~ Matsushita et al.. 1994), rabbit bone collagenase (Swann et al., (981) and human

neutrophil collagenase (Mallya and Van Wart, 1989). As discussed earlier, 2n2
- is an

important component of metalloenzyme collagenase, however, excess levels of 2n2
- can
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cause enzyme inhibition. The inhibitory action of high levels of Zn2
• is due to the

formation of zinc monohydroxide, [ZnOH]-'-, that bridges the Znh to a side chain in the

active site of the enzyme (Larsen and Auld, 1988). The inhibition is therefore competitive

(Salvesen and Nagase, 1989). On the other hand, the inhibitory action of heavy metals is

non-competitive, and can be due to the binding of the metal ion to a site different from the

active site of the enzyme (Mallya and Van Wart, 1989).

2.11 Methods for preparing collagenases

Collagenases can be extracted directly from the tissues of muiticellular organisms.

e.g., crustaceans (Eisen and Jeffrey, 1969; Eisen et al., 1973~ Baranowski et al., 1984: Nip

et al., 1985) and fish (Kim et al., 1993). Collagenases from vertebrates are usually

recovered from tissue cultures as in the case of mammalian collagenases (Eisen el al..

1968: McCroskery et al., 1975; Stricklin et al., 1977; Sakamoto et al.. 1978: Cawston and

Tyler, 1979). Microorganisms as sources of collagenases are usually cultured/grown

under conditions favorable for enzyme production.

2.11.1 Solvents for isolating collagenase

Buffers with pH near neutrality have generally been used to extract collagenase

from various sources, since coIlagenases from microorganisms, vertebrates and

invertebrates were observed to be stable at this pH range. Maintaining a stable pH is very

important for the enzymes since biochemical processes can be severely affected by minute

changes in the hydrogen ion concentrations (Stoll and Blanchard, 1990). Tris-Hel buffer.

pH near neutrality, with calcium chlonde was utilized to suspend cultures of human skin

(Eisen et al., 1968: Stricklin et al., 1977; Woolley et al., 1978), mouse bone tissue

(Sakamoto et al., 1978), pig synovium (Cawston and Tyler, 1979), rabbit tumors
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(McCroskery et al., 1975) and rheumatoid synovium (Woolley el al., 1975). The same

buffer was employed to extract collagenolytic enzymes from the hepatopancreas of

shellfish (Eisen and Jeffi-ey, 1969~ Baranowski et al., 1984~ Nip el al., 1985).

Incorporation of calcium chloride in the extraction medium has been recommended since

calcium ions have been shown to activate as well as stabilize collagenolytic enzymes

(Nordwig, 1971).

Organic solvents like acetone have also been utilized to extract collagenase from

the hepatopancreas offiddler crab (Eisen el al., 1973).

2.11.2 Methods for the purification of collagenase

The use of a single method to purify collagenase from vanous sources 15 not

possible due to variations in their chemistry (WooIley, 1984). Different purification

schemes have been utilized attaining different levels of purity.

Suspension of tissue/cell cultures are either concentrated by means of ultrafiltration

as in the case of collagenases from Bacil/us cereus (Makinen and Makinen, (987) and

mouse bone (Sakamoto et al., 1978) or lyophilized as in the case of rat skin collagenase

and the residue resuspended in the appropriate buffer, i. e., Tris-Hel (pH 7.5) with

calcium chloride (Tokoro el al., 1972), before purification. Extraction of enzymes from

higher eukaryotes requires break up or Iysis of cells with blenders or homogenizers. The

fiddler crab hepatopancreas was homogenized in an all- glass homogenizer in the presence

of Tris-Hel butfer, pH 7.4 with calcium chloride to isolate collagenase. A similar

extraction method was utilized by Baranowski el al. (1984) and Nip et al. (1985) to

extract collagenolytic enzyme from freshwater prawn hepatopancreas.

Fractionation of crude extract with collagenolytic activity from vertebrates,

invertebrates and microorganisms with ammonium sulfate preceding other purification

steps had been reported for pig synovium (Cawston and Tyler, 1979), mouse bone
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(Sakamoto et al., 1978), rabbit tumors (McCroskery et al., 1975), fiddler crab (Eisen et

al.. 1973). Bacillus alvei (DC-l) (Kawahara el al., 1993), Bacillus cere li.')· (Strain Soc

67) (Makinen and Makinen, 1987), C/ostridillm perjringens (Matsushita et al., 1994), and

~ ïbrio B-30 (Merkel and Dreisbach, 1978).

Gel filtration (size-exc1usion), ion-exchange chromatography in combination with

other methods had been used to purif)r fiddler crab hepatopancreas collagenase (Eisen et

al., 1973) and vertebrate collagenases from rabbit tumors (McCroskery et al.. 1975).

rabbit synovial fibroblast (Werb and Reynolds, 1975), rheumatoid synovium (Woolley el

al., 1975), mouse bone (Sakamoto el al., 1978), human skin (Woolley et al.. 1978) and

pig synovium (Cawston and Tyler, 1979), as weil as bacterial collagenases from B. cereus

(Makinen and Makinen, 1987), C. perjringells (Matsushita et al., 1994), and Iihrio

allguil/arum (Stenvag et al., 1993). Separation by gel filtration chromatography depends

on the size or molecular weight of the biomolecules, i.e., smaller molecules which can

enter the pores within the gel move at a slower rate than the larger molecules which

cannot enter the pores. This method is applicable to ail types of biomolecules and is easy

to use. As long as the molecular weights lie within the fractionation range of the gel,

effective separation can be attained. However, the loading capacity of this method i5

limited with respect to the sample volume. Resolution is also lower compared to gradient

elution technique (pharmacia, 1988).

Hydroxylapatite chromatography and affinity chromatography (cyanogen bromide

activated Sepharose 4B coupled with e-aminocaproyl-D-tryptophan) were used to further

purify crab collagenase to homogeneity (Eisen et al., 1973). A succession of puritication

steps which included hydroxylapatite chromatography followed by two successive affinity

chromatography steps (Sephacryl S-200, and L-arginine- Affi-gel 202), reactive dye ligand

chromatography, ion-exchange chromatography (DEAE-cellulose) and gel filtration

chromatography (SP-sephadex) were effective in separating collagenases from the culture

filtrate of C. histolyticum (Bond and Van Wart, 1984b).
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Collagenase of high purity was obtained when pig synovial collagenase was further

subjected to heparin-sepharose chromatography followed by zinc-chelate immobilized

metal affinity chromatography (Cawston and Tyler, 1979).

Affinity chromatography using collagen linked to Sepharose was effective in

separating procollagenase from the tissue culture oftibiae and calvaria from mice (Gillet el

al.. 1977), but not effective in purifying rabbit synovial fibroblast collagenase (Werb and

Reynolds. 1975). Cyanogen bromide collagen peptide CB7, linked to Sepharose

effectively purified rabbit tumor collagenase (McCroskery et al.. 1975). Separation by

affinity chromatography is based on the chemical structure or biological function of the

biomolecules. In this method, a ligand which is covalently attached to a matrix is chosen

specifical1y for the purification of a specifie molecule or group of molecules because of the

tendency of the two to bind. Molecules without affinity to the ligand are washed through

the column and the adsorbed molecule(s) are eluted by decreasing the pH gradient or \vith

the use of a competing agent for the ligand. This method is a concentrating step similar to

ion-exchange chromatography and is highly specifie, usually providing a high purity

product in a single step. However. the ligand may not react with the matrix or lose its

specificity once attached (Pharmacia, 1988).

In ion-exchange chromatography, separation of proteins is based on the differences

of their charges. A column packed with an anion exchanger will bind the negatively

charged molecule and will let the positively charged and neutral molecules pass through.

Increasing salt gradient is utilized to elute the sample. This method of purification is fast

and the recovery of biological activity and mass is high. However, this method requires

desalting the sample before application into the column.

Ultrafiltration has been utilized to purify as well as concentrate collagenase activity

(Werb and Reynolds, 1975~ Woolley et al., 1978). This method is time consuming,

nevertheless, it provides superior recoveries in comparison to ammonium sulfate

precipitation or lyophilization techniques (Woolley, 1984).
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2.12 Assay of collagenase activity

Fixed time assays have been commonly used to measure collagenolytic enzyme

activity. Methods include radioactive assays, viscometry, colorimetrie methods and the

use of collagen films or gels.

Specifie substrates are available for collagenase activity determination. Collagen, a

naturally occurring substrate has been widely utilized. Collagenase acts on collagen of

different species with variable rates, reflecting in part differences in the pnmary and

secondary structures of collagen (Seifier and GaIlop, 1962).

Using the radioactive method, collagenase activity can be determined by

monitoring the release of [14C]arnino acids or peptides from radioactive labeled collagen

(Lim et a/., (993). The release of e4C]glycine containing peptides to measure

collagenolytic activity was developed by Gross and Lapiere (1962). Radioactive collagen

[(14C)-glycine labeled guinea pig collagen] has been used for the assay of human skin

collagenase (Eisen et al., 1968). The amount of the soluble [14C]glycine-containing

peptides released by the reaction is rneasured. The same substrate was utilized by Eisen

and Jeffrey (1969) to determine collagenolytic activity of the enzyme isolated from

crustacean hepatopancreas. [14C]glycine-labeled collagen was also used to evaluate

activity of collagenase trom various bacteria which included species of Clostridium.

Bacillus and Staphy/ococclis (Waldvogel and Swartz, 1969). [14C]acetylated collagen and

[14C]methylated collagen were used to assay C. histolyticum collagenase by Gisslow and

McBride (1975) and Bond and Van Wart (1984a~ 1984b), respectively. The use of

radioactive labeled collagen is the most sensitive of the standard techniques, however, its

application is limited by the difficulty and expense of preparing the radioactive substance

(Levenson, 1976).
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The viscometric assay to determine collagenase activity is based on the reduction

in the viscosity of collagen solution as the enzyme action proceeds. This method was used

to assay bacterial collagenase (Gallop et al., 1957; Seifter and Gallop, 1962). Viscometrie

assay with the use of Ostwald viscometer to measure human skin collagenase activity was

also utilized by Eisen et al. (1968). Human skin collagenase reduced the specifie viscosity

of a homogeneous mixture containing 0.1 % purified acid-extracted calf-skin collagen in

0.05 M Tris-HCL 0.2M NaCl, 0.0025M CaCh (pH 7.5) to approximately 50 to 60~/o of

the control values after 2 h at 28°C. No further change in viscosity was detected upon

addition of fresh enzymes. Collagenase from the hepatopancreas of the fiddler crab, (Ica

pugi/alor. was also capable of reducing the initial specifie viscosity of collagen solution in

3 h at 25°C (Eisen and Jeffrey, 1969).

Insoluble collagen is also used ta assay collagenase activity. After a given reaction

time, the amino acids and peptides liberated from collagen is measured by the colorimetrie

ninhydrin method (Moore and Stein, 1948; 1954; Rosen, 1957; Doi et al., 1981).

Insoluble bovine collagen was utilized by Nip el al. (1985) to determine collagenolytic

activity of the enzyme from the hepatopancreas offreshwater prawn.

Determination of the amaunt of soluble hydroxyproline-containing fragments

released from collagen is another method of measuring collagenase activity. This method

was utilized by Morales el al. (1978) to assay activity of collagenase from graafian

follicles of rats.

Several synthetic substrates have been utilized to assay for collagenase activity.

The synthetic peptide 2,4-dinitrophenyl(DNP)-Pro-Leu-Gly-IIe-Ala-Gly-D-Arg is cleaved

by collagenase at the Gly-Ile bond (Masui el al., 1977). The products, i.e, DNP-peptide

fragments released are extractable by organic solvents like ethyl acetate or ethyl acetate-n

butanol, and the degree of hydrolysis determined by reading the absorbance of the organic

layer at 365 nm. The same substrate was utilized by Morales el al. (1978) to determine

collagenase activity of enzyme from graafian rat foUides.
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p-phenylazo-benzyloxycarbonyl-L-Pro-L-Leu-Gly-L-Pro-D-Arg (PZ-peptide),

another synthetic substrate, is c1eaved between the Leu-Gly bond and the product, PZ

Pro-Leu is extracted with ethyl acetate and absorbance read at 320 nm (Wuensch and

Heidrich, 1963). The degree of hydrolysis of the PZ-peptide can also be monitored by

measuring the product formed with the use of high performance liquid chromatography

(Chikuma et al., 1985). PZ-peptide which has been used to determine C. histo/yticum

collagenase activity has an amine acid sequence similar to the (Gly-Pro-R)n tripeptide

repeating pattern of collagen polypeptide chains (Lim et al., 1993). The substrate has

been widely utilized for animal proteases with collagenase-like specificity, isolated from

granuloma tissue of rats (Ashwanikumar and Radhakrishnan, 1972: 1973), monkey kidney

(Ashwanikumar and Radhakrishnan, 1975), bovine dental follicIe (Hino and Nagatsu.

1976), chick embryos (Morales and Woessner, 1977) and rabbit serum (Nagelschmidt el

al., 1979). A limitation of this assay is that the chromogenic product has to be separated

from the remaining substrate since the substrate has the same absorption spectra as the

product (Chikuma et al., 1985). Extraction of the product could be time consuming and

laborious, although the assay time is shorter compared to viscometry and the use of

labeled and unlabeled collagen. This assay system however, is less sensitive compared to

methods which utilize soluble and radioactive labeled collagen, although, this synthetic

substrate is cheaper and readily available.

Carbobenzoxy(CBZ)-Gly-Pro-Leu-Gly-Pro and CBZ-Pro-Leu-Gly-Pro are also

synthetic substrates which are readily cleaved by C. histolyticum collagenase at the Leu

Gly bond (Nagai et al., 1960). Dinitrophenylation followed by paper chromatography can

be utilized to detect the hydrolysis products (Nagai et al., 1960).

Barret et al. (1989), reported a fluorometric assay which detected the cleavage of

(2,4-dinitrophenyl)-Pro-Leu-Gly-Pro-Trp-D-Lys at the Leu-Gly bond by cIostridial

collagenase. The substrate contains a fluorescent group and another group that quenches

the fluorescence, such that the uncleaved substrate shows liule or no flourescence. Upon
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c1eavage these two groups are separated, hence fluorescence appears (Barrett et al.,

1989). This substrate has the advantage of allowing both fixed time assay and continuous

assay for collagenases. Thus for the tirst time continuous fluorometric assays for

c10stridial collagenase was conducted. The limitation for using this DNP-peptide

however, is the high blank value seen with the crude enzyme samples containing high

protein concentrations and thus signiticant amounts of unquenched tryptophan (Barrett el

al., 1989).

A continuous spectrophotometric assay for bacterial collagenase was developed by

Van Wart and Steinbrink (1981) using 2-furanacryloyl-Leu-Gly-Pro-Ala (FALGPA) as

substrate. Cleavage of FALGPA at the Leu-Gly bond upon addition of collagenase

resulted to a decrease in absorbance at 345 nm. 2-furanacryloyl-Leu-Gly-Pro-Pro

(FALGPP) can also be used for this continuous spectrophotometric assay (Bond and Van

Wart, 1984a: 1984b). This assay is rapid, convenient and sensitive and should greatly

facilitate detailed kinetic studies of collagenase, however, the substrate (FALGP A) is not

expected to be a suitable substrate for mammalian and other vertebrate collagenases. since

their substrate specificities may differ from that of bacterial collagenase (Van Wart and

Steinbrink, 1981).

A collagen film for the assay of collagenase was developed by Levenson in 1976.

A thin filIn of collagen in acetic acid solution is coated on a dried agar surface on a cover

slip. An aliquot of the enzyme solution is placed on the surface of the film and incubated

at 37°C in 100% humidity for a given time. The activity is determined by staining the

surface of the film with Coomassie blue and c1ear areas of Iysis detected against a dark

blue background. The method was tested on bacterial and mouse bone collagenases. This

assay has a sensitivity comparable to the radioactive method requiring only 5 to 60 min of

incubation (Levenson, 1976). However, expressing the enzyme activity in terms of the

standard units is one of the difficulties encountered since the products of digestion are not

recovered.
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2.13 Uses of collagenases

Collagenases, particularly those coming from microbial sources have shown

potential applications in various areas.

The use of collagenases as investigative tools has been proven to be veIY useful to

biochemists and biologists. Clostridial collagenase, a highly specifie enzyme has been used

in mapping out the repeating nature of amino acid sequence in collagen a-chains and to

localize the aldehyde and carbohydrate functional groups of the tropocollagen molecule

(Seifier and Harper, 1970). Harrington el al. (1959) used collagenase as a "probe" to

measure the distribution of susceptible bonds and from the ratio of bonds cleaved in the

slow and fast reactions distinguished the ordered and disordered regions of the collagen

molecule. Keech ( 1954) also studied the unfolding and refolding of the collagen helix with

the use of clostridiopeptidase A. Borstein (l967a~ 1967b) and Butler (1970) successfully

determined the amino acid sequence of al-CB2 fragments from rat skin and tail tendon

collagen and a l-CB5 fragment from rat skin collagen, respectively. The same enzyme

was used by several investigators ta determine the repeated sequences of collagen l'rom

ather sources (Gallop el al., 1957~ von Rippel and Wang, 1963 ~ Greenberg el al., 1964:

Manahan and Mandl, 1968). The enzyme was also utilized to loeate specifie structural

features of collagen molecule such as hydroxylamine-sensitive linkages (Blumenfeld and

Gallop, 1962) and enol cross-linkages (Rojkind el a/., 1966; 1968).

Due to its specificity, clostridial collagenase proved to be a useful tool in

cell/tissue isolation and culture. The enzyme has been used for digestion to separate

collagen from noncollagenous connective tissues (Oldroyd and Herring, 1967), isolation of

acidic structural protein (Furthmayr and Timpl, 1970) and preparation of pure elastic

fibers (Ross and Bornstein, 1969). The enzyme was utilized to isolate Langerhans islets
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from guinea pig~ or rabbit pancreas (Howell and Taylor, 1968). The use of collagenase

has also been recommended for tissue disintegration and preparation of cell cultures

(Cavanagh et al., 1963). Grassman et al. (1962) used the enzyme for the preparation of

islet cells of pancreas in studies related to insulin. Separation of myofibrils from the

skeietai muscle (Perry, 1951) was achieved with the use of collagenase. The enzyme has

aiso been used to confinn the collagenous characteristics of certain tissues Iike the

Descemet's membrane (DohIman and Balazs, 1955). Collagenase from Clostridiu"1

perfringens was also used as a "diagnostic test ll to show the presence of collagen on the

sheath ofAscaris lumbricoides (Dawson~ 1960).

Due to the ability of the collagenase to digest collagen without affecting other

proteins, it has become a useful tool in the medicai field. The potentiai use of

collagenolytic enzymic debridement in the treatment of bums, osteomyelitis, decubitus

ulcers, etc., has been recognized and various preparations have been tested on

experimentai animaIs and patients (Mandl, 1961). Collagenase has been incorporated in

ointments for the treatment of bums (MandI~ 1961) and debridement of ulcera and decubiti

(Mazurek, 1971).

The use of collagenase in the Ieather industry during bating and dehairing and in

the food industty as a meat tenderizer had been suggested by Mandi (196 1). The presence

of insoluble collagen contributes significantly to the toughness of meat (Bailey, 1972).

hence a breakdown of trus connective tissue could increase tenderness and improve the

eating quality of meat and meat products. Collagenases could be of benefit in upgrading

the coarser muscle(s) from older animaIs where collagen is more resistant to gelatinization

during cooking (Etherington~ 1991). The use of enzymes as meat tenderizers has been

practiced for centuries. Proteases such as papain~ bromelin and ficin are the major

enzymes utilized as meat tenderizers in food processing (Bernholdt, 1975; Dransfield and

Etherington~ 1981). However, these enzymes often produce inferior products due to

nonspecific proteolysis, i.e., degrading myofibrillar and stromai proteins somewhat
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indiscriminately (Miller et al., 1989) which may result to over-tenderization or mushiness

of meat or meat products. According to Cronlund and Woychik (1987) an ideal enzyme

for degrading insoluble collagen must have specificity to collagen and should remain active

at low temperature and meat pH (5.5) during storage and at higher temperatures during

cooking. Although the optimum pH and temperature for Vihrio B-30 collagenase are at

7.6 and 37°C, respectively (Merkel and Dreisbach, 1978), it meets the above criteria and

shows potential as meat tenderizer (Cronlund and Woychik, 1987: Miller et al., (989).

Collagenase from C'/oslridium histo/yticum and Achromobacter iophagus also solubilized

collagen in restructured beef(Cronlund and Woychik, 1987). The safety aspects however.

are not met by these microbial collagenases. Sorne microorganisms e.g., bacteria. molds

and yeasts have been used as aids in food processing however, species of microorganisms

which produce collagenases belong to genera which contain pathogenic species or strains.

The presence of collagenases in sorne of these pathogenic strains may even contribute to

the virulence of these microorganisrns. Hence, collagenase from edible sources. e.g..

fishlshellfish may tum out to be a potential for this particular purpose.

Effectiveness of fish collagenolytic enzyme as an aid in food processmg was

recently demonstrated by Kim et al. (1993) when they used collagenase from filetish to

facilitate skinning of the same fish species.
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Chapter 3

MATERIALS AND l\'IETHOns

3.1 Biological specimens

Live fish samples, of winter flounder (PseudopleurolJec.:tes uflleric.:alllls) were

provided by Dr. R. Morin (Department of Fisheries and Oceans, Gulf Fishenes Centre.

Moncton, N. B.) and held at 4 - 7°C in the fish tanks in the laboratory until needed. The

weights of the fish samples ranged from 64.8 - 89.5 g with an average length (standard) of

150 mm and width of69.7 mm.

3.2 Chemicals

Tris (hydroxymethylaminomethane), acrylamide, glycine, ribotlavin. sodium

dodecyl sultàte, and sucrose were purchased from Bio-Rad (1VIississauga, Ontario) calcium

chloride dihydrate, p-phenylazo-benzyloxycarbonyl-Pro-Leu-Gly-Pro-D-Arg (PZ-peptide).

ammonium sulfate, sodium phosphate (monobasic and dibasic), potassium sodium tartrate

tetrahydrate, Folin-Ciocalteau reagent, glycerol, Coomassie blue (R-250), soybean trypsin

inhibitor, n-a-p-tosyl-L-Iysine chIoromethyl ketone hydrochloride (TLCK).

ethylenediaminetetraacetic acid CEDTA, trisodium salt), 1,1 O-phenanthroline. 2

mercaptoethanol and dithiothreitol (DTT) were purchased from Sigma Chemical Co. (St.

Louis, MO). Sodium sulfate. sodium chloride, sodium hydroxide, and trichloroacetic acid

were purchased from BDH (Ville St.-Laurent Quebec) and hydrochloric acid from Fisher

(Montreal, Quebec). Sodium carbonate, sodium acetate, methanol. ethyl acetate, zinc

chloride and acetic acid were purchased from Anachemia (Montreal. Quebec) ethanol
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from ACP (St. -Leonard, Quebec) and copper sulfate pentahydrate from Aldrich Chemicals

(Milwaukee, WI). Low molecular weight (LMW) calibration kit from Pharmacia (Baie

d'Urfe', Quebec). Zymogram gels~ Tris-glycine gels (100/0 and 6%), renaturing butfer.

Tris-glycine transfer buffer, Tris-glycine running buffer, polyvinylidine diflouride (PVDF)

membrane, Tris-glycine sodium dodecyl sulfate (SOS) running buffer~ Tris-glycine SOS

sample buffer, wide-range protein standard (Mark 12) and pre-stained markers (SeeBlue)

from NOVEX Novel Experimental Technologies (San Diego, CA) (distributed by Helixx

Technologies, Inc., Scarborough~ Ontario).

3.3 Extraction of collagenolytic enzymes

Crude collagenase extract was prepared from the skeletal muscle of winter

tlounder based on the method of Baranowski et al. (1984). Live fish were killed by

decapitation and the skeletal muscle was separated from the bones and skin. Extraction

buffer (0.05M Tris-Hel. pH 7.4 containing 5mM CaCl2 at 4°C) was added to the tish

skeletal muscles in a ratio of 3: 1(v/w). The mixture was immersed in an ice bath and

homogenized using a polytron at a speed setting of 17,000 - 18,000 rpm for 5 min. and the

tish muscle homogenate was centrifuged al 4°C and 12,000 xg for 30 min in a Beckman

(Mississauga, Ontario) refrigerated centrifuge (Model 12-21). The residue was subjected

to a second extraction, and the supematants were combined, filtered through glasswool

and the filtrate was centrifuged at 39,191 xg for 30 min at 4°C to obtain the crude extract.

The crude extract was filtered through a 0.22 J-lm sterile filter, then stored at -SO°C until

needed.
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3.4 Purification of collagenolytic enzymes

The crude extract was fractionated with solid ammonium sulfate and the fraction

precipitating between 40 and 80% saturation was collected by centrifugation at 39, 19 1 xg

for 30 min at 4°C. The precipitate was resuspended in 0.05 M Tris-HCI butfer, pH 7.4,

containing 5mM CaCh. desalted using a Pharmacia PD-ID column, then subjected to ion

exchange chromatography (IEX-l) on a Pharmacia MonoQ (HR5/5) column, using a Fast

Protein Liquid Chromatography (FPLC) system, after preequilibrating the column \vith

buffer A (0.05M Tris-HeL, pH 7.4). One milliliter of the enzyme solution was applied to

the column per run and the applied sample was eluted using a gradient of 0 - 100% buffer

B (l.OM NaCI in butfer A) in a total volume of 20 ml at a flow rate of 1.0 ml/min.

Fractions from IEX-l with coUagenolytic activity were pooled and concentrated using

immersible eX-ID or ultrafree-15 ultrafilters (MiIlipore, Bedford, Massachusets) and

subjected to a second ion-exchange chromatography (IEX-2) under the same conditions as

in IEX-l. The fraction from IEX-2 with the higher specifie activity was concentrated and

subjected to immobilized metal affinity chromatography (IMAC) using Chelating Superose

(HR 10/2, Pharmacia). Two hundred III enzyme solution were loaded per run and were

eluted using a pH gradient of 7.0 - 4.0 (acetate buffers, pH 7.0 and 4.0 with 0.5 M NaCl)

in a total volume of 20 ml at a flow rate of 0.5 ml/min. The fractions from IMAC with

collagenolytic activity were pooled, concentrated and subjected to size-exclusion

chromatography using Superdex 75 (HR 10/30, Pharmacia). Two hundred III enzyme

solution were loaded per run and were eluted with 0.05 M Tris-HCI, pH 7.4 containing 5

mM CaC12 at a flow rate of0.5 m1Jmin in a total volume of30 ml.
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3.4.1 Column chromatography

Ali column liquid chromatography steps were carried out using a Pharmacia FPLC

system at 4°C. Ali solutions were filtered through a 0.12 ~lm tilter (Millipore. Bedford.

Massachusets) and degassed under vacuum before use.

3.4.1.1 Preparation of the ion-exchange chromatography column:(l\'lonoQ HR5/5)

The column was washed with 5 ml of 0.05 M Tris-HCI buffer, pH 7.4 (butfer A),

to remove the packing or storage solution tollowed by 10 ml 0.05 ivl Tris-HCI butlèr. pH

7.4 containing 1 N NaCI (buffer B), then equilibrated with buffer A before sample

application. Regular cleaning/washing of the column was conducted tollowing the

recommended procedure of Pharmacia.

One ml sample (-15 mg and -8 mg protein for IEX-I and lEX-2, respectively)

was loaded to the column per run and the proteins were eluted using a gradient of 0 

100°A. buffer B in a total volume of 20 ml at a flow rate of 1.0 mUmin. Iwo-ml fractions

were collected per tube in a total of la tubes.

3.4.1.2 Preparation of the immobilized metal affinity column (Il\'IAC) (Chelating

Superose HR 10/2)

The column was washed with 10 ml ultra-pure water (Milli-Q grade), then

equilibrated with ID ml 0.05 M acetate buffer, pH 7.0 containing 0.5 M NaCI (buffer A).

Twenty milliliters of 0.2 M ZnCl2 were loaded into the column then it was equilibrated

with 20 ml buffer A before sample application. After 4 runs the column was stripped of

the Zn
H

using 20 ml 0.05 M EDTA containing 0.5 M NaCI, followed by 10 ml 0.5 M
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NaCI and la ml buffer A. The column was loaded with 20 ml 0.2 M ZnC!:! then

equilibrated with 20 ml buffer A before sample application.

Two hundred JlI sample (-2.4 mg protein) were loaded to the column and the

proteins were eluted using a pH gradient of7.0 - 4.0 (acetate buffers, pH 7.0 and 4.0 with

0.5 M NaCI) in a total volume of 20 ml at a flow rate of 0.5 mUmin. Twenty 1-011

fractions were collected per run.

3.4.1.3 Preparation of the size-exclusion chromatography (SEC) columo (Superdex

75 HR 10/30)

The column was washed with 50 ml 0.05 M Tris-Hel, pH 7.4 containing 5mM

CaCl2 then equilibrated with two column volumes of the same buffer before sample

application. Cleaning/washing of the column was conducted regularly following the

procedure recommended by Pharmacia.

Two hundred JlI sample (-0.25 mg protein) were loaded to the column and

proteins were eluted with 0.05 M Tris-HCI buffer, pH 7.4 containing 5 mM CaCl2 at a

flow rate of 0.5 ml/min, in a total volume of 30 ml. Forty-six 0.5-011 fractions were

collected per run.

3.5 Assay for collageoase activity

3.5.1 Use of a synthetic substrate

Collagenase activity was determined usmg p-phenylazobenzyloxycarbonyl-Pro

Leu-Gly-Pro-D-Arg (pZ-peptide) as substrate according to the method of Wuensch and

Heidrich (1963). One-halfml (0.5) enzyme solution and 2.0 ml'substrate (0.64 mM) were

incubated in separate test tubes at 37°C for 5 min. After 5 min the enzyme and the
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substrate were mixed followed by incubation at the same temperature. Immediately after

[5 min incubation~ 0.5 ml of the mixture was transferred into a test tube containing [.0 ml

0.5% citric acid and 5.0 ml ethyl aeetate followed by vigorous shaking for 15 sec (vortex

at a speed setting of 6.5) to extraet the produet formed. The mixture was left to stand for

10 min to allow separation of the ethyl acetate layer containing the product PZ-Pra-Leu.

Four ml of the ethyl aeetate layer were transferred into 0.3 g anhydrous Na2S0-t to remove

moisture which could interfere in the determination of the product which was measured at

320 nm in a Hitachi U-2000 spectrophotometer. The specifie activ1ty of the enzyme in

units/mg enzyme was calculated as per the manufacturerls instructions (Sigma Chemical

Co., 1993) as follows:

Units/mg enzyme = A32D run(2.S)/(0.S)(0.042)(mg enzyme), where 0.042 is the millimolar

extinction coefficient of PZ-pro-Ieucine at pH 7.1 at 37°C: 2.5 is the volume of the

reaetion mixture: O.S is the conversion factor for 5 mI reaction volume. A unit of enzyme

activity 1S defined as the amount of collagenase which liberates 0.01 micromole of PZ-Pro

Leu per 5.0 ml ofethyl acetate in IS min at 37°C.

3.5.2 Use of bovine Achilles tendon insoluble collagen

Assay of collagenase activity using the bovine insoluble collagen was conducted by

modifying the method of Mandl et al. (1953). An aliquot of 0.5 ml of fish collagenase

extract was incubated with 25 mg insoluble collagen in 5 ml O.05M Tris-Hel buffer, pH

7.4 containing S mM CaCh at 37°C, and the enzyme activity was stopped by acidifying

the mixture with 2.5 ml 10% TCA after 12, 24, 36 and 48 h. The extent of collagen

breakdown was determined using the colorimetrie ninhydrin method of Moore and Stein

(1948). One milliliter aliquots from the mixture were transferred into eppendorf tubes

and centrifuged at 13,000 rpm for la min using the Biofuge 13 (Baxter, MontreaL

Quebec). Two hundred J-li aliquots of the supernatant were transferred into tubes
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containing 1.0 ml ninhydrin solution followed by heating for 20 min in a boiling water

bath. The solution was cooled and diluted with 5 ml diluent (1: 1 mixture of deionized

water and n-propanol). After 15 min the product formed was read at 600 nm using the

Beckman Diode Array DU 7500 spectrophotometer (Mississauga~ Ontario).

3.6 Assay for chymotrypsin-like activity

Chymotrypsin-like activity was determined with benzoyl-L-tyrosine ethyl ester

(BTEE) as substrate based on the method of Hummel (1959). One hundred microliters of

the enzyme solution were mixed with 1.4 ml BTEE in 50% methanol and 1.5 ml 0.08 M

Tris-HCI buffer, pH 7.8 with 0.1 M CaCI2, and the change in absorbancy al 256 nm was

measured at 10 sec intervals for 3 min. at 25°C in a Beckman Diode Array DU 7500

spectrophotometer (Mississauga, Ontario). One BTEE unit of activity was detined as ~

~56 nm X 1000 x 3.0/964~ where 964 is the molar extinction coefficient for N-benzoyl-DL

tyrosine.

3.7 Assay for trypsin-Iike activity

Trypsin-like activity was determined with benzoyl-DL-arginine p-nitroanilide

(BAPA) as substrate following the method of Erlanger el al. (1961). Two hundred

microliters of the fish enzyme were rnixed with 2.80 mI of 1.0mM BAPA in 0.05M Tris

HCI, pH 8.2 containing 0.02M CaCh.2H20, and the increase in light absorption at 41 Onm

was measured at 10 sec intervals for 3 min. at 25°C in a Beckman Diode Array DU 7500

spectrophotometer (Mississauga, Ontario). One BAPA unit of activity was defined as L1

A410 nm x 1000 X 3/8800, where 8800 is the extinction coefficient ofp-nitroaniline.
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3.8 Protein determination

Protein was determined according to the method of Hartree (1972) using bovine

serum albumin as a standard.

3.9 Electrophoreses and molecular weight determination

The active fraction from each purification step was subjected to electrophoreses in

the presence or absence of sodium dodecyl sulfate (SOS) in polyacrylamide gels according

to the methods of Laemmli (1970) and Davis (1964).

3.9.1 Native-polyacrylamide gel electrophoreses

The solutions and the mixing ratio used for preparing the polyacrylamide gels for

electrophoresis under nondenaturing conditions are given in Table 4 and Table 5.

respectively.

3.9.1.1 Preparation of gels and running of samples (dise gel)

Glass tubes (dimension: L = 12.5 cm: di = 5 mm: do = 7 mm) were cleaned and

dried. The tubes were marked at the level (8 cm) to which acrylamide was to be poured

and the opposite ends were sealed with parafilm. The tubes were placed vertically in a

leveled tube gel preparation rack with the sealed end down. The separating gel was

carefully transferred into each tube up to the marked level and the top was carefully

layered with water to obtain a level surface. The gel was ailowed to polymerize for at

least 1 h. After polymerization. the water layer was removed and the spacer gel was

placed on top of the separating gel and layered with \-vater. The spacer gel was allowed to
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( Table 4. Reagents/solutions for the preparation ofpolyacrylamide gel (Native-PAGE)*

for electrophoresis.

STOCK SOLUTIONS FOR SOLUTION E
GEL PREPARATION

Ribof1avin 4 mg
SOLUTION A (pH 8.9) Deionized H20 ta 100 ml

INHCI 48 ml SOLUTION F
ITris 36.6 g
2TErvŒD 0.23 ml Sucrase 40 g
Deionized H20 ta 100 ml Deionized H20 to 100 ml

SOLUTION B (pH 6.7) SOLUTIONG

INHCI 48 ml Ammonium persulfate 0.24 g
Tris 5.98 g Deionized H20
TErvŒD 0.46 ml 100 ml
Deionized H20 to 100 ml

( ELECTRODE BUFFER
SOLUTION C

Tris 6.0 g
Acrylamide 28.0 g Glycine 28.8 g
3BIS 0.735 g Deionized H20 to 1 1
Deionized H20 to 100 ml (Dilute 1: la with deionized

H20 before use)
SOLUTION D

INDICATOR SOLUTION
Acrylamide la g
BIS 2.5 g Bromo-phenol Blue la mg
Deionized H20 to 100 ml Deionized H20 to 1 1solution

(

*Native-PAGE: Polyacrylamide Gel Electrophoresis under non-denaturing conditions
1Tris - Tris (hydroxymethyl) aminomethane
2TEl\IŒD - N,N,N',N'-Tetramethylethylenediamine
3BIS - N,N'-methylene-bis-acrylamide
Source: Davis (1964)
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Table 5. Mixing ratio ofworking solutions for polyacrylamide gel electrophoresis

SEPARATION GEL

1 part solution A
2 parts solution C
1 part deionized water
4 parts solution G

Source: Davis (1964)

SPACERGEL

1 part solution B
2 parts solution D
1 part solution E
4 parts solution F

(

(

photo polymerize for 45 mm. The sample gel was prepared by mixing -0.030 mg of

protein with 0.100 ml of the spacer gel. Approximately 40 - 50 ~I of this solution was

then layered on top of the spacer gel. This corresponded to a protein content of - 12 - 15

I.J.g per tube. The sample gel was photo polymerized for 30 min. ,\fier photo

polymerization the parafiJm seals were removed and the ends of the tubes were rinsed with

water before inserting into the rubber grommets of the upper chamber of the

electrophoretic apparatus. Both the upper and the lower chambers were tilled \Vith

electrode buffer to completely cover the electrodes. Two milliliters of the indicator

solution were added to the upper chamber and electrophoresis was ran at a constant

current of 3 mA per tube. Electrophoresis was stopped when the tracking dye reached

about 1 cm from the bottom of the tubes. The gels were removed from the tubes with the

aid ofwatc:=r from a flexible needle passed between the gel and the inner wall of the tube.

3.9.1.2 Preparation of the gels and running of the samples (vertical slab).

The gel sandwiches were assembled using the 20 cm cell. The long rectangular

plate was laid down first, then two spacers (1 mm truck) were placed along the edges of
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the rectangular plate and the shorter plate was placed on top of the spacers sa that it was

flushed with one end of the long plate. The clamps were placed on the appropriate side of

the glass next ta the plate stack and the screws of the clamps were tightened and at the

same time checking that the spacers were flushed against the sides of the clamp. The

casting stand was then leveled and the silicone gaskets were placed in each casting slOl

The assembled gel sandwiches were then aligned in the slot of the casting stand. The

clamps were loosened and the plates and spacers were allowed to align at the surface of

the alignment slot. After proper alignment the clamp screws were tightened and the cams

in the casting stand were tightened by tuming them 1800 such that the handles of the cams

were pointed downward. The comb was placed completely into the assembled sandwich

and then the glass plate was marked - 1.5 cm below the teeth of the comb. The comb was

removed and the separating gel was poured into the sandwich up to the marked level and

immediately layered with deionized water. The gel was allowed to polymerize for at least

an hour. After polymerization the water layer was removed and the comb was placed in

the glass sandwich such that the teeth are tilted at 10° degree angle. The spacer gel

solution was poured until the bottoms of the teeth were covered. The comb was then

adjusted to its proper position and the sandwich completely filled with the spacer gel

solution. The spacer gel solution was allowed to polymerize for 45 min. Alter

polymerization, the comb was removed and the wells were rinsed with deionized water

before loading the sample. The sample solutions were prepared by reconstituting the

freeze-dried enzyme fractions from each purification step of known protein concentration

in the spacer gel solution. The sample solutions were loaded into the wells. Sample

loading were as follows, - 45 fJ.g for the crude extract, -45 ~lg for the ammonium sulfate

fraction, -25 fJ.g for IEX-I, -18 fJ.g for IEX-2 and -15 ~lg for IMAC and -15 fJ.g SEC.

The sample gel solution was polYffierized for 30 min.. After polymerization the glass

sandwich was assembled into the protean II slab cell electrophoresis apparatus (Bio-Rad).

The upper chamber was filled with the electrode buffer (- 350 ml). The remaining
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electrode solution (-1150 ml) was filled into the lower buffer chamber. Two ml of the

indicator were added into the upper chamber. Electrophoresis was ran at a constant

CUITent of 3 mA per loaded weil, with circulating tap water ta keep the temperature

constant during the run. Electrophoresis was stopped when the tracking dye reached to

about 1 cm from the bottom of the glass gel sandwich. The gels were gently removed

from the sandwich, fixed, stained and destained as described in the succeeding section.

3.9.1.3 Fixing, staining and destaining of gels

The solutions for fixing, staining and destaining of the gels are given in Table 6.

The gels were fixed for about 6 h with 12.5% TCA then stained ovemight with Coomassie

blue (R-250). The gels were destained with several changes of the destaining solution

until c1ear protein zones were detected. The gels were stored in 7% acetic acid.

3.9.2 SDS-Polyacrylamide gel electrophoresis

The stock solutions used for the preparation and running of SDS-polyacrylamide

gel electrophoresis are given in Table 7. The formulations of the separating and the

stacking gels are shown in Table 8.

3.9.2.1 Preparation of gels and running of samples

The gel sandwiches were assembled in the same manner as described for the

native-PAGE. After degassing the separating gel solution for 15 min the initiators

(ammonium persulfate and TEMED) were added and the mixture poured into the glass

sandwich. The top of the separating gel was layered with water and the gel was allowed

to polymerize for at least an hour. After polymerization the water layer was removed and
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( Table 6. Solutions for staining and destaining of polyacrylamide gels
(Native-PAGE and SOS-PAGE).

SOLUTION

1Fixative solution

2Staining solution

2Destaining
solution

COMPOSITION

Trichloroacetic acid
Oeionized H20

Coomassie blue (R-250)
Isopropanol
Glacial acetic acid
Oeionized H20 to 100 ml solution

[sopropanol
Glacial acetic acid
Deionized H20

12.5 g
100 ml

0.1 g
25 ml
la ml

200 ml
100 ml
700 ml

Storage solution Glacial acetic acid
Deionized H20 to 100 ml

7 ml

(

c

1Laemmli (1970)
2Bethesda Research Lab., [nc. (1981)
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( Table 7. Reagents used for the preparation of SOS-PAGE gel

STOCK SOLUTIONS FOR SAMPLE BUFFER
GEL PREPARATION

Deionized H20 4.0 ml
A. ACRYLAMIDEIBIS (300/0 A.. O.SM Tris-HCI, pH 6.8 1.0 ml
2.67% C) Glycerol 0.80 ml

10% (w/v) SDS 1.6 ml
Acrylamide 29.2 g 2-mercaptoethanol 0.4 ml
N' N'-bis methylene-acrylamide 0.8 g 0.050/0 (w/v) bromophenol blue 0.2 ml
(Bis)
Oeionized H20 to 100 ml solution 5X ELECTRODE BUFFER,

pH 8.3
B. I.SM Tris-Hel, pH 8.8

Tris 15 0 g
Tris 18.15 g Glycine 72.0 g
Adjust to pH 8.8 with 1N HCI SDS 50 II

;::,

Deionized H20 to 100 ml Deionized H20 ta 1 1solution
*Oilute solution 1:5 with

C. O.SM Tris-HCI, pH 6.8 deionized H20 for

1
electrophoresis run

Tris 6.0 g
Adjust to pH 6.8 with S - 10 N
Hel
Oeionized H20 ta 100 ml solution

O. 10 % SOS

IS0S 10.0 g
Oeionized H20 to 100 ml solution

1SOS - sodium dodecyl sulfate
Source: Laemmli (1970)

(
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( Table 8. Preparation of separating and stacking gels for SOS-PAGE

Oeionized H20
1. SM Tris-Hel, pH 6.8
O.SM Tris-HeL pH 8.8
10% SOS
Acrylamide/Bis
(Degas ~ 15 min)
10% ammonium persultàte
TE l\tŒ0

Source: Laemmli ( 1970)

SEPARATlNG GEL,
12% acrylamide

33.5 ml
25.0 ml

1.0 ml
40.0 ml

500 ~t1

50 ~tl

STACKING GEL,
4% acrylamide

6.1 ml

2.5 ml

100 ~LI

1.3 ml

50 ~L1

1a ~L1

(

(

the comb was placed into the glass sandwich such that the teeth are tilted at 10 0 angle.

The stacking gel solution was poured until the bottoms of the teeth were covered. The

comb was adjusted to its proper position, and the sandwich completely filled with the

stacking gel solution. The stacking gel was allowed to polymerize for 30 min. After

polymerization the comb was removed and the wells were rinsed with deionized water

The gels were assembled into the protean II cell for electrophoresis and the electrode

buffer was filled into the upper and lower chambers. The samples (freeze-dried) from

each purification step and the protein standards were dissolved in the sample butTer and

heated al 95°C for 4 min and 8 min, respectively prior to loading. The gels were pre-run

at a constant voltage of 70 V for 30 min, then the samples and the standard were loaded

and the run continued for 30 min using the same voltage. The amounts of the sample

loaded were similar to that of Native-PAGE, - 45 J..lg for the crude extract, -45 ~lg for

the ammonium sulfate fraction, -25 IJ.g for rEX-l, -18 J..lg for IEX-2 and -15 ~lg for

IMAC and -15 ~lg SEC. Ten ~L1 of the protein standard was loaded in one of the wells

The voltage was increased to 120 V and electrophoresis was continued for approximately
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4 h or until the distance of the tracking dye was about 1 cm from the bottom of the glass

gel sandwich.

3.9.2.2 Fixing, staining and destaining of gels

Fixing. staining and destaining of the gels were similar with that for the PAGE

gels. The distance traveled by the tracking dye and the protein bands were measured and

used to calculate the Rf values of the proteins. The protein standards used to estimate the

molecular weight were phosphorylase b (94.000). bovine serum albumin (67.000).

ovalbumin (43.000). carbonic anhydrase (30,000). soybean trypsin inhibitor (20,100) and

a-Iactalbumin (14,400) (pharrnacia). The gels were stored in 7% acetic acid.

3.9.3 Electrophoresis (SOS-PAGE) on 10% Tris-glycine gel and zymogram gel (10%

Tris-glycine gel with 0.1 % gelatin) (NOVEX)

Electrophoresis on the pre-cast 100/0 Tris-glycine gel and zymogram gel (NOVEX)

were conducted simultaneously. The pre-cast gels were assembled in the XCell 1[ Mini

cell unit (electrophoresis and blotting unit from NOVEX). The upper chamber was filled

with the running buffer until the wells were completely covered. The standard Mark 12

and/or SeeBlue markers were heated for 3 min at 100°C before loading. The enzyme

solution (-1 17 J..lg protein) (SEC fraction) and the sample buffer were mixed at a ratio of

1: 1 (v/v) and the mixture incubated at room temperature (-25°C) for 10 min. The wells in

the Tris-glycine gel and the zymogram gel were loaded with - 8.35 J..lg protein. Ten ~Ll of

Mark 12 and SeeBlue were loaded in separate wells in the Tris-glycine gel. The lawer

chamber was then filled with the running buffer up to 2 cm level away fram the top of the

upper chamber. Electrophoresis was ran at a constant voltage of 125V for 1 h and 45 min

or until the dye front reached the bottom ofthe gels.
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3.9.3.1 Fixing, staining and destaining of the Tris-glycine gel

Fixing. staining and destaining of the Tris-glycine gels were similar to the gels in

Native-PAGE with slight modification. Staining was conducted for about 2 h, followed by

destaining until the clear protein zones were detected.

3.9.3.2 Renaturation, developing and staining of the zymogram gel

The proteins in the zymogram gel were renatured with 100 ml zymogram gel

renaturing buffer for 30 min at room temperature (-25°C), with gentle shaking. Afier 30

min, the renaturing buffer was replaced with 100 ml developing buffer and the gel was

incubated in water bath at 37°C for 3D, min with gentle shaking. The developing butfer

was replaced with 100 ml of the same buffer and the gel was incubated in a water bath at

the same temperature, ovemight. The developing buffer was drained and the gel was

stained with Coomassie blue (0.5%) for about 10 min. The gel was then examined for

reaction zones characterized by white areas against a dark blue background.

3.9.4 Electrophoretic blotting of protein from 10% Tris-glycine gel to the

polyvinilidine diflouride (PVDF) membrane

3.9.4.1 Electrophoresis

Electrophoresis was conducted on the precast 10% Tris-glycine gel and the 60/0

Tris-glycine gel (NOVEX) following the method described in 3.9.3. Electrophoresis was

immediately followed by blotting without fixing, staining and destaining of the gels.
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3.9.4.2 Preparation of the PVDF membrane~ tilter paper and blotting pads

The PVDF membrane was pre-wetted in methanol for 30 sec, briefly rinsed with

Milli-Q pure water then placed in the dish with 50 - 100 ml transfer buffer for la min

together with the tilter papers. The blotting pads were soaked in the transfer buffer until

saturated ensuring that air bubbles were removed by squeezing the pads while they were

submerged in the buffer.

3.9.4.3 Assembling the gel membrane sandwich

Two blotting pads were placed on the cathode core of the blot module, followed

by a filter paper and the Tris-glycine gel from electrophoresis. The PVDF membrane was

placed on top of the gel fol1owed by another tilter paper. The remaining blotting pads

were then placed on top of the tilter paper. The anode core was then placed on top of the

cathode core and the blot module was slid into the X-cell unit and the system completely

assembled. The transfer buffer was then poured into the blot module until the

gel/membrane sandwich was covered. The lower chamber was then filled with

appproximately 650 ml of Milli-Q pure water or until the water level reached ta about :2

cm from the top of the lower buffer chamber. Blotting was ran at a constant voltage of 30

V for 1 h and 30 min. In cases wherein two gels were used the sandwich was prepared by

placing two blotting pads on the cathode core followed by a filter paper, the first gel.

PVDF membrane and another filter paper. A third blotting pad was placed on top of the

filter paper followed by the second gel, another PVDF membrane a third filter paper and

the remaining blotting pads. After completing the sandwich and assembling the module

blotting was ran under the same conditions as described in the single gel sandwich system.
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3.9.4.4 Staining and destaining of the PVDF membrane

After blotting the blot module was disassembled and the PVDF membrane was

rinsed with deionized water, stained with 0.1% Coomassie blue in 40% ethanoi and 1O~O

acetic acid for 10 min and destained with 400/0 ethanol, 1O~/O acetic acid until the bands

were detected against a very light blue membrane. For amino acid analysis. after

destaining the PVDF membrane was thoroughly rinsed with MilliQ pure water until

ethanol and acetic acid were no longer detected by the disappearance of their

characteristic odors. The protein bands. i.e., WFC-l and WFC-2 were then subjected to

amino acid analysis.

3.10 Amino acid analysis of winter flounder skeletal muscle collagenases, WFC-I

and WFC-2.

3.10.1 Acid hydrolysis

The bands corresponding to the WFC-I and WFC-2 on the PVDF membrane were

eut then dried in the Speed Vac in 6 x 50 mm KIMAX culture tube and hydrolyzed at 105

oC for 16 h using the vapor of constant boiling 12M HCI containing a small amount of

phenol. HydrochIoric acid was evaporated under vacuum prior to analysis.

3.10.2 Amino acid analysis

Arnino acids from acid hydrolysis were separated and quantitated on a high

performance amino acid analyzer (System 6300, Beckman Instruments, Inc., Mississauga,

Ontario) consisting of an automatic sample loading tumtable, ion-exchange high

performance liquid chromatography (HPLC) and ninhydrin color reaction. The ninhydrin
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derivatives were monitored by an on line spectrophotometer at 440 nm and 570 nm and

the sum of peak areas was integrated by Hewlett Packard 339ûA Reporting Integrator.

3.11 pH optimum and stability

The influence of pH on the activity of the 6sh collagenase fraction was determined

according to the method of Simpson and Haard (I985). For the pH activity study, the

enzyme solution (enzyme in 0.05M Tris-HCI buffer, pH 7.4 containing 5mM CaCI2) and

the substrate ( 0.64 mM PZ-peptide) which had been prepared in various buffer solutions

of different pH values were incubated separately at 37°C for 5 min, rnixed and incubated

at the same temperature for activity determination. Composition of buffer solutions used

were: O.lM citrate-HCI, pH 2.0~ O.lM citrate-NaOH, pH 4.0, pH 5.0, 6.0, pH 6.5~ 0.11\11

Tris-HCL pH 7.5, pH 8.0~ O.IM glycine-NaOH, pH 10.0~ 11.0, 12.0~ O.05M sodium

phosphate, pH 7. 1.

For pH stability studies, buffer ranges from pH 2 - 12 were used. For this study,

the fish enzyme was incubated at various pH's with different buffer solutions in an ice bath

for 30 min. The residual activity was assayed with the use of the PZ-peptide as substrate at

37°C and 320 nm.

3.12 Temperature optimum and stability

The influence of temperature on the activity of the fish collagenolytic enzyme was

determined based on the method of Simpson el al. (1987). For the temperature optimum

study, the PZ-peptide substrate (0.64 mM in phosphate buffer, pH 7.1) and the fish

collagenases were incubated in separate test tubes at various temperatures (5 - 65°C) for 5

min before mixing and allowed to react for exactly 15 min at the same temperature.
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Thermal stability studies were performed using temperature range of 0 - 65°C. For

this study, the fish enzyme was incubated at various temperatures for 30 min, then rapidly

cooled in ice for 5 min prior to the assay for residual activity at 37°C with the use of PZ

peptide as substrate (0.64 mM in phosphate buffer, pH 7.1).

3.13 Influence of varions inhibitors on the collagenolytic activity of the fish skeletal

enzymes

The sensitivity of fish collagenase fractions towards various inhibitors (soybean

trypsin inhibitor [STI], n-a-p-tosyl-L-lysine chIoromethylketone hydrochloride [TLCK],

2-mercaptoethanol, dithiothreitol [OTT], ethylene diamine tetraacetic acid [EDTA,

trisodium salt] and 1,10-phenanthroline) was investigated as follows: Equal volumes of

the inhibitor (0.5 mg/ml STI in 0.05 M Tris-HCL buffer, pH 7.4~ 10 mM TLCK in 0.05 ivl

Tris-HCI, pH 7.4~ 100 mM 2-mercaptoethanol in deionized water~ 20 mM DTT in

deionized water: 100 mM EOTA in deionized water and 10 mM l, 10 phenanthroline in

deionized water) and enzyme solution (-0.062 mg/ml in 0.05 M Tris-HCI buffer, pH 7.4

containing 5 mM CaCI2) were mixed and incubated at 37°C for 30 min. Residual activity

was determined with the use of PZ-peptide as substrate at 37°C and 320 nm. Control

experiments were run simultaneously.

3.13.1 InOuence of Zn and Ca ions on the collagenolytic activity of the fish enzyme

Equal volumes of ZnCh (0.125 mM to 0.5 mM in deionized water~ complete

dissolution was accomplished by addition of dilute Hel) and the enzyme solution (-0.062

mg/ml) (SEC fraction) were mixed and incubated at QOC (ice bath) for 1 h. The residual

activity was determined using PZ-peptide as substrate at 37°C and 320 nm. Control

experiment was ran simultaneously.
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Furthennore~ the fish enzyme was dialyzed against 3 changes of deionized water

for 24 h (l: 1OOO~ v/v) at 4°C _ After dialysis, collagenolytic activity was determined in the

presence/absence of zinc ions (0.5 mM ZnCI2) following the procedure above to determine

ifdialysis treatment influenced enzyme activity.

To determine the combined effect of various concentrations of zinc ions and 1. 10

phenanthroline or EDTA, equal volumes of the enzyme (0.08 mg/ml). inhibitor (10 mM

1.l0-phenanthroline or 100 mM EDTA) and zinc chloride solutions (0.5 mM to 40 nLM in

deionized water~ complete dissolution was accomplished by addition of dilute HCI) were

mixed and incubated at 37°C for 30 min. The residual activity of the enzyme was

determined with the use of PZ-peptide as substrate at 37°C and 320 nm. Control

experiments with and/or without inhibitor and zinc ions were ran simultaneously.

T0 determine the combined effect of various concentrations of calcium ions and

EDTA, equal volumes of the enzyme (0.072 mg/ml), EDTA (1 OOmM) and calcium

chloride solution (5 - 20 mM) were mixed and incubated at 37°C for 30 min. The residual

activity of the enzyme was determined with the use of PZ-peptide (O.64nu\1 in phosphate

buffer, pH 7.1) as substrate at 37°C and 320 nID. Control experiments with or without

inhibitor were ran simultaneously.

3.14 Kinetic properties (Km'and Vmax)

The apparent Michaelis-Menten constant (~') and the substrate turnover number

(Vma.J were calculated by least-squares analysis, from Lineweaver-Burk plots at 37°C and

pH 7. 1 with p-phenylazobenzyloxycarbonyl-Pro-Leu-Gly-Pro-D-Arg as substrate. The

range of the substrate concentration used in ail determinations were 0.1 - 1.6 mM.
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3.15 Inhibition studies

For inhibition studies of winter tlounder skeletal muscle collagenases. substrate

concentrations ranging from O. 1 to 1.6 mM were used at different concentrations of

inhibitors (EDTA, and 2-mercaptoethanol). Lineweaver-Burk plots were used to

determine the type of inhibition caused by each inhibitor.

To determine the concentration of the inhibitor necessary for a 500/0 inhibition (150)

a substrate concentration of 0.64 mM was used at different inhibitor concentrations. [50

was estimated from the plot VJVj against inhibitor concentration.

The dissociation or binding constants Ki and aK j were estimated From the

secondary replots of the slopes (~·/Vmax) and intercepts (UVmaX> against inhibitor

concentrations l'rom the primary reciprocal plots (Lineweaver-Burk plots) based on the

method ofKuby (1991).

3.16 Thermodynamic properties (Ea , AH, AS and AG)

The Arrhenius energy of activation (EJ were estimated from the temperature

activity data as described by Simpson and Haard (1 984a: 1984b).

The Ea and Vma.'( values were used to determine the thermodynamic parameters.

change in enthalpy (LliI), change In entropy (dS) and change in Gibbs free energy (.~G) as

described by Low el al. (1973).
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Chapter 4

RESULTS AND DISCUSSION

.1. 1 Comparative studies of collagenases from winter flounder skeletal muscle and L:

histolyticum

A comparative study of the characteristics, i.e., response to pH and temperature of

the collagenases from the fish skeletal muscle (WFC) and commercial collagenases (C.

histo/yticum) was conducted.

4.1.1 Extraction of collagenase(s) from the fish skeletal muscle

The [EX collagenase fraction from the skeletal muscle of winter tlounder was

extracted with the use of 0.05 M Tris-HCI, pH 7.4, containing 5 mM CaCI2 following the

scheme shown in Fig. 4. The crude extract was subjected to ammonium sultàte

fractionation (40 - 80%) followed by ion-exchange chromatography. The partially

purified enzyme was characterized with respect to its response to pH and temperature.

A summary of the purification process for the fish collagenase (WFC) is given in

Table 9. An increase of the specifie activity, as the purification proceeded, was observed

in the [EX fraction as compared with the crude extract, and this corresponded to a

purification fold of - 6 and a yield of 17%.

The crude fish enzyme aIso showed trypsin-like and chymotrypsin-like activities.

A low trypsin-like activity (0.0098 units/mg) detected in the crude extract diminished with

purification and was not detected in the IEX fraction. However, chymotrypsin-like

activity was high for both the crude extract and the ammonium sulfate fraction but

decreased abruptly after the IEX step. The effective removal of the
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Fish skeletaJ muscle + O.05M Tris-Hel butTer. pH 7.~. with 5mM CaCI; (1 :3. w/v)

1 homogenin:d al 18.000 rpm (po1)tron) for ~ - 5min

• in an ice bath

Fish homogenate

~
centrifuged at 12.000 g for 30 min
at~ C

---------------

(

Supematant 1

Supernatant II

Supematants [ and Il
(poolcd)

filtered through glasswool

Residue 1

l
0.05 M Tris-Hel butTer. pH 7A. with :; mM CaCl~
homogenized at 18.000 rpm for ~ - 5 nun
in an ice bath

Fish homogenate il

Centrifuged at 12.000 g for 30 min
at~ C

Residue II (discarded»

Rcsiduc HI

(discarded)

Residue IV
(discarded)

FiItrate

centrifuged at 39.191 g for 30 min at ~ C

Supernatant fi

~ fillered through 0.22 J.lm fillers

Crude extrnct. frozen and stored at -80 C

(
Fig. 4. Schematic diagram for the isolation of crude collagenase fraction

from the skeletal muscle ofwinter flounder.
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Table 9. Purification of collagenase from the skeletal muscle of winter flounder. P.
americ.:alllls.

Pu rification Total protein Total aetivity Specifie Yield Purification

step mg uoits aetivit)" 0/0 rold

units/mg

Crude extract 371.26 ± 37.61 1-4- 17A~ ± 1-4- 1.06 3.82 ± 0.59 lOO 1.OIJ

Ammonium

sulfate fraction 18..J.58 ± 16.30 1089.31 ± 1[8.13 5.90 ± 1. [2 76.85 ::: 2.0; 15-1- = IJ PJ

-1-0 - 8U%

[EX fraction 10.98 ± OAO 2-1-3A5 ± 33.12 22.18±3.81 17.18±2.19 5.X[=IJ.77

60 ml of the crude extract (equivaJent to 10 grams of the fish skeletai muscle) were
treated as described in the Materials and Methods~ data presented are average values
oftriplicate results for 3 experiments. (Teruel and Simpson; 1995)
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chymotrypsin-like activity as purification of the fish muscle enzyme progressed is

summarized in Fig. 5. The absence of the trypsin-like and chymotrypsin-like activities

from the active collagenolytic enzyme fraction suggests that these enzymes were present

together with the collagenolytic enzyme in the crude extract, and not due ta the action of

the fish muscle collagenolytic enzyme. itself. in contrast to that reported for crab

hepatopancreas collagenase (Eisen et al., 1973).

Insoluble collagen had been used as substrate for shellfish enzyme with

collagenase-like activities. The fish enzyme showed activity against bovine insoluble

collagen. WFC hydrolyzed insoluble bovine tendon collagen after 12 h incubation at 370 (

(Fig. 6). Very little to no activity was observed at incubation times lower than 12 h.

however, collagenase-like activity ~ncreased with incubation time and maximum activity

was observed after 48 h incubation period.

4.2 Influence of pH on the activity and stability of collagenases from fish (IEX

fraction) and C /ristolyticum

The partially purified fish muscle collagenase after IEX had an optimum pH of 7 5

tor PZ-peptide hydrolase reaction, while the collagenase from C. histolyticum had an

optimum pH of 8.0 for the same reaction (Fig. 7). This optimum pH value for WFC is

sirnilar to those reported for collagenases from various shellfish, e.g., fresh water prawn

hepatopancreas collagenas(;":, pH 6.5 - 7.5 with insoluble collagen as substrate (Nip et al..

1985), and fiddler crab hepatopancreas collagenase, - pH 8.0 with soluble collagen as

substrate ( Eisen et al., 1973).

The fish collagenase was relatively stable within the pH range of 6.0 - 8.0, whereas,

the bacterial collagenase was most stable within the pH range of 7.0 - 9.0 (Fig. 8). Bath

enzymes lost their collagenolytic activities at pH < 4.0, and in this respect are similar to

crab collagenase which showed 1055 of activity at below pH 6.0 and complete inactivation
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at below pH 3.5 (Eisen et a/., 1973).

·t3 Influence of temperature on the activity and stability of collagenases from fish

(IEX fraction) and C histolyticum

The partially purified fish collagenolytic enzyme exhibited a temperature optimum

of 40°C for the hydrolysis of PZ-peptide. similar to collagenase from ('. histolyticum (Fig.

9). This value is similar to that repol1ed for freshwater prawn collagenase (37°C - Nip el

al., 1985) and for lobster collagenase (40 - 50°C~ Chen, (991) and Vibrio B-30

collagenase (37°C - Merkel and Dreisbach, 1978). However. it is higher than that

reported for collagenase from CytophaKa sp. (300 e - Sasagawa et al.. 1993) but lower

than that for filefish (55°e - Kim et al., (993).

The collagenolytic enzyme from fish muscle and collagenase from C. histolyticunl

were stable at 0 - 45°e (Fig. 10). At sooe, the residual activity of bacterial collagenase

dropped to 65.50%, and at 65°e complete loss of activity was observed. Collagenase

from Cytophaga sp. was stable from pH 15 - 40°C (Sasagawa et al., 1993). However. in

the case of fish collagenolytic enzyme the loss of activity was only -31 0/ô at 65°C. The

higher stability of the partially purified enzyme from tish tissue may be due to the presence

of other molecules in the crude extract which contributed to the stabilization of sorne

enzymes (Stauffer, 1989).

4.4 Further purification of the fish skeletal muscle collagenase(s) fraction

Several methods were used to further purify the collagenase from the skeletal

muscle of fish and this included isoelectric focusing CIEF) with the use of a rotofor from

BioRad and elution of the collagenase fractions from the PVDF membrane (NOVEX) and

column chromatography in the FPLC system (Pharmacia Baie' D'Urfe, Quebec).

79



(

120

(

100

~ ~o

:E-C,J
=:
~.::-=:

'1:i=:
~= ~o

o
5 15 35 ~o 45

Temperature, C

C. histolyticum P. americanus
--.- -&-

50 55

(

Fig. 9. Temperature optima of collagenases from C. histolyticum and
P. americallllS (IEX fraction).
(Values presented are means of 3 replicates for 1 experiment)
(Teruel and Simpson. 1995)

80



(

(

120

100

,. 80-:~-~
-= 60="0-;n
~

=:
~ ..JO

20

o
o 5 15 25 35 40 45

Temperature, C
50 55 65

(

C. hislolyticum P. amerlcanus
~ -e-

Fig. 10. Temperature stability of collagenases from C. his!o(rllcufll and
P americallllS (IEX fraction).
(Values presented are means of 3 replicates for 1 experiment)
(Teruel and Simpson~ 1995)

81



(

(

lsoelectric focusing is a fast method of protein purification. however. the removal of

ampholytes which interfere with protein determination and probably lower the specifie

aetivity of the enzyme was a problem. Protein precipitation was also observed during the

run and this could also be responsible for the loss of collagenase activity. Modification of

the IEF runs such as incorporation of glycerol in sample preparation and/or prerunning of

the system with ampholytes without the enzyme and addition of the enzyme after

establishing the pH gradient were made. Precipitation was eliminated. however. reeovery

of the enzyme activity was still very low. Elution of the collagenase bands from the

PVDF membrane was 100%. however. recovery of collagenase activity was very lo\v

despite renaturation of the enzyme after elution. Furthermore. the distance between the

two isoenzymes was very small such that cutting them from the PVDF membrane without

staining was a problem. Among the methods used, column chromatography with the use

of the FPLC system was found to be efficient in the purification of the fish skeletal muscle

enzymes.

4.4.1 Further purification of the enzymes by immobilized metal affinity

chromatography (~IAC) and size-exclusion chromatoraphy (SEC)

The scheme used to further purify the fish skeletal muscle collagenases is given in

Fig. 11. The crude extract was subjected to ammonium sulfate precipitation (40 -80%
) as

a preliminary purification of the enzyme solution followed by a series of column

chromatography, namely, ion-exchange, immobilized metal affinity and size-exclusion in

the FPLC system. Increasing specifie activity was observed with purification (Table 10).

The inerease in the specifie aetivity of the fish skeletal muscle collagenases could be due to

the removaI of proteins or other moleeules which may be inhibitory on collagenases. The

degree of the removaI of these impurities is shown in the chromatograms from column

chromatography and the electropherograms. In Table 10, the value for IEX-I fraction
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(IEX-l) on MonoQ HR 5/5
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~
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(IEX-2) on MonoQ HR 5/5

ŒX-2 fraction
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(IMAC) on Chelating Superose HR 10/2
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and concentrated~ size- exclusion
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HR 10/30

SEC fraction(s)

Fig. Il. Purification scheme for winter flounder skeletal muscle collagenases.
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Table 10. Purification scheme for winter tlounder skeletal muscle coJlagenases.

Purification Protcin contcnt Total IJfotcin Specifie acth'ity Total activity Yicld Purification rold
schcmc mg/ml mg units/mg units 0/0

Crude extract 4.72 ± 0.2 3397.32 ± 14S.0H 2.19±O.16 7424.07 ± 233.()() 100 1.00

Ammonium
sulfate ppt. 5.56 ± 0.98 13]5.79 ± 33.81 4.64 ± 1.12 5934.00 ± 409.02 79.84 ± 100 2.08 ± OJ6
(40 -80%»)

lEX-I 1.32 ± 0.02 253,44 ± .l84 JO.II ± 2.63 2552.18 ± 627.72 34.14 ± 7.38 4.54 ± 0.86

IEX-2 O.H6 ± 0.01 -16.69 ± O.2lJ 19,40 ± ).98 904.36 ± 179.93 12.12 ± 2.05 8.76 ± 1.16

~ IMAC 0.15 ± O.(H 6.()O ± 0.40 74.20 ± 10.52 440,96 ± )3.47 5.94 ± 0.27 J3.67 ± 2.31

SEC 0.04 ± 0.(0) 1.56 ± 0.12 ]92.2') ± lU.28 302.33 ± 40.00 4.05 ± 0,42 87.H4 ± 1.82

720 ml of the eTUde extraet (equivalent to 120 g of the skeletal muscle) were treated as described in the
Materials and Methods~ data presented are average values of triplicate results for two experiments.
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was obtained by pooling fractions 3 and 4. whereas values presented in Table 9 was

obtained only from fraction 3. The pooled fractions from IEX-I were further puritied up

to the SEC level.

4.4.1.1 Ammonium sulfate fractionation

The fish collagenase was recovered from the residue obtained trom 40 - 80~/o

saturation with ammonium sulfate. The specifie activity recovered was about two times

higher than that of the crude extract corrresponding to a yield of 79.84% (Table 10).

4.4.1.2 lon-exchange chromatography (IEX-l and IEX-2)

The ion-exchange column. MonoQ is a strong amon exchanger in which the

charged group on the gel -CH2N-(CH3h, is totally independent of pH in the range of 2. 

12. Therefore the sample loading capacity does not change with pH due to 1055 of charge.

The charged group also provides an ionic interaction in which a simple mechanism does

not depend on hydrogen bonding or weak electrostatic interactions. Thus, negatively

charged components of the sample interact with the charged group and is eluted from the

column with the use of a high salt concentration (Pharmacia. 1985).

Winter tlounder skeletal muscle collagenases were adsorbed by the anion exchange

column as shown in Figs. 12 and 13, for IEX-l and IEX-2, respectively, suggesting that

the enzyme could be an acidic protein similar to the fiddler crab hepatopancreas

collagenolytic protease (Eisen el al., 1973), but differs from the basic human skin

collagenase, which has a higher affinity for the cation exchange column

(phosphocellulose/carboxymethylcellulose) (Stricklin el al., 1977), and pig synovial

collagenase which passed unretarded through the DEAE-cellulose column (Cawston and

Tyler, 1979). The collagenase fractions were eluted with increasing concentrations of
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NaCI.

Ten 2-ml fractions were collected per run for IEX-I. Fractions 3 and 4 which

showed collagenase acivity were pooled. concentrated and subjected to [EX-2. Ten 2-ml

fractions were collected per run for IEX-2. Fractions 3 and 4 showed collagenase activity.

but only fraction 3 was considered for further purification since it had a much higher

specifie activity compared to fraction 4.

4.4.1.3 Immobilized metal affininity chromatography (IMAC)

The chelating Superose affinity column composed of iminodiacetic acid

covalently attached to the agarose-based gel is stable over a pH range of 1. - 13. Protein

purification by [MAC is based on the affinity of sorne proteins for certain metal ions. and

thus a gelloaded with strongly fixed Zn ~- and Cu -- ions with excess binding capacity may

interact with the surface exposed imidazole and thiol groups of proteins (Porath el al..

1975). Elution of the bound protein is effected by a gradient or step-wise decrease in

the pH~ by a competitive elution~ or by the use of a chelating agent like EDTA. In this

particular study, Zn ~- was loaded onto the column before sample application. The protein

loaded was eluted with a decreasing pH gradient.

The chromatogram l'rom [MAC showed two peaks and the tirst peak to be eluted

had collagenase activity. whereas. the second peak had no collagenase activity (Fig. 14).

The fish enzyme had a low affinity for the Zn-chelate affinity column (chelating superose.

HRIO/2) in contrast to the pig synovial collagenase which was strongly adsorbed by the

column (Cawston and Tyler, 1979). This further shows that the enzyme may differ from

mammalian collagenases in terms of amino acid composition. The weak affinity of the fish

enzyme to this column suggests low levels of histidine and cysteine~ not necessarily their

absence, or the conformations of the isoenzymes were such that these residues were not

readily accessible (i.e., buried within the molecule) for binding. Despite the low affinity of
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the fish collagenases to the chelating Superose, increased purity of the enzyme \Vas

attained as a result of the removal of the protein component which had a stronger affinity

to the column. The purification fold increased 34 times compared to the crude extract.

Twenty I-ml fractions were collected per run and fractions 2 and 3 showed

collagenase activity. These two fractions were pooled, concentrated and laaded onto the

SEC column for further purification.

4.4.1.4 Size-exclusion chromatography (SEC)

Superdex 75 composed of dextran and agarose is stable over pH 3 -12. Separation

of the proteins in SEC is based on differences in the molecular weightlsize of the

molecules and malecules are eluted in order of decreasing size.

Forty-six O.S-ml fractions were collected eveI)' run and fractions 6. 7 and 8

showed collagenase activity (Fig. (5). Result of electrophoresis suggested that these 3

fractions had the same size (Fig. 16), thus they were pooled and used for characterization.

Further increase in the punty level of the fish collagenase was achieved by SEC and this

corresponded to a purficatian fald of 88.

4.5 Electrophoresis

The electrophoretic patterns of winter flounder skeletal muscle enzyme fractions

from eveI)' purification step are shown in Figs. 17 and 18 in Native-PAGE (Davis. 1964)

and SDS-PAGE (Laemmli, (970), respectively. Impurities were removed with

purification as shown in the gels. The pooled fractions from SEC showed a single band on

the native-PAGE 7% acrylamide gel. However, in the SnS-PAGE 12% acry1amide gel

the same fraction showed 1 dominant band with traces of other proteins. This dominant

band had an Rf value which corresponded to a molecular weight of approximately 73,000
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Fig. 16. Electrophoresis (Native-PAGE) of fractions from SEC with collagenase
activity on 7°./c> polyacrylamide gel (gel 1 - fraction 6~ gel 2 - fraction 7~ gel 3
- fraction 8).
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Fig. 17. Electrophoresis (Native-PAGE) of winter tlounder skeletal muscle enzymes
from each purification step on 7% polyacrylamide gel (lane 1 - SEC fraction:
lane 2 - IMAC fraction: lane 3 - IEX-2 fraction~ lane 4 - ŒX-I fraction: lane
5 - ammonium sulfate fraction~ lane 6 - crude extract).
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Fig. 18. Electrophoresis (SOS-PAGE) of winter tlounder skeletal muscle enzymes
from each purification step on 12% polyacryJamide geJ (Iane 1 - crude
extract; lane 2 - ammonium sulfate fraction; Jane 3 - IEX-l fraction: lane 4 
IEX-2 fraction; Jane 5 - IMAC fraction; lane 6 - SEC fraction: lane 7 
Pharmacia LMW standard: phosphorylase B - 94,000: bovine serum
albumin - 67,000; ovalbumin - 43,000; carbonic anhydrase - 30,000: trypsin
inhibitor - 20,100; a.-Iactalbumin - 14,400).
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based on the Pharmacia LMW standard (Table Il). The results of the electrophoresis on

the 120/0 acrylamide gel were not conclusive regarding the identity of the bande s)

corresponding to collagenase(s). To ascertain the identity of the band(s) corresponding ta

collagenase( s), electrophoresis was conducted simultaneausly on the precast zymogram

gel and the 10~/0 Tris-glycine gel (NOVEX) following the scheme in Fig. 19. Zymogram

gels are 10°tla Tris-glycine gels with 0.1 % gelatin used to detect and characterize

collagenases and other proteases that can utilize gelatin as substrate (NOVEX~ 1994-95

catalogue). These gels had been used to demonstrate/detect the presence of Collagenase

IV, a matrix metalloproteinase (MMP) (Brown et al., 1990: Kleiner el al., (993). Two

adjacent reaction zones were detected in the zymogram gels (Fig. 20), suggesting that twa

collagenase isoenzymes are present in the winter flounder skeletal muscle. These

isoenzymes were designated as WfC-I and WFC-2 corresponding to the 1st and 211d

reaction zones, respectively. These reaction zones corresponded to the two adjacent

bands detected in the 10% Tris-glycine gel (Fig. 21) and the PVDF membrane (Fig. 22)_

The estimated molecular weights of WfC-I and WFC-2 were 79.600 and 75.500.

respectively (Table 12) based on the wide range molecular standards from NOVEX. The

concentration of WfC-l in the fish skeletal muscle was very low in comparison to WCf-2

as demonstrated in the 10% Tris-glycine gel and the PVDF membrane, i.e.. the band

corresponding ta WfC-l was lighter and narrower than WfC-2. However, WFC-I

seemed to have a higher activity than WFC-2 based on their zymographic activity. The

area of the reaction zones observed on the zymogram gel for WfC-I and WfC-2 \Vere

almost the same.

After separation of collagenase isoenzymes, electrophoretic blotting from the 60/0

Tris-glycine gel to the PVDF membrane was conducted to facilitate the isolation of WFC

1 from WfC-2 for amine acid analysis. A slight increase in the distance between WfC-I

and WFC-2 was observed with the use of 6% Tris-glycine gel.
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( Table 11. Relative mobilities (Re) and molecular weights of protein standards and tish
muscle collagenases on 120/0 polyacrylamide gel.

CompORent

Standards

Phosphorylase B

Bovine serum albumin

Ovalbumin

Carbonic anhydrase

Trypsin inhibitor (soybean)

a-Iactalbumin

Sampie

WfC (SEC fraction)

1
Rf

0.1674

0.2594

0.4017

0.5858

0.7866

0.9456

0.2267

1
Molecular weight

94.000

67.000

43,000

30,000

20.100

14.400

73,107

(

Rf values were calculated trom SDS-polyacrylamide gel ( 12%
) electrophoregrams.

(~. = distance protein has migrated from ongin/distance from origin ta retèrence
point)
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Zymograrn gel

renaturing buffer ( 100
ml). 30 min room temp..

gentle agitation

Renatured ellZ)me (in gel)

developing buffer ( 100ml).

gentle agitation. decantcd
& rcplaccd: incubatcd a137
C. o\'cmight

CoUagenase activity on Z)1Dogram gel

staining solution+

Clear (white) zone on
Z}mogram gel

Tris-glycine gel

1 clectrotransfcrred on PVDF
, membrane

Enzyme on PVDF membrane

rinscd membranc with Milli-Q pure wal~L

stained with CSB R-250. 5 min.:

destained 10 - 15 min:
aligned on the zymogmm gel 10 idcntify the band( s

with collagenase activity

Band(s) corresponding 10

collagenase(s) (cut and subjected to
amino acid anaIysis)

(

Fig. 19. Schematic diagram for the detection of collagenase with the use of a zymogram
gel and electrophoretic blotting from the Tris-glycine gel ta the PVDF membrane
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Fig. 20. Zymogram gel showing the" reaction zones ofwinter flounder skeletal
muscle collagenases (SEC fraction), WFC-l (tirst reaction zone trom the
top ofgel) and WFC-2 (reaetion zone just below WFC-I) (lanes 1 to 4 
winter flounder skeletal muscle collagenases).

98



(

(

1 2

Fig. 21. Electrophoresis (SOS-PAGE) ofwinter flounder skeletal muscle collagenases
(SEC fraction) on 10% Tris-glycine gel (lane 1 - Mark 12 wide range protein
standard, NOVEX: myosin - 200,OOO~ f3 galactosidase - 116,300.
phosphotylase 8 - 97,400~ bovine serum albumin - 66,300~ glutamic
dehydrogenase - 55,400~ lactase dehydrogenase - 36,500~ carbonic anhydrase
- 3 I,OOO~ trypsin inhibitor - 21,500~ lysozyme - 14,400~ aprotinin - 6,000:
insulin B - 3,500: insulin A - 2,500~ lanes 2 and 3 - winter tlounder skeletal
muscle collagenases~ lane 4 - Seeblue prestained markers, NOVEX: myosin 
250,000~ bovine serum a1bumin - 98,000~ glutamic dehydrogenase - 64,000~

alcohol dehydrogenase - 50,OOO~ carbonic anhydrase - 36,000~ myoglobin 
30,000~ lysozyme - 16,000; aprotinin - 6,000~ insulin ~ chain - 4,000).
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Fig. 22. PVDF membrane showing the winter flounder skeletal muscle collagenases
(SEC fraction) (Jane 1 - Mark 12 standard, NOVEX~ lanes 2 and 3 - winter
flounder skeletal muscle collagenases; lane 4 - Seeblue markers, NOVEX).

100



( Table 12. Relative mobilities (Rf) and molecular weights of protein standards and fish
muscle collagenases on 10% Tris-glycine gel

Rf
1

Molecular weight

0.3165 116,300

0.3597 97.400

0.4604 66,300

0.5540 55,400

0.7410 36,500

0.8417 31.000

Component 1

Standards

Pgalactosidase

Phosphorylase B

Bovine serum albumin

Glutamic dehydrogenase

Lactase dehydrogenase

Carbonic anhydrase

Sample

WFC-I

WFC-2

0.4316

0.4532

79,600

75,500

(

(

Rf values were calculated from SDS-polyacrylamide gel electrophoregrams on 10%

Tris-glycine gel (NOVEX). CRr = distance protein has migrated from origin/distance
from origin to reference point)
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4.6 pH optimum and stability

Collagenases from various sources have been shown to exhibit a wide range of pH

optima~ e.g., pH 6.5 - 7.5 for prawn hepatopancreas collagenase (Nip et al.. 1985), and

-pH 8.0 for fiddler crab hepatopancreas collagenase (Eisen et al.. 1973), whereas

mammalian collagenase from rheumatoid synovium (Woolley et al.. (975) and rabbit

tumors (Mckroskery et al., (975) had pH optima ranging from 75 - 85 and 70 - 9 5.

respectively. Microbial collagenases on the other had pH optima of 7.S for CytophaKa sp.

(Sasagawa et al.. 1993), and a slightly higher value, pH~ 7.6 for collagenase l'rom t ihrio

8-30 (Merkel and Dreisbach (978). The profile of the pH activity of the tish skeletal

muscle collagenases (SEC fraction) is shown in Fig. 23. The fish collagenase fraction

from SEC is most active at pH 7.5 and 37°C with PZ-peptide as substrate similar to the

fraction from IEX and similar to the reported values as shown above.

The fish collagenase from SEC fraction was stable over a wide pH range from pH 6

- Il (Fig. 24) with PZ-peptide as substrate at 37°C. At pH 5.0 the enzyme lost about

600/0 of its activity and at pH 4.0 complete loss of activity was observed. In this respect.

the fish enzyme is similar to the crab collagenase which had a low activity at pH 6.0, \\ias

almost abolished at below pH 5.0 and was completely inactivated at below pH 3.5 (Eisen

t!/ al., (973). Collagenases from C. histolyticum were aiso unstable at pH below 6.0

(Bond and Van Wart. 1984b).

Upon death, the pH of fish skeletal muscle drops due to the accumulation of lactic

acid. For most fishes the ultimate pH is bet\veen 6 to 7 (Davis, 1995). the pH values at

which the fish collagenases remain active. Thus it is possible that these endogenous

collagenases participate in the structural breakdown of the skeletal tissues of the tish by

attacking the connective tissues, i.e.. collagen and exposing the other parts of the tissues

to attack by other endogenous proteases.
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Fig. 23. pH optimum of winter flounder skeletal muscle collagenases (S EC fraction)

(Values presented are means of 3 replicates for 1 experiment).
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4.7 Temperature optimum and stability

The temperature optimum for fish collagenases (SEC fraction~ 0.120 mg/ml) was

45°e at pH 7.1 with PZ-peptide as substrate (O.64mM) (Fig. 25). This value was similar

to the optimum temperature of the crude extract in the preliminary studies and within the

range reported for lobster collagenase (40 - 50o e: Chen. 1991). however. it is slightly

higher than the reported values for collagenase from freshwater prawn (37°e - Nip el al..

1985), Vibrio 8-30 (37°e - Merkel and Dreisbach, 1978) and Cytophaga sp. (30C C 

Sasagawa et al., 1993) but lower than that value reported for filefish (55°C - Kim el al..

1993 ).

The fish collagenase fraction after SEe was stable from 0 to 400 e (Fig. 26). This

range is comparable to the value reported for collagenase from Cytophaga sp. (15 - 40°C

- Sasagawa et al., 1993). At sooe, there was a loss of -64% activity and at 5SoC there

was complete 1055 of enzyme activity.

4.8 Influence of inhibitors on WFC activity

Fig. 27 shows the influence of various inhibitors on the collagenase activity of the

fish enzyme. Trypsin inhibitor (soybean) and TLCK failed to inhibit the activity of the fish

enzyme. TLCK belong to the group of chloromethylketones which are known Irreversible

inhibitors of serine proteases (Shaw et al., 1965). Inhibition of the enzyme by TLCK is

due to the binding of the proteinase with the inhibitor in a substrate - like manner followed

by the alkylation of the active-site histidine by the chloromethyl moiety (Salvesen and

Nagase, 1989). Soybean trypsin inhibitor on the other hand forms a very tight yet

reversible complex with proteinases (Salvesen and Nagase, 1989). Ethylene diamine

tetraacetic acid (trisodium salt) and 2-mercaptoethanollowered the collagenase activity of

the fish enzyme by 4S% and SO%, respectively. Dithiothreitol and 1,10 phenanthroline
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Fig. 25. Temperature optimum of winter flounder skeletal muscle collagenases
(SEC fraction) (Values presented are means of 3 replicates
for 1 experiment).
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Fig. 26. Temperature stability of winter flolUlder skeletal muscle collagenases (SEC fraction)
(Values presented are means of3 replicates for 1 experiment).
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(1 - ID mM TLCK: 2 - 0.5 mg/mI Trypsin inhibitor (soybean)~ 3 - 100 mNl EDTA:
4 - ID mM 1, 10-Phenanthroline~ 5 - 100 mM 2-Mercaptoethanol: 6 - 20 mM Dithiothreitol)

Fig. 27. Influence ofvarious inhibitors on the activity ofwinter flounder skeletal muscle
collagenases (SEC fraction. 0.062 mg/ml: PZ-peptide,O.64 mM).

(Values presented are means of 3 replicates for 1 experiment)
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were the most effective inhibitors. decreasing the collagenase activity of the tish enzyme

by 90% and 960/0. respectively.

The fish enzyme differs from the crab hepatopancreas collagenase enzymes which

were serine proteases. i.e.. inhibited by serine protease inhibitors. but showed similarities

with mammalian collagenases (known metalloproteases) from human skin (Woolley el a/..

1978), pig sYnovium (Tyler and Cawston, (980), and rabbit tumors (McCroskery el al..

1975) which were inhibited by both metalloenzyme and thiol protease inhibitors like

EDTA and dithiothreitol. respectively.

4.8.1 Inhibitory action of 1,1O-phenanthroline

The inhibitory action of 1.1 O-phenanthroline is directed towards the active site of

the enzyme. ft is an irreversible inhibitor of metal proteinases (Mihalyi, (978). This

inhibitor forms stable complexes with certain metal ions like zinc and iron through the

coordination of the metaI ion with the 2 nitrogen atoms of the inhibitor (Whitaker. (972).

In fish collagenase the action of 1,1 O-phenanthroline is directed towards zinc ion as \vill be

shown and discussed in section 4.9. 1ncreasing degree of inhibition with increasing levels

of l.1 O-phenanthroline was observed (Fig. 28) and 500/0 inhibition of the fish collagenase

was effected at a concentration of 1.84 mM. the 150 for the inhibitor (Table (3). A plot of

the relationship between VjV j and the inhibitor concentration is shown in Fig. 29.

4.8.2 Inhibitory action of EDTA

Similar to 1, 10-phenanthroline, EDTA is a metaI chelator which can bind or form

complexes with the metal component of metalloenzymes. Studies have shown that

calcium and zinc ions are inherent components of collagenases from various sources

(Seifter and Harper, 1970: Swann et al., 1981 ~ Bode et al.. 1984~ Bond and Van Wart.
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( Table 13. Iso values of various inhibitors on winter flounder skeletal muscle
collagenases with the use of paraphenylazobenzyloxycarbonyl-Pro-Leu
Gly-Pro-D-Arg as substrate.

Inhibitor

l, 10-phenanthroline

EDTA

2-mercaptoethanol

Dithiothreitol

Iso (mM)

1.84 ± 0

151.47 ±21.35

liS ± 2.66

5.22 ± 1.11

(

(

Data presented are means of 3 replicates for 1 experiment.
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Fig. 29. A plot of YoM against various 1.10-phenanthroline concentrations.
(Data used ta plot the figure are average values of 3 replicates for 1 experiment
using regression analysis.)
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1984a~ Matsushita et al.. 1984~ MalGnen and MalGnen. 1987). It has been observed that

freezing of fish collagenase in the presence of calcium ions increased enzyme stability.

suggesting that calcium could be an important component of the fish collagenase The

presence of calcium ions was observed ta be important in maintaining the stability of the

fish collagenase. The fish collagenase (SEC fraction) frozen without calcium ions lost its

activity after about a month of storage at -80°C. SEC fraction in 0.5 mNI Tris-Hel. pH

7.4 with 5 mM CaCl2 was still active after II months of storage at the same temperature.

although there was a decrease of activity ta about 50% (specifie activity decreased from

-218 units/mg to 99 units/mg). The action of EDTA could be directed towards calcium

and not zinc since the addition of zinc in the presence of EDTA did not restore

collagenase activity as discussed in section 4.9. Studies have shown that addition of

calcium ions reversed the inhibitory action of EDTA on collagenase (Lecroisey el al..

1975~ Van Wart and Steinbrink. 1981). [ncreasing levels of EDTA resulted in increasing

degree of inhibition (Fig. 30). Fifty percent inhibition was achieved at a concentration of

-151 mM EDTA. the [sa value for EDTA determined from the relationship shown in Fig.

3 1. A mixed type of inhibition on fish skeletal muscle collagenases was exhibited by

EDTA as shown by the Lineweaver-Burk reciprocal plot (Fig. 32). A mixed type of

inhibitor affects both Km' and Vmax (Kuby, 1991). Vmax values decreased in the presence of

EDTA. however the Km' increased (Table 14). The difference between the Vmax for both

EDTA concentrations (100 mM and 200 mM) was low suggesting possible saturation of

the enzyme with EDTA such that further increases in the inhibitor concentration did not

have an adverse effect on the Vmax' The inhibitor constants, Ki and aKi (Table 15). \vere

estimated from the secondary replots of the slope') and intercepts from the Lineweaver

Burk plots against inhibitor concentration as shown in Figs. 33 and 34, respectively.

following the method of Kuby ( 1991). The Lineweaver-Burk reciprocal plots if extended

downwards will intersect at points above the X-axis. In this type of rnixed inhibition. the

Ki is [ess than aK i (Dixon and Webb, 1979), suggesting that the affinity of EDTA to the
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Fig. 32. Lineweaver -Burk reciprocal plot for WFC for the determination
of the type of inhibition caused by EDTA with PZ as substrate
(0.10 - 1.60 mM) at pH 7.1 and 37 c.
(Data used to plot the figure are average values of 3 replicates for
2 experiments for the control and 100 mM EDTA, and 3 replicates for
1 experiment for 200 mM EDTA using regression analysis.)

116



(

(

Table 14. Influence of inhibitors on the kinetic parameters, Km' and Vmax of winter
flounder muscle collagenases (WfC) with p-phenylazobenzyloxycarbonyl
pro-Ieu-gly-pro-D-arg as substrate.

Inhibitor Km' (mM) Vnuu (units/min)

None (control) 0.65±O.IO 23.79±5.70

100mMEDTA l.O3±O.O9 19.91±2.07

200 mMEDTA 1.24±O.11 17.72±1.53

50 mM 2-mercaptoethanol 0.51±O.04 11.66± 1.28

100 mM 2-mercaptoethanol 0.48±O.02 9.96±1.18

Data are average values of 3 replicates for 1 set of experiment for 200 mM EDTA
and 50 mM 2-mercaptoethanol~average values of 3 replicates for 2 experiments for
the control. 100 mM EDTA and 100 mM 2-mercaptoethanol.

Table 15. Inhibitor constant values (Ki and aKi) for EDTA and 2-mercaptoethanol with
PZ-peptide as substrate.

Inhibitor

EDTA

2-mercaptoethanol

Ki (mM)
129.77

139.54

aKi (mM)
588.43

80.45

(

The data presented were obtained from secondary replots of slopes and intercepts of
the primary plots (Lineweaver-Burk reciprocal plots) vs inhibitor concentration to
estimate the Ki and the aKi, respectively. using regression analysis.
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the enzyme alone is greater than its affinity to the enzyme bound to the substrate. i.e.. the

ES complex.

4.8.3 [nhibitory action of 2-mercaptoethanol

The inhibitory effect of 2-mercaptoethanol suggests the binding of cysteinyl and

histidyl residues (Whitaker. 1972). 2-Mercaptoethanol is a thiol-protease inhibitor.

however. it has been shown to bind metalloenzyme collagenases from bacteria (Harper.

1972: Seifter el al., (959) and other sources (McCroskery el al.. 1975: WooUey el al..

1978: Tyler and Cawston, 1980). It had been suggested that the inhibitory action of 2

mercaptoethanol and similar compounds, e.g., cysteine and 2,3-mercaptopropanol for ('.

histolyticum collagenase is directed towards zinc since such enzymes were shown to be

deficient in free disulfide groups or low in amino acids such as cystine and cysteine

(Harper, 1972: Seifter el al., 1959). On the other hand, tish skeletal muscle collagenases

were shown to contain higher levels of cysteine (3 1 and 15 residues per molecule. tor

WFC-l and WFC-2. respectively) than C. hi.\Ololylicum collagenases (range of 2.2. - 4:'

residues per molecule [Bond and Van Wart, 1984a]). The inhibitory etfect of 2

mercaptoethanol and similar compounds. e.g.. dithiotreitol, could be directed towards two

different sites, first, towards zinc suggested to be located in the active site. and second, the

S-containing amino acid residues of these fish skeletal muscle collagenases. Increasing

levels of 2-mercaptoethanol resulted in increased inhibition of the fish collagenase (Fig.

35). 2-Mercaptoethanol had an Iso of -119 mM with the PZ-peptide as substrate as

determined from Fig. 36. Similar to EDTA, 2-mercaptoethanol exhibited a mixed-type

inhibition (Fig. 37). Both the Vma.x and Km' decreased in the presence of 2

mercaptoethanol (Table 14)0 The inhibitor constants, Ki and aKj , were estimated from the

secondary replots of the slopes and intercepts from the Lineweaver-Burk plots as shown

in Figs. 38 and 39, respectively. The mode of action of 2-mercaptoethanol differs trom
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Fig. 35. Influence of various 2-mercaptoethanol concentrations on the activity of
skeletal muscle collagenases (SEC fraction~ 0.08 mg/ml:
PZ-peptide. 0.64 mM at pH 7.1 and 37C).

(Values presented are means of 3 replicates for 1 experiment)
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Fig. 36. A plot of Vo/Vi against various 2-mercaptoethanol concentrations
(Data used to plot the figure are average values of 3 replicates for
1 experiment using regression analysis.)
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Lineweaver -Burk reciprocal plot for WFC for the determination
of the type of inhibition caused by 2-mercaptoethanol with PZ as substrate
(0.10 - 1.60 mM) at pH 7.1 and 37 C.
(Data used ta plot the figure are average values of 3 replicates for
2 experiments for the control and 100 mM 2-mercaptoethanoL and

3 replicates for 1 experiment for 50 mM 2-mercaptoethanol using
regression analysis.)
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that of EDTA. Extension of the plots in the Lineweaver-Burk reciprocal plots downwards

will show that the lines will intersect below the X-axis. This type of inhibition with KI

values greater than cxKj (Dixon and Webb, 1979) manifested by 2-mercaptoethanol (Table

l 5), suggests that the affinity of 2-mercaptoethanol to the enzyme alone is [ower than its

affinity to the enzyme- substrate (ES) complex.

4.8.4 lnhibitory action of dithiothreitol (DTT)

Similar to 2-mercaptoethanol, ditruothreitol is a thiol protease inhibitor. In like

manner, its inhibitory action towards the fish collagenase could be directed towards the S

containing amino acids and the zinc ions. However, DTT is a more effective inhibitar tor

the fish collagenase than 2-mercaptoethanol based on the Iso values. Increasing degree of

inhibition was observed as the levels of DTT increased (Fig. 40). Fifty percent inhibition

was effected at -5 mM DTT, the Iso value for the inhibitor, wrule for 2-mercaptoethanol

the Iso value was 118 mM. A plot of VJVi against DTT concentration is shown in Fig.

41.

4.9 Influence of Zn and Ca ions on the collagenase activity of the fish enzyme

Based on the results in section 4.8 studies were conducted ta determine if zinc ions

intluenced the collagenase activity.

An attempt to remove Zn Ca component of metalloenzyme collagenases) was

conducted by dialysis. However, trus method had a negligible effect on the activity of the

fish enzyme (Fig. 42), suggesting that Zn if present, was strongly bound to the fish

enzyme. Incorporation of Zn++ in the reaction mixture failed to enhance the collagenase

activity of the fish enzyme, instead inhibition was observed (Fig. 43). Increasing

concentrations of Zn...... resulted in a decrease in the activity of the fish
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Fig. 40. Influence of various dithiotreitol (DTT) concentrations on the activity of
skeletal muscle collagenases (SEC fraction, 0.08 mg/ml:
PZ-peptide, 0.64 ~1 at pH 7.1 and 37 C).

(Values presented are means of 3 replicates for 1 experiment)
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enzyme, suggesting that aithough zinc is an important component of collagenase. excess

zinc ions in solution could cause inhibition. The inhibitory etfect of zinc had been

observed in collagenases from rabbit bone (Swann et al., 1981) and ('1ostridium

perjringens (Matsushita el al.. 1994). This inhibitory action of excess zinc ions is due ta

the formation of zinc monohydroxide that bridges the catalytic ion to the side chain in the

active site of the enzyme (Larsen and Auld, 1988).

Low levels of zinc ions reversed the inhibitory activity of 1.10-phenanthroline

against the fish collagenases and maximum reactivation was obtained at 1.0 mM Zn --,

beyond which the degree of reactivation decreased (Fig. 44). The influence of Zn" in

reversing the inhibitory action of 1,1 O-phenanthroline was observed in rabbit bone

collagenase (Swann et al., 1981) and bacterial collagenases (Van Wart and Steinbrink.

1981: Makinen and Makinen. 1987). As stated earlier metai chelators can either torm

complexes with and/or remove the essential cation from the apoenzyme. subsequent[y

inactivating the enzyme. If the removaI of the cation does not cause irreversible

conformational changes in the apoenzyme, addition of the cation back ta the enzyme \vill

restore its activity (Whitaker,1972). Swann et al. (1981) suggested that Zn -- apparently

reactivates collagenase, not by removal of chelator but by maintaining a sufficient

concentration of the free Zn-- to ensure that the dissociation equilibrium favors the Zn --

containing holoenzyme rather than the inactive apoenzyme. In the case of the tish

collagenases addition of [ow levels of Zn-~ re-activated the enzyme, suggesting that

inhibition by l, 10-phenanthroline did not alter the conformation of the apoenzyme. Thus

inhibition of the tish enzyme by this chelator may have resulted from the remova[ of the

metai ion, i.e. Zn--, which could be an important component of the fish collagenase

enzyme. The use of 1,1 O-phenanthroline as a chelating agent is usually diagnostic for a

Zn ~- metallo-proteinase (Salvesen and Nagase, 1989).

Low levels of Zn~~ failed to reactivate the fish collagenase enzyme fraction in the

presence of EDTA (Fig. 45). Instead, a higher degree of inhibition was observed in the
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Fig. 44. Inhibition ofwinter flounder skeletal muscle collagenases (SEC fraction.
0.08 mg/ml) by 1,1 O-phenanthroline (10.0 mM) and their reactivation
by various concentrations ofzinc ions (0.5, 1.0, 2.0 and 4.0 mM)
( PZ-peptide, 0.64 mM at pH 7.1 and 37 C).
(Values presented are means of 3 replicates for 1 experiment)
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Fig. 45. Influence ofvarious concentrations ofzinc ions (5, 10, 20 and 40 mM) on
the inhibitory action ofEDTA (l00 mM) on winter flounder skeletal
muscle collagenases (SEC fraction, 0.08 mg/ml: PZ-peptide, 0.64 mM
at pH 7.1 and 37 C) (Values presented are means of3 replicates for
1experiment)
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presence of both EDTA and Zn--, suggesting that the mechanism of the fish enzyme

inhibition by EDTA differs from that of 1, 10-phenanthroline. The same result was

observed for bacterial collagenases (Van Wart and Steinbrink, 1981: Makinen and

Makinen~ (987), in contrast to the behavior of rabbit bone collagenase (Swann el al..

1981). The inhibitory action of EDTA could be directed towards calcium as mentioned in

section 4.8.2. Studies have shown that addition of calcium ions reversed the inhibitory

action of EDIA on collagenase (Lecroisey el al.. 1975; Van Wart and Steinbrink. 1981).

Similarly. addition of calcium ions in the fish collagenase-EDTA mixture recovered

enzyme activity (Fig. 46). Addition of 5 mM calcium ions (making a total of 10 mlVl

calcium ions in the mixture) was sufficient to restore enzyme activity to almost 100%L

However. further increase in the calcium concentration failed to restore collagenase

activity. Excess amount of calcium ions over EDTA levels was suggested ta restore

enzyme activity, however, in the case of fish collagenases calcium concentrations beyond

10 mM but lower than EDTA concentration seemed to inhibit enzyme activity. The

inhibitory action of calcium ions could be directed towards the transformation site. i.e ..

carboxyl groups in the active site of the enzyme, similar to the action of hydrogen ions

when the enzyme is exposed to acidic conditions (Chapman and Burke. 1990).

4.10 Kinetic and thermodynamic properties of fish collagenases (WFC-l élnd

WFC-2) and C histolyticum collagenases

The kinetic and thermodynamic properties of the fish collagenases and ( '.

histolyticlIm collagenases are presented in Table 16. The Km' for the hydrolysis of p

phenylazobenzyloxycarbanyl-Pro-Leu-Gly-Pra-D-Arg ta PZ-Pra-Leu by the fish skeletal

muscle collagenase (0.65 mM) is similar to that of C. histolytic:um collagenases (0.66

mM). The turnover number (Vma....) however, for the same substrate was higher for C.

histolyticum than for the fish muscle collagenases. The catalytic efficiency which is the
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Fig. 46. Influence ofvarious concentrations ofcalcium ions (5, 10, 15 and 25 mNI)
on the inhibitory action ofEDTA (l00 mM) on winter flounder skeletal
muscle collagenases (SEC fraction, 0.072 mg/ml~ PZ-peptide, 0.64 mNI

at pH 7. 1 and 37 C)
(Values presented are means of 3 replicates for 1 experiment)
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( Table 16. Kinetics and thermodynamic properties of winter tlounder muscle
collagenases (WFC) (SEC fraction) and Clostridium histo/yticum
collagenases with PZ-pro-Ieu-gly-pro-D-arg as substrate.

1

Parameter

Vmax (units/min)

Vma/Km'
(units/min/mM)

Ea (kcal!mole)*

MI (kcal!mole)* *

t1S (e. u.)**

t1G (kcal/mole)**

WFC

0.65±0.IO

23. 79±5. 7

36.60±2.73

7.23±0.53

(3.02 X 104 ± 0.22 X 10ol)

6.61±0.53
(2.89 X 104 ± 0.22 X 104)

-39.64±1.73

18.90 ± 0
(7.91 X 104 ± 0)

C. histolyticum
collagenase

0.66±0.ID

175.35:dO.29

265.68±56

Il.98±0. 76
(5.0 1 X 1Ool ± 0.32 x l Ool )

11.36±0.76
(4.75 X 104 ± 0.32 X 1Ool )

-20.27±2.47

17.64 ± 0
(7.38 x 100l ± 0)

(

*E;l values were estimated from temperature activity- protiles from 5 - 35::;C
**Estimated at 37°C. Values in parenthesis are equivalent values in joules (J)/mole. ~

G = Lili - T~S~ Lili = Ea - RT~ ~S = 4.576(log K - 10.753 - log T + Eal4.576T).
The data presented for WfC for kinetic properties are average values of triplicate
determinations for 2 experiments and for the thermodynamic properties the average
values of triplicate determinations for 1 experiment. For (". hislolyticum, the data
presented for kinetic and thermodynamic properties are average values of triplicate
determinations for 1 experiment. The protein concentrations of the stock solutions
used in this study were 0.120 mg/ml for WfC and 0.010 mg/ml for C. histolytic.7Im.
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ratio of Vma.x ta Km' (Whitaker. (972) of the collagenases was higher for C. histo(vlicllnl

collagenases than for the fish muscle collagenases. estimated ta be 26568

units/mg/min/mM and 36.60 units/mg/min./rnM, respectively. Based on the catalytic

efficiencies. C. histo(Vtù..71rt1 collagenases appear ta be more suited for the hydrolysis of

PZ-peptide than the fish muscle collagenases at 37°C and pH 7. 1.

The free energy of activation (~G) for the fish muscle collagenases (18.90

kcaVmole) was higher than that of the C. histo/yticlim collagenases (17.64 kcal/mole).

suggesting that the bacterial enzyme is a more efficient catalyst than the fish enzyme for

the hydrolysis of PZ-peptide at 37°C and pH 7. 1. In biolagical reactions, reactants are

formed into products after overcoming an "energy barrier" or ~G. Enzymes catalyze

these reactions by reducing the energy barrier, thus it follows that for a given set of

reactions, the enzyme most capable of reducing the energy barrier will be the mast

efficient catalyst (Simpson and Haard, 1987). Cold-adapted enzymes from poikilothermic

species have been shown ta be more efficient catalysts at coId assay temperatures than

their homologs from the homoiothermic organism, as weil as other warm-temperature

adapted poikilothermic organisms (Simpson and Haard, 1987). The average daily mean

habitat temperature of winter flounder is -S.soC and pressure of -981 kPa (depth of 100

m). The difference in the conditions of the habitat, i.e., temperature and pressure of the

bacteria and the fish may have influenced the efficiency of their enzymes in the breakdown

of PZ-peptide. The fish collagenase could be a more efficient enzyme at lower

temperatures than the bacterial collagenase, however the affinity of the former for PZ

peptide probably decreased as temperature increased. It has been shown that the affinity

of enzymes from poikilotherms for substrate decreased (Km' increased) as temperature

increased as in the case of lactase dehydrogenase (Hochacka and Somero, 1968~ Somero,

1969~ Baldwin and Aleksiuk, 1973). Increased pressure had been observed to increase ~l'

of acetylcholine esterase (Hochachka, 1974). Also, PZ-peptide could be a more suitable
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substrate for microbial collagenases inspite the fact that it has been used for the assay of

collagenases from various sources. including vertebrates.

The Arrhenius energies of activation (Ea) estimated for the hydrolysis of the

subtrate were 7.23 kcallmole and Il.98 kcaVmole for the fish muscle collagenases and (~.

histo/yticum collagenases. respectively. Based on the Ea values alone. one would predict

that the fish collagenases are more effective catalysts than (~. histolyticum collagenases

However, in this particular study the use of Ea alone is not reliable since this parameter is a

valid index for comparison of the abilities of the ditferent enzymes to reduce the energy

barrier to a given reaction ooly if the change in entropy (L~S) is the same in aH cases (Law'

e! al., 1973). The large differences between the values for change in entropy (LlS)

reduced the ditferences in the observed free energy of activation (L.\G) which can be

predicted on the basis of Ea . Ea is directly related to .Mi which in tum is directly related to

dG. The dS for bacterial collagenase is about 2x higher than for WFC. Similarly. the

change in enthalpy (LUI) is about 2x higher for bacterial collagenase than for WfC, The

differences in the L.\S and .Mi values between collagenases from fish and bacteria could

have a structural basis. According to Low et al. (1973), the most probable basis for the

differences in the L.\S and L.\H values among variants of the same enzyme lies in the internai

structure of the protein. Lower values of ôS for trypsin from fish suggested that these

enzymes have relatively more flexible structure than their bovine counterpart (Simpson el

al., 1989). In like manner. the lower ~S value for WFC suggests that the fish collagenases

have a relatively more flexible structure than the bacterial enzyme. An enzyme with a

flexible sructure can conform to the structure of the substrate for proper binding thereby

facilitating rates of reaction. However, there could be other factors which influenced the

lower efficiency of the fish collagenases in comparison with the bacterial collagenases for

the PZ-peptide hydrolase reaction at pH 7.1 and 37°C.
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4.11 Amino acid composition of fish skeletal muscle collagenases, WFC-l and

WFC-2

The amino acid composition of the fish collagenase isoenzymes is shown in Table

17. The collagenase isoenzymes. WFC-I and WFC-2 were bath acidic proteins having

more acidic than basic amino acid residues. WfC-I had l. 56 acidic amino acid residues

ta every basic amino acid residue. whereas. WFC-2 had 1.63 acidic amino acid residues to

every basic amino acid residue per enzyme molecule. Both isoenzymes were rich in

glycine. alanine. threonine. serine. proline. valine and leucine. The methionine content of

WFC-2 was higher than that of WfC-l. WFC-I and \VFC-2 had considerably higher

levels of cysteine. in contrast to the C. histo/yticum collagenases which had very low

levels of the same amino acid.

With the use of the amino acid composition data. the degree of relatedness

between the enzymes can be detennined by evaluating their ditference index (DI) (Priee

and Stevens. 1982). Two proteins with similar amino acid composition will have a Olof

zero. whereas. proteins with no amino acid in common will have a Olof 100 The

difference index was calculated by taking the ditference in the fractional contents of each

amino acid. obtaining the sum of the absolute values of those differences and multiplying

that sum by 50 (Metzger. (968). The similarity between the two collagenase isoenzymes.

WFC-I and WFC-2 was assessed (Table 18). A difference index of 17.28 suggested a

close relationship between these two isoenzymes. The winter flounder skeletal muscle

collagenases were further compared with collagenases from crustacean and

microorganism. WfC-I and WFC-2 had a closer similarity ta the crab hepatopancreas

collagenase than the C. histolytiL11m collagenase (a. fraction) based on the DI values

(Table (9). This closer similarity in the amino acid composition of the crab and tish

collagenase explains their similar behavior towards the anion-exchange column.

The data on amino acid composition was also used to calculate for the average
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Table 17_ Amino acid composition of winter flounder muscle collagenases. WFC-1 and
WfC-2.

Amino acid No. of residues*

WFC-l 1 WFC-2
Aspartic acid/asparagine 48 72
Threonine 31 60
Serine 73 87
Glutamic acid/glutamine 68 70
Proline ...... 31'>J

Glycine 153 159
Alanine 190 106
Cysteine 3 1 15
Valine 40 38
Methionine 6 57
Isoleucine 21 13
Leucine 35 53
Tyrosine 15 9

Phenylalanine 22 15
Histidine 'J .... 16_J

Lysine 31 24
Arginine 20 14
Tryptophan - -

*Calculation of the number of residues was based on the molecular weights of 796
and 75.5 kDa tor WFC-l and WfC-2, respectively. Ttyptophan was not determined.
The molecular weights of the amino acids used for calculation was based on the values
of Feng et al. (1991).
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Table 18. Evaluation of difference index for collagenases from winter tlounder
muscle.

Amino acid l\'loles per 105 g Mole fraction lA 1*
enzyme

WFC-I WFC-2 WFC-l WFC-2
Aspal1ic acidJasparagine 60 95 0.0572 0.0861 0.0289
Threonine 39 79 0.0369 0.0717 0.0348
Serine 92 115 0.0869 0.1040 0.017[
Glutamic acid/glutamine 85 93 0.0810 0.0837 0.0027
Proline 41 41 0.0393 0.0370 0.0013
Glycine 192 210 0.1821 0.1901 0.0079
Alanine 239 140 0.2262 0.1267 00995
Cysteine 39 20 0.0369 0.0179 0.0[9
Valine 50 50 0.0476 0.0454 00022
Methionine 8 75 0.0071 0.0681 0.0610
Isoleucine 26 17 0.0250 0.0155 0.0095
Leucine 44 70 0.0417 0.0634 0.0217
Tyrosine 19 12 0.0179 0.0 lOS 0.0071
Phenylalanine 28 20 0.0262 0.0179 0.0083
Histidine 29 ? ' 0.0274 0.0191 0.0083_1

Lysine 39 32 0.0369 0.0287 0.0082
Arginine 25 18 0.0238 0.0167 0.0071

Total 1055 1108 0.3456

*Absolute value of the difference between the mole fraction of WFC-l and mole
fraction of WFC-2.

Difference Index (On = 50 x 0.3456 = 17.28
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Table 19. Difference index for collagenases from various sources.

(

(

Pair of
collagenases

WFC-l &
WFC-2

WFC-l & Crab
coIlagenase

WFC-2 & crab
colIagenase

WFC-l & C.
histolyticum

collagenase, a
WFC-2& C.
histolyticum

colIagenase, a.
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Difference
Index (Dn

17.28

27.62

24.68

34.52
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hydrophobieity (H<Pav.:) indices of the collagenase isoenzymes from the fish skeletal muscle

(Table 20) using the procedure of Bigelow (1967). Hydrophobie interactions are known to

play an important role in the thermal stability of proteins, their strength increasing with

temperature up to 75°C (Scheraga et al., 1962~ Brandt, 1964), and possibly up to Iloce

(Primalov el al., 1986: Baldwin, 1986). Based on the known amino acid composition of

the proteins, hydrophobie indices can be computed and compared with the thermal

stability of the protein. Aeeording to Bigelow (1967) a positive correlation exists between

average hydrophobicity and thermal stability of proteins. Proteins from thermophilic

species have been shown to have higher average hydrophobieity indices than the

mesophilic species based on their amino aeid composition (Bigelow, 1967: Hazel and

Prosser. 1974). Based on the the H<pav.: values (782.80 cal and 736 cal tàr WFC-1 and

\VFC-2. respectively). it may be predicted that the thermal stability of the fish collagenases

would be slightly higher for WFC-I higher than for WFC-2. The fish coHagenases had

lower average hydrophobicities in comparison with the eollagenases from tiddler erab and

C. hislO/ylicum as shown in Table 20. suggesting that the collagenases from the latter two

species could potentiaHy have higher thermal stabilities than the fish collagenases. Results

of the thermal stability studies however. showed only slight differences in the thermal

stabilities of the collagenases from l. hislO/yticum and winter tlounder (SEC fraction).

Thus other factors. e.g.. the amount of aliphatic residues and S-eontaining amino acids

probably influeneed the thermal stability of the the fish collagenases. The total amount of

the aliphatic residues sueh as alanine. valine. leucine and isoleucine has been suggested to

contribute to the thermal stability of proteins. Ikai (1980) showed that proteins from

thermophilic sources have higher aliphatic indices than ordinary proteins. particularly tàr

those with molecular weights less than 100,000. The aliphatic indices of collagenases

from C. histolyticum and winter flounder are given in Table 21. Similar to the results of

the HcPave. the aliphatic index values further show the slight ditferences in the relative

contributions ta thermal stability of WFC-I and WFC-2. Collagenases from C.
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Table 20. H<I>ave of collagenases from winter flounder skeletal muscle (WFC-l and WFC-2), crab hepatopancreas and ('.
hislo/ylicunl.

WFC~l WFC-2 Crab hcpatopancre8§ C. histolytlcum C. hbtolyticum
Amino aeid collogcnascJ collagenose, aJ 2 collagenosc, ç2

No. of 1 "4»8\'(~ No. of 1 " lltH\'C No. of 1 U4»8\'e No. of 1 n,O\'c No. of 1 n.o",~
rC!llducs (krill)'" rcslducs (ken!)'" rcsiducs (kca!)'" rcsiducs (kcal)'" rcsJducs (kcul) '"

Aspartic ucidlaspllTugine 48 0 72 () 29 0 90 () 160 ()

'Ibreonine 31 13.95 60 27.00 24 10.80 -12 18.90 73 32.85

Serine 73 0 87 () 17 () 37 () 72 0

Gluwmic acidlgluwminc.: 68 0 70 0 13 () 5'J () 115 0

Prolinc :n 85.80 31 gO.60 12 31.20 16 41.60 47 122,20

Glycine 153 0 159 0 28 0 56 0 ~l) 0

Aluninc 190 142.50 106 79.50 21 15.75 38 28.50 57 42,75

Cystcinc 31 31.00 15 15.00 8 80.00 2.2 22.00 4.5 -l5,OO

Vuline 40 68,()O 38 6460 20 34.00 31 52.70 62 105.40

Metllionine 6 78.()O 57 74.10 3 390 3.7 48.10 15 IlJ.50

lsoleucinc 21 61.95 1J 38.35 17 50.15 J2 '.14.40 56 165.20

Leucine 35 84.00 53 127.20 U 31.20 51 122.40 87 20S.HO

Tyrosine 15 4275 9 2565 X 22.80 43 122.55 78 222.30

Phcny1alwùne 22 58.30 15 3975 X 21.20 JO 79.50 34 'JII. III

Histidine 23 0 16 0 5 0 6.1 0 22 li

Lysine 31 46.50 24 36.00 2 30.00 51 76.50 101 15150

Arginine 20 15.0U 14 1050 2 37.511 20 15.011 36 27.()O

Totul 840 657.55 X39 618.25 235 235.75 60H 659.U6 IIIH.S 111)2.10

11~lIvl.(kcul),ffesidue 07H 0.74 1011 IOH 107

·Calculated by multiplying the H~avelaa (Tanford, 1962) by the total no. ofresidues.
'Eisen et al., (1973)~ 2Bond and Van Wart (1984a)



( Table 21. Aliphatic indices of collagenases from winter tlounder (WfC-I & WFC-2)
and c. hislolytic,1/m (a. & Ç).

Enzymes

WFC-l

WFC-2

c. histolyticum, o..

C. histo/ytic'1Im, ç.

Aliphatic indices

62.44

56.46

74.27

71.04

(

Aliphatic index = x A + a."v + b(x1+ xJ, where x ..\: X\'. xl and XL are mole ~/o

of alanine, valine, isoleucine and leucine, respcctively: a = 2.9 and b = 3.9
(Ikai, 1980).
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histo/yticum have higher aliphatic indices than collagenases from winter tlounder.

suggesting higher thermal stability of the former. Enzymes of thermophilic and mesophilic

origins have aliphatic indices ranging trom 66 - 105 and 63 - 101, respectively, with the

isoenzymes trom the former having higher aliphatic indices than the latter (lkai. 1980).

A third factor, the presence of disulfide bonds probably contributed ta the thermal

stability of the winter flounder collagenases. The presence of disulfide bonds may stabilize

the native state of proteins by preventing unfolding (Anfinsen and Scheraga. 1975.

Thornton. 1981 ~ Wetzel et al.. 1988) or by lowering the conformational entropy and

therefore destabilization of the unfolded state (Wetzel, 1987). The higher amount of S

containing amine acid residues in 6sh collagenases (WfC-l and WfC-2) than in C.

histo/yticum collagenases couId be responsible for the slight differences in the thermal

stability of the enzymes from both sources, i.e., the higher levels of these amino acid

residues in the 6sh enzymes counterbalanced their lower average hydrophobicities and

aliphatic indices.

144



(

(

(

Chapter 5

CONCLUSION AND SUGGESTIONS FOR FUTURE WORK

Two isoenzymes designated as WFC-l and WFC-2 were isolated from the skeletal

muscles of winter tlounder (Pseudop/euronectes americallus) by the successive steps of

ammonium sulfate precipitation (40 - 800/0 saturation), ion-exchange chromatography

(IEX-l and ŒX-2), immobilized metal affinity chromatography (IMAC) and size

exclusion chromatography (SEC) using an FPLC system. Isoelectric focusing with a

rotofor unit was ineffective as a purification method for tish collagenase isoenzymes.

Detection of the presence of the two isoenzymes was accomplished by electrophoresis on

the zymogram gel (zymography) and separation of WFC-l and WfC-2 was achieved by

electrophoretic blotting from the Tris-glycine gel onto the PVDF membrane. The

molecular weights of the fish isoenzymes were 79,600 and 75,500 for WFC-I and \VfC-2,

respectively.

The fish collagenases hydrolyzed the synthetic substrate PZ-peptide as weil as

insoluble bovine collagen. The crude extract also exhibited trypsin-like and chymotrypsin

like activities which diminished with purification, suggesting that these proteolytic

activities were riot integral parts of the fish collagenases.

A comparison of the characteristics of the collagenase fraction from [EX-l and the

commercial collagenase from ('. histolyticum was conducted. The pH studies for the

hydrolysis of PZ-peptide showed that the tish collagenase fraction was most active at pH

7.5, while the C. histolyticum collagenase fraction was most active at pH 8.0. The fish

collagenase fraction was most stable at pH 6.0 - 8.0 and the bacterial collagenase was

most stable at pH 7.0 - 9.0.

The influence of temperature on the activity and stability of the enzymes showed

that bath collagenases from fish and C. hisio/yticum had a maximum activity at 40°C.
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however, there was a difference in their thermal stability. At 65°C the collagenase from ('

histolyticum completely lost its activity, while the fish collagenase fraction had an -31 ~o

10ss of activity.

Although separation of collagenase isoenzymes, WFC-I and WFC-2 was achieved

by electrophoretic transfer of the fraction from SEC, this latter fraction was used for

further studies on the fish skeletal muscle enzyme.

The result of inhibition studies suggested that the winter tlounder skeletal muscle

collagenase isoenzymes were meta;loenzymes, probably containing zinc in their active sites

similar to the vertebrate and bacterial collagenases. l, lO-Phenanthroline inhibited the

winter tlounder collagenases, however, addition of low levels of zinc ions reactivated the

fish collagenases. Nevertheless, the chemical reversion of 1,1 O-phenanthroline inhibition

by zinc ion does not suggest that the inhibitor belongs to the class of reversible inhibitors.

l, IO-Phenanthroline is an active site directed irreversible inhibitor. At 10 mM l, 10

phenanthroline, increasing levels of zinc ions beyond 2 mM resulted in a decrease in the

recovery of collagenase activity. Zinc ions were ineffective in reactivating the winter

tlounder skeletal muscle collagenases in the presence of EDTA. However, addition of low

levels of calcium ions in the presence of EDTA, restored collagenase activity, suggesting

that the mode of inhibition of EDTA differs from that of l, IO-phenanthroline. The action

of EDTA could be directed towards calcium ions which may also be part of the prosthetic

group of the fish collagenases. Calcium ions have been shown to be important

components of collagenases from various sources. AIthough zinc ions were thought to be

present in the winter tlounder collagenases, addition of zinc ions in the absence of

metaIl0 enzyme inhibitors caused enzyme inhibition. 2-Mercaptoethanol and dithiothreitol

inhibited winter flounder skeletal muscle collagenases. Similar to EDTA. 2

mercaptoethanol also manifested mixed inhibition. The action of 2-mercaptoethanol and

dithiothreitol could be directed towards zinc ions as weil as the S-containing amino acid
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residues of the isoenzymes. Serine protease inhibitors. TLCK and STr were inetlèctive

against fish collagenases.

The pH optimum of collagenases from various sources range between pH 7 and 9.

with loss of activity below pH 6. The optimum pH of the tish collagenase fraction after

SEC was 7.5 for PZ-peptide hydrolase reaction. The SEC fraction was stable at pH 6 

Il.

The fish collagenase fraction from SEC was most active at 45°C for the hydrolysis

of PZ-peptide and was stable from 0 to 40°C. Complete loss of enzyme activity was

observed at 55°C.

The kinetic and thermodynamic properties showed that ( ~. hi.'·/(J(VlICliI11

collagenases are better catalysts than collagenases from winter flounder skeletal muscle for

the hydrolysis of PZ-peptide at 37°C and pH 7. l, the former having a higher catalytic

efficiency and lower ôG value than the latter.

The amino acid composition shows that the winter flounder muscle collagenases.

WFC-l and WFC-2 had higher amounts of acidic amino acid residues than basic residues.

were both rich in glycine, alanine, threonine. serine. proline. valine and leucine. However.

WFC-l had a lower methionine content than WFC-2. Evaluation of DI values showed

that WFC-I and \VfC-2 were closely related in terms of amino acid composition. :\

comparison of DI values suggested that both isoenzymes had a doser similarity to the

crab hepatopancreas collagenase than the C. hislO/ylicum collagenases. The H~a\'C: and

aliphatic index values suggested that the relative contributions of these parameters to the

thermal resistance of WFC-l are slightly higher than WFC-2. The higher H~;m: and

aliphatic index values of C. histolyticum collagenases than those of fish collagenases

implied that the former would be more thermostable than the latter. Results of

temperature studies however, showed slight differences in thermal stability of the

isoenzymes from both sources. The presence of cysteine in the fish collagenase

isoenzymes probably made up for the lower values of HcPavc: and aliphatic indices of these
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isoenzymes. Unlike C. hislo(vticum collagenases. fish collagenase lsoenzymes were

relatively high in cysteine.

The determination of the presence of the metaI ions~ i.e., zinc and calcium in WFC

1 and WFC-2 is suggested based on their responses to the various inhihitors. ln addition.

the determination of the location(s) as weil as the number of these ions in the respective

sites are aiso recommended.

The activity of fish collagenases on the collagen isolated from the fish and the

mechanism of connective tissue breakdown in the fish skeietai muscles can be studied so

proper measures can be recommended to minimize, if not completely prevent, fish tissue

softening during cold/ice storage. Among the inhihitors studied, EDTA being an

acceptable food additive can he used to control collagenase activity in the tish. ln

addition ZnCh and various salts of calcium, e.g., calcium sulfate, calcium carbonate and

calcium phosphate may turn out to be effective.

The isolation and characterization of collagenases was the focus of this study and

their roles in the texturai quality of the fish had been suggested. Based on the

characteristics of the fish collagenases, it is also worth speculating regarding its use as an

aid in food processing, particularly as a meat tenderizer. Meat from land animaIs generally

contain higher amounts of collagen, thus meat toughness is the problem rather than

softening. One of the criteria of a good tenderizer is for it to remain active at low

temperature and meat pH (5.5) during storage and at higher temperature during cooking.

Although the optimum pH of the fish collagenases was 7.5 the enzyme was still active at

pH 5.5 and at temperatures of up to SO°C. The fish collagenases are aiso safe processing

aids compared to collagenases trom bacteria. Microorganisms which produce

collagenases usually belong to genera which contain pathogenic species or strains. The

presence of these enzymes may even contribute to the virulence of these microbial strains.

148



(

(

(

Abe, S. and Nagai, Y. 1972. Evidence for the presence of a latent form of collagenase in
human rheumatoid synovial fluid. Jo Biochem. (Tokyo) 71:919 - 922.

Agren, M. S., Taplin., C. J. Woessner, J. F. Jr., Eagstein., W. H. and Mertz. P. M. 1992.
Collagenase in wound healing: effect of wound age and type. 1. Invest. Dermat 0

99:709 -714.

Anderson, M. L. and Steinberg, M. A. 1964. Effect of lipid content on linolenate in tish
muscle homogenate. J. Food Sci. 29:327 - 330.

.Anfinsen, C. B. and Scheraga, H. A. 19750 Experimental and theoretical aspects of protein
folding. Adv. Protein Chem. 29:205 - 300.

Angel. S. Weinberg, Z. G., Juven, B. J., and Lindner, P. 1985. Quality changes in the
freshwater prawn, Nlacrobrachium rosenbergii, during storage on ice. 1. Food
Technol. 20:553 - 560.

Ashwanikumar, S. and Radhakrishnan. A. N. 1975. Purification and properties of a
peptidase acting on a synthetic substrate for collagenase from monkey kidney.
Biochim. Biophys. Acta 384: 194 - 202.

Ashwanikumar, S. and Radhakrishnan, A. N. 1972. Purification and properties of a
peptidase acting on a sYnthetic collagenase substrate trom experimental granuloma
tissue in the rat. Biochim. Biophys. Acta 276:241 - 249.

Ashwanikumar, S. and Radhakrishnan, A. N. 1973. Studies on a peptidase acting on a
synthetic collagenase substrate. Developmental pattern in rat granuloma tissue and
distribution of enzyme in the tissues of various animaIs. Biochim. Biophys. Acta
304:2 10 - 2 16.

Audley, M. A.. Shetty, K. J. and Kinsella, J. E. 1978. Isolation and properties of
phospholipase A from pollock muscle. 1. Food Sei. 43: 1771 - 1775.

Bailey, A. J. 1972. The basis ofmeat texture. 1. Sci. Food Agrie. 23:995 - 1007.

Bailey, A. J. and Etherington, O. 1. 1980. Metabolism of collagen and elastin. //1
"Comprehensive Biochemistry". Florkin, M., Neuberger, A. and van Oeenen, L. L.
M. (eds.) Elsevier. New York. pp. 299 - 460.

Bailey, A. 1. and Light, N. O. 1989. Connective Tissue in Meat and Meat Produets.
Elsevier Applied Science. London. pp. 25 - 49~ 170 - 194.

Bailey, A. 1. and Robins, S. P. 1973. The role of hydroxylysine in the stabilization of the
collagen fibre. In "'Biology of the Fibroblast". Kulonen and Pikkarainen (eds.).
Academie Press. New York. pp. 385 - 395.

149



(

(

(

Bailey, A. J.., Sims., T. J., Duance, V. C. and Light, N. D. 1979. Partial characterization of
a second basement membrane collagen in human placenta. Evidence tor the
existence oftwo type IV collagen moleeules. FEBS LETTERS 99:361 - 366.

Baldwin, R.L. 1986. Temperature dependenee of the hydrophobie interaction in protein
folding. Proc. Nad. Acad. Sei. U.S.A. 83 :8069 - 8072.

Baldwin, 1. and Aleksiuk, M. 1973. Adaptation of enzymes to temperature: lactate and
malate dehydrogenases from platypus and echidna. Camp. Biochem. Physiol.
4B:363 - 370.

Baranowski, E. S., Nip, W. K., and Moy, 1. H. 1984. Partial eharacterization of the crude
enzyme extract from the fresh\vater prawn, Macrohrachillln rosenhelxii. 1 Food
Sei. 49: 1494 - 1495, 1505.

Barman, T. E. 1969. Enzyme Handbook. V II. Springer-Verlag. Berlin. pp. 636.

Barret, A. and Starkey, P. M. 1973. The interaction of a2-macroglobulin with proteinases.
Characteristics and specificity of the reaction., and a hypothesis concerning its
molecular mechanism. Biochem. J. 133:709 -724.

Barret, A. J., Knight, C. G., Brown. M. A. and TisIjar, U. 1989. A continuous
flourometrie assay for c10stridial collagenase and PZ-peptidase activity. Biochem. J.
260:259 - 263.

Bentz, H., Bachinger,H. P., Glanville, R. and Kuhn, K. 1978. Physical evidence tor the
assembly of A and B chains of human placental collagen in a single triple helix. Eur.
1. Biochem. 92:563- 567.

Berg, R. A. and Prockop, D. J. 1973. The thermal transition of a non-hydroxylated
collagen. Evidence for a role in stabilizing the triple-helix of collagen. Biochem.
Biophys. Res. Commun. 52: 115 -120.

Bernholdt, H. T. 1975. Meat and proteinaceous foods. /11 "Enzymes in Food Processing"
Reed. G. (ed.). Academie Press. New York. pp. 473 - 492.

Bethesda Research Laboratories, Inc. 1981. A procedure for gel electrophoresis of lo\v
molecular weight proteins. Biologie. pp. 6.

Bigelow, C. C. 1967. On the average hydrophobicity of proteins and the relationship
between it and protein structure. 1. Theoret. Biol. 16: 187 - 21l.

Birkedal-Hansen, H., Cobb, C. M. , Taylor, R. E. and Fulmer, H. M. 1976. Synthesis and
release ofprocollagenase by culture fibroblasts. J. Biol. Chem. 25:3162 - 3168.

Blair, H. C.,Teitelbaum, S. L., Grosso, L. E., Lacey, D. L., Tan H. L., McCourt, D.W.
and Jeffrey, J. J. 1993. Extracellular matrix degradation at acid pH: avian osteoclast
acid collagenase isolation and characterization. Biochemical 1. 290:873 - 884.

150



(

c

Blumenfeld, O. o. and Gallop. P. 1962. The participation of aspartyl residues in the
hydroxylamine or hydrazine sensitive bonds of collagen. Biochemistry 1:947 - 959

Bode, W.. Reinemer. P. Huber. R.. Kleine, T .. Schneirer. S. and Tschesche. H. 1994 The
X-ray crystal structure of the catalytic domain of human neutrophil collagenase
inhibited by a substrate analogue reveals the essentials for catalysis and specificity.
ErvrnD (European Molecular Biology Organization) J. 13: 1263 - 1269.

Bogason, S. G. 1984. Characterization of the intramuscular connective tissue collagen in
the three rockfish species (Sehasles sp.). Ph.D. thesis. Oregon State Univesity
University Film International. Ann Harbor, Michigan.

Bond, M. D. and Van Wart, H. E. 1984a. Characterization of the individual collagenases
trom C/ostridium histolyticum. Biochemistry 23 :3085 - 3091.

Bond. M. D. and Van Wart H. E. 1984b. Purification and separation of individual
collagenases of C/ostridium histo/yticum using red dye ligand chromatography.
Biochemistry 23 :3077 -3085.

Bornstein, P. 1967a. The incomplete hydroxylation of individual prolyl residues in
collagen. J. Biol. Chem. 242:2572 - 2574.

Bornstein, P. 1967b. Comparative sequence studies of rat skin and tendon collagen. 1.
Evidence for incomplete hydroxylation of individual prolyl residues in the normal
proteins. Biochemistry 6:3082 - 3093

Borsa, T., Lindy. D. Konttinen, Y. T. Suomalainen. K. (ngman, T. Saari. H.. Halinen. S
Lee, H. M. and Golub, L. M. 1993. Doxycycline in the protection of serum a-l
antitrypsin from human neutrophil collagenase and gelatinase. Antimicrob. Agents
Chemother. 37:592 - 594.

Bracho, G. E. and Haard, N. F. 1990. Determination of collagen cross-links in rockfish
skeletal muscle. J. Food Biochem. 14:435 - 451.

Brandt, 1. F. 1964. The thermodynamics ofprotein denaturation II. A model ofreversible
denaturation and interpretations regarding the stability of chymotrypsinogen. 1. Am
Chem. Soc. 86:4302 - 4314.

Bremner, H. A. and Hallett, 1. C. 1985. Muscle fiber connective tissue junctions in the tish
blue grenadier (Macruronus novaze/andiae). A scanning electron microscope study.
1. Food Sci. 50:975 - 980.

Bremner, H. A. and Hallett, I. C. 1986. Degradation in muscle fibre-connective tissue
junctions in the spotted trevalla (Serio/ella pUlIc/a/a) examined by electron
microseopy.1. Sei. Food Agne. 37: 1011 - 1018.

Bro~ P. D., Levy, A. T., Marguilles, 1. M. K., Liotta, L. A. and Stetler-Stevenson. W.
G. 1990. Independent expression and cellular processing of M r 72~000 type IV
collagenase ~nd interstitial collagenase in human tumorigenic cell lines. Cancer. Res.
50:6184 - 6191.

151



(

(

(

Busconi. L., Folco, E. D. 1. E., Martone, C. B., Trucco, R. E. and Sanchez. J. 1. 1989.
Fish muscle cytoskeletal network: its spatial organization and its degradation by an
endogenous serine protease. Arch. Biochem. Biophys. 268:203 - 208.

Butler, W. T. 1970. Chemical studies on the cyanogen bromide peptides of rat skin
collagen - the covalent sructure of a.l-CB5, the major hexose-containing cyanogen
bromide peptide ofa. 1. Biochemistry 9:44 - 50.

Canadian Climate Program (Environment Canada). 1993. Canadian Climate Normals 1961
- 1990. Atlantic provinces. 6: 13 -35.

Cavanagh. D 1.. Berndt. W. O. and Smith. T. E. 1963. Dissociation of heart cells by
collagenase. Nature 200:261 - 262.

Cawston. T. E. and Tyler. J. A. 1979. Purification of pig synovial collagenase to high
specifie activity. Bioehem. J. 183 :647 - 656

Cepeda. R., Chou. E. Bracho, G. and Haard, N. F. 1990. An immunological method for
measuring collagen degradation in the muscle of fish. 111 ••Advanees in Fisheries
Technology and Biotechnology for Increased Profitability". Voigt, M. and Botta. 1.
R. (eds.). Technomic Publishing Co. Inc. Lancaster, PA. pp. 487 - 506.

Chapman. M. F. and Burke, C. 1990. Fundamentals of enzyme kinetics. /11 "Enzyme
Technology." Cambridge University Press. Cambridge. pp. 1 - 38.

Chen, Y. 1991. Charaeterization of Semi-purified Collagenase Fraction From Lobster
(Homarus americanus). M.Sc. Thesis. McGili University. Montreal, Canada.

Chikuma. T.. Ishii. Y. and Kato, T. 1985. Highly sensitive assay for pz-peptidase activity
by high performance liquid chromatography. J. Chromatogr. 348:205 - 212.

Cronlund, A. L. and Woychik, J. H. 1987. Solubilization of collagen in restructured beef
with collagenases and a-amylase. J. Food. Sei. 52:857 - 860.

Davis, H. K. 1995. Quality and deterioration of raw fish. /n "Fish and Fishery Products
(Composition, nutritive properties and stability)". Ruiter, A. (ed.) CAB IntI.
Wallingford. pp. 215 - 242.

Davis, B. J. 1964. Disc eleetrophoresis-II. Method and application to human serum
proteins. Ann. N. Y. Acad. Sei. 121 :404 - 427.

Dawson, B. 1960. Use of collagenase in the characterization of pseudocoelomic
membranes ofAscaris lumbricoides. Nature 187:799.

DeBellis, R. Mandl, I. McLennan, J. D. and Howes, E. L. 1954. Separation ofproteolytic
enzymes from C/ostridium histolytic.'um. Nature 174: 1191 - 1192.

Dixon, M. and Webb, E. C. 1979. Enzymes. Academie Press. New York. 332 - 467.

Dohlman, C-H. and Balazs, E. A. 1955. Chemical studies on Descemet's membrane of the
bovine comea. Arch. Biochem. Biophys. 57:445 - 457.

152



(

(

c

Doi. E .• Shibat~ O. and Matob~ T. 1981. Modified colorimetrie ninhydrin methods for
peptidase assay. Anal. Biochem. 118: 173 - 184

Doke. S. N.. Ninjoon, V. and Nadkannis. G. B. 1980. Characterization of cathepsin 0
From the skeletal muscle offresh water fish, Tilapia mosambica. Agric. Biol. Chem.
44: 152 1 - 1528.

Oransfield, E. and Etherington. D. 1981. Enzymes in the tenderization of meat. 1/1
"Enzymes and Food Processing". Birch, G. G.. Blakeborough. N. and Parker. K. J
(eds.) Applied Science Pub. London. pp. 177 - 194.

Eastoe, J. E. 1957. The amino acid composition of fish collagen and gelatin. Biochem. J.
65 :363 - 368.

Eeckhout. Y.. and Vaes, G. 1977. A functioning complex between tryptic fragments of
cytochrome C. Biochem. 1. 166:21- 31.

Eisen, A. Z., Bauer, E. A. and Jeffrey, 1. 1. 1971. Human skin collagenase. The role of
serum a-globulins in the control of activity in vivo and in vitro. Proceedings of the
National Academy of Sciences. 68 (1 ):248 - 251.

Eisen, A. Z., Henderson, K. O.. Jeffrey, 1. J. and Bradshaw, R. A. 1973. A collagenolytic
protease from the hepatopancreas of the fiddler crab, [Ica pl/gila/or. Puritication
and properties. Biochemistry. 12: 1814 - 1822.

Eisen, A. Z. and Jeffrey, 1. 1. 1969. An extractable collagenase From crustacean
hepatopancreas. Biochim.Biophys. Acta 191 :517 - 526.

Eisen, A. Z., Jeffrey, J. J., and Gross, 1. 1968. Human skin collagenase. Isolation and
mechanism of attack on the collagen molecule. Biochim. Biophys. Acta 151 :637 
645.

Erlanger, B.F.. Kokowsky, N. and Cohen, W. 1961. The preparation and properties of
two new chromogenic substrates of trypsin. Archs. Biochem. Biophys. 95 :271 
278.

Etherington, O. 1. 1991. Enzymes in the meat industry. In: Enzymes in Food Processing.
Tucker, G. A. and Woods. L. F. J. (eds.). AVI. New York.pp. 128 -167

Faria, S. M. 1984. The Northeast Seafood Book. A manual of seafood products.
marketing and utilization. Massachusetts Division of Marine Fisheries Seafood
Marketing Program. Boston. pp. 179 - 251.

Feng, R, Konishi, Y. and Bell. A. W. 1991. High accuracy molecular weight determination
and variation characterization of protein up to 80 Ku by ion spray mass
spectrometry.1. Am. Soc. Mass Spectrom. 2:387 -410.

Furthmayr, H. and Timpl, R. 1970. Acidic structural proteins of connective tissues. II.
Evidence for disulfide cross-links. Biochim. Biophys. Acta 221 :396 - 398.

153



(

(

Gallop, P. M., Seifter, S. and Meilman, E. 1957. Studies on collagen. 1. The panial
purification, assay and mode of action of bacterial collagenase. 1. Biol. Chem
227:891 - 906.

Geromel, E. J. and Montgomery. M. W. 1980. Lipase release from lysosomes ofrainbow
trout (Sa/mo gairdneri) muscle subjected ta low temperature. 1. Food Sei. 45:412 
415:419.

Gildberg, A. 1978. Proteolytic activity and the frequency of burst bellies in capelin. J
Food. Technol. 13 :409 - 416.

Gildberg, A. and Raa. J. 1979. Solubility and enzymatic solubilization of muscle and skin
of capelin (Mal/o/us vil/osus) at different pH and temperature. Comp. Biochem.
Physiol. 63B:309 - 314.

Gillet, C., Eckhout., Y. and Vaes, G. 1977. Purification of procollagenase and collagenase
by affinity chromatography on Sepharose-collagen. FEBS LETTERS. 74: 126 - 128.

Gisslow, M. T. and McBride. B. C. 1975. A rapid sensitive collagenase assay. Anal. Bio
Chem. 68:70 -78.

Glanville, R., Rauter, A. and Fietzck, P. P. 1979. Isolation and characterization of a native
placental basement-membrane collagen and its component a chains. Eur 1.
Biochem. 95:383 - 389.

Grant, A. G. and Eisen, A. Z. 1980. Substrate specificity of the collagenolytic serine
protease from [!ca pugilator: Studies with noncollagenous substrates. Biochemistry
19:6089 - 6095.

Grant, A. G., Henderson, K. O., Eisen, A.Z. and Bradshaw R.A. 1980. Amino acid
sequence of a collagenolytic protease from the hepatopancreas of the fiddler crab.
Uca pugi/a/or. Biochemistry 19:4653 -4659.

Grant, G. A., Sacchettini, 1. C. and Welgus, H.G. 1983. A collagenolytic serine protease
with trypsin-like specificity from the fiddler crab [Ica pugi/a/or. Biochemistry
22:354 -358.

Grassman, W., Hormann, H. and Nordwig, A. 1962. Degradation of collagen with
collagenase. Structure and function of the nonpolar regions of the collagen tibers /11
"Collagen". Ramanathan, N, (ed.). Interscience Publishers. New York. pp. 263 
278.

Greenberg, J. Fishman, L. and Levy, M. 1964. Positions of amino acids in mixed peptides
produced from collagen by the action of collagenase. Biochemistry. 3: 1826 - 183 1.

Groninger, H. 1964. Partial purification and sorne propenies of a proteinase from albacore
(Germo a/a/unga) muscle. Arch. Biochem. Biophys. 108: 175 - 182.

Gross, J. and Lapiere, C.M. 1962. Collagenolytic activities in arnphibian tissues: a tissue
culture assay. Proc. Nat'I. Acad. Sei. (U.S.).48: 1014 -1022.

154



(

(

(

Gross, J., Highberger, J. H., Johnson-Wint, Band Biswas, C. 1980. Mode of action and
regulation of tissue collagenases. /11 "'Collagenase in Normal and Pathological
Connective Tissues". Woolley, o. E. and Evanson, 1. M. (eds.). John Wiley & Sons
Chichester. pp. Il - 35.

Harper, E. 1980. Collagenases. Ann. Rev. Biochem. 49: 1063 - 1078.

Harper, E. 1972. Studies on the mechanism of action of bacterial collagenase. In'
Collagenase. Mandl, 1. (ed.). Gordon and Breach. Science Publishers. New York.pp.
19 - 43.

Harper. E., Black, K.1. and Gross, J. 1971. The zymogen of tadpole collagenase.
Biochemistry 10:3035 - 3041.

Harrington, W. F., von Hippel, P. H. and Mihalyi, E. 1959. Proteolytic enzymes as probes
of the secondary structure offibrous proteins. Biochim. Biophys. Acta 32:303 - 304

Hartree, E. F. 1972. Determination of protein: A modification of the Lowry method that
gives the linear photometrie response. Anal. Biochem. 48:422 - 427.

Hatae, K. Tobimatsu, A., Takeyama, M. and Matsumoto, J. 1. 1986. Contribution of
connective tissues on the texture difference of various fish species. Bull. Jpn. Soc.
Sei. Fish. 52:2001 - 2007.

Hatae, K., Tamani, S., Miyanaga, K., Matsumoto, 1. 1. 1985. Species differences and
changes in the physical properties of fish muscle as freshness decrease. Bull. Jpn.
Soc. Sci. Fish. 51:1155 - 1161.

Hazel. 1. R. and Prosser, C. L. 1974. Molecular mechanisms of temperature compensation
in poikilotherms. Physiol. Rev. 54:620 - 677.

Hino, M. and Nagatsu, T. 1976. Separation of two PZ-peptidases from bovine dental
follicle. Biochim. Biophys. Acta 429:555 - 563.

Hochachka, P. W. 1974. Temperature and pressure adaptation of the binding site of
acetylcholinesterase. Biochem. J. 143 :535- 539.

Hochachka, P. W. and Somero, G. N. 1968. The adaptation of enzymes to temperature.
Comp. Biochem. Physiol. 27:659 -668.

Howell, S. L. and Taylor, K. W. 1968. Potassium ions and the secretion of insulin by islets
of Langerhans incubated in vitro. Biochem. J. 108:17 - 24.

Hughes, R. B. 1963. Chemical studies on herring (C/upea harenglls). VII - Collagen and
cohesivenesss in heat processed herring, and observations on a seasonal variation in
collagen content. J. Sci. Food Agne. 14:432 - 444.

Hultin, H. O. 1985. Characteristics of muscle tissue. In "Food ChemistryH. Fennema, O.
R. (ed.).Marcel Dekker, Inc. New York. pp. 725 - 789.

155



(

(

c

Hummel, B. C. W. 1959. A modified spectrophotometric determination of chymotrypsin
trypsin and thrombin. Cano 1. Biochem. Physiol. 37: 1393 - 1399.

Ikai, A. 1980. Thermostability and aliphatic index of globular proteins. 1. Biochem
(Tokyo). 88: 1895 - 1898.

Jacqout R. 1961. Organic constituents of fish and other aquatic animal foods. fil "Fish as
Food". V.!. Borgrstrom. G. (ed.). Academie Press. NewYork. pp. 145-192.

Jeffrey. J. J. and Gross, 1. 1970. Collagenase from rat uterus: Isolation and partial
characterization. Biochemistry 9:268 -273.

Jiang-, S-T.. Wang, Y-T., and Chen. C-S. 1992. Lysosomal enzyme etfeets on the
postmortem changes in tilapia (Ti/apia nilo/iea X' T. ([urea) muscle myofibrils. J.
Food Sei. 57:277 - 279.

Kawahara, H. Kusumoto, M. and Obata, H. 1993. Isolation and characterization of a new
type of collagenase producing bacterium. Bacillus alvei OC-l. Biosci. Biotech.
Biochem. 57: 1372 - 1373.

Kawamoto T. and Nagai, Y. 1976. Developmental changes in glycoaminoglycans.
collagen and collagenase ativity in embryonic skin. Biochim. Biophys. Acta 437. 190
- 199.

Keech. M. K. 1954. The etfect of collagenase on human skin collagen. Comparison of
ditferent age- groups and cases with and without "collagen diseases". Yale J. Biol.
Med. 26:295 - 306.

Kefalides. N. A. 197 1. Isolation of a collagen from basement membrane containing 3
identical a chains. Biochem. Biophys. Res. Commun. 45:226 - 234.

Keil, B. 1980. The structure-function relationship of collagenolytic enzymes. /n "Enzyme
Regulation and Mechanism of Action". Midner, P. and Reis. B. (eds.). Pergamon
Press. Oxford. pp. 35 1.

Kim, S. K., Byun, H. G., Choi, K. D., Roh, H. S., Lee, W. H. and Lee, E. H. 1993.
Removal of skin from filefish using enzymes. Bul. of the Korean Fish. Soc. 26: 159 
172.

Kimura, S. Akashi, Y. and Kubota, M. 1979. Carp connectin: its contents in white and
dark muscles. Bull. Jpn. Soc. Sei. Fish. 45:237.

Kimura. S., Zhu, X-P., Matsui, R. Shijoh, M. and Takamizawa, S. 1988. Charaeterization
offish muscle type 1 eollagen. 1. Food. Sei. 53: 1315 - 1318.

KIeiner, D. E., Jr., Tuutila, A. Tryggvasson, K. and Stetler-Stevenson, W. G. 1993.
Stability analysis of latent and active 72-kDa type IV collagenase: The role of tissue
inhibitor of metalloproteinases-2 (TIMP-2). Bioehemistry 32: 1583 - 1592.

156



(

(

c

Konagaya~ S. 1985a. Proteases responsible for softening or Iyzing of meat of chum salmon
caught during spawning migration. Bull. Tokai Reg. Fish. Res. Lab. 116:39 - 47.

Konagaya~ S. 1985b. Partial purification of cathepsin 0 from muscle of chum salmon in
spawning migration. Bull. Tokai Reg. Fish. Res. Lab. 116:49 -55.

Koohmarie, M., Babiker, A. S., Schroeder, A. L. Merkel, R. A. and Outson, T. R. [988
Role of Ca-dependent proteases and Iysosomal enzymes in post-mortem changes in
bovine skeletal muscle. J. Food Sei. 53:1253 - 1257.

Koohmarie, M., Schollmeyer, 1. E. and Dutson, T. R. 1986. Effect of low calcium
activated factor on myofibrils under varying pH and temperature conditions. 1. Food
Sei. 51 :28 - 32. 65.

Kuby, S. A. 199 I. A Study of Enzymes. Vol. 1. CRe Press. Boca Raton, FL. pp. 3 - 56.
139 - 162.

Kuettner, K.E., Soble, L., Croxen, R.L.~ Marczynskaa, B., Hiti, J. and Harper, E. 1977
Tumor cell collagenase and its inhibition by a cartilage-derived protease inhibitor
Science 196:653 - 654.

Laemmli, U. K. 1970. Cleavage of structural proteins during assembly of the head
bacteriophage T4. Nature 227:680 - 685.

Larsen, K. S. and Auld, D. S. 1988. The meehanism of zinc inhibition of bovine
carboxypeptidase A. Federation of American Societies for Experimental Biology
(FASEB) 2:4754.

Lavety, 1. and Love, R. M. 1972. The strengthening of cod connective tissue during
starvation. Comp. Biochem. Physiol. 41 A:39 - 42.

Lecroisey, A., Kiel-Dlouha, V., Woods, D. R., Perrin, D. and Keil. B. 1975 _Puritication.
stability and inhibition of collagenase from AchromohaCler iophagus. FEBS Lett.
59:167-172.

Levenson, R. 1976. A collagen microassay for tissue collagenase. Anal. Biochem. 76:579 
588.

Lim, D. V. Jackson, R. 1. and Pull-VonGruenigen, C. M. 1993. Purification and assay of
bacterial collagenases. 1. Microbiol. Methods. 18:241 -253.

Lindner, P., Angel, S., Weinberg, Z. G. and Granit, R. 1988. Factors inducing mushiness
in stored prawns. Food Chem. 29: 119 - 132.

Love, R. M. Haq, M. A. and Smith, G. L. 1972a. The connective tissues of fish. V.
Gaping in cod of ditferent sizes as influenced by seasonal variation in the ultimate
pH. 1. Food Technol. 7:281 - 289.

Love, R. M. , Lavety, 1. and Garcia, N.G. 1972b. The connective tissues of tish. VI
MechanicaI studies on isolated myocommata. J. Food Technol. 7:291 - 301.

157



(

(

Love, R. M. 1980. The Chemical Biology of Fishes: Advances 1968 -1977. Vol 2
Academie Press. London. pp. 133 - 229.

Love, R. M. and Elerian, M. K. 1964. Effect of lipid content on linolenate in fish muscle
homogenates. J. Food Sei. 29:327 - 333.

Love, R. M., Lavety, J. and Steel, P. 1. 1969. The connective tissues of fish II. Gaping in
commercial species offrozen fish in relation to rigor mortis. 1. Food Technol. 4:39 
44.

Love, R. M. Yamaguchi, K. Creach, Y. and Lavety, 1. 1976. The connective tissues and
collagen ofcod during starvation. Comp. Biochem. PhysioL 558:487 - 492

Lo\v. P. S., Bada~ J. L. and Somero, G. N. 1973. Temperature adaptation of enzymes:
roles of the free energy, the enthalpy, and the entropy of activation. Proc. Nad.
Acad. Sei. USA. 70:430 -432.

Makinen K. K. and Makinen. P-L. 1987. Purification and properties of an extracellular
collagenolytic protease produced by the human oral bacterium Bacillus cerells
(Strain Soc 67). 1. Biol. Chem. 262: 12488 - 12495.

Makinodan., Y. Akasaka, T., Toyohara, H. and Ikeda. S. 1982. Purification and properties
of carp muscle cathepsin O. J. Food Sci. 47:647 - 652.

Makinodan, Y. Toyohara, H. and Niwa, E. 1985. Implication of muscle alkaline proteinase
in the texturai degradation offish meat gel. J. Food Sci. 50: 1351 - 1355.

Mallya, S. K. and Van Wart, H. E. 1989. Mechasnism of inhibition of human neutrophil
collagenase by gold (I) chrysotherapeutic compounds. J. Biol. Chem. 264: 1594 
1601.

t\.'lanahan. J. and MandI. 1. 1968. Primary structure of insoluble tendon collagen. 1. N- and
C-terminal positional analysis of collagenolytic breakdown products of native
collagen. Arch. Biochem. Biophys. 128:6 - 18.

Mandl, 1. 1961. Collagenases and Elastases. /n ....Advances in Enzymology and Related
Subjects of Biochemistry". Nord. F. F. Ced.). Interscience Publishers, Inc. New
York. 23: 163 - 264.

Mandl, 1., Maclennan, 1. O. and Howes, E. L. 1953. Isolation and characterization of
proteinase and collagenase from CI. histo/ytic:um. 1. Clin. Invest. 32: 1323 - 1329.

Marvik, S. 1974. Report to: Hermittikinindustriens Laboratorium. Stavanger, Norway.

Masui, Y., Takemoto,T., Sakakibara,S., Hori, H. and Nagai, Y. 1977. Synthetic substrates
for vertebrate collagenase. Biochem. Medi. 17:215 - 221.

158



(

(

Matsushit~ O .. Yoshinar~ K.. Katayama, S.• Minami. J. and Okabe, A. 1994. Purification
and characterization of a C/ostridium perfringens 120-kilodalton collagenase and
nucleotide sequence of the corresponding gene. 1. Bacteriol. 176: 149 -156.

Mazurek. 1. 1971. In "Collagenase: First Interdisciplinary symposium" MandL L (ed)
Gordon and Breach. New York. pp. 171 -175.

McCroskery, P. A., Richards, 1. F. and Harris, Jr.. E. O. 1975. Purification and
characterization of a collagenase extracted from rabbit tumors. Biochem. J. 152: 131
- 142.

McLain, P. E.. WiJey, E. R. and McGrue. K. E. 1971. Species variation in the cross
linking characteristics of collagen from the intramuscular connective tissues of
striated muscle (Bos taunis ovis aries, sus sero/a). [nt. J. Biochem. 2: 167 - 172.

Merkel, J. R. And Dreisbach. 1. H. 1978. Purification and characterization of a marine
bacteriaI collagenase. Biochemistry 17:2857 - 2863.

Metzger, H. 1968. Assessment of compositional relatedness between proteins. Nature
219: 1166 - 1168.

Mihalyi, E. 1978. Application of proteolytic enzymes to protein structural studies. CRC
Press, Inc. Boca Raton. FL. pp. 43 - 127.

Miller, E. 1., Strange. E. O. and Whiting, R. C. 1989. Improved tendemess of restructured
beefsteaks by a microbial collagenase derived from Vibrio B - 30. J. Food Sei.
54:855 - 857.

Miller, E. 1. 1984. Chemistry of the collagens and their distribution. 111 "Extracellular
Matrix Biochemistry". Piez, K. A. and Reddi. A. H. (eds.) Elsevier. New York. pp.
41-81.

Miller, E. 1. and Gay, S. 1982. (1) Collagen: an overview. Methods in Enzymology. 82:3 
32.

Miller, E. 1., Finch, 1. E., Chung, E., Butler W. T., Robertson. P. B. 1976. Specifie
cleavage of the native type III collagen molecule with trypsin. Arch. Biochem.
Biophys. 173:631 - 637.

Montera, P. and Borderias, J. 1990a. Effect of rigor mortis and aging on collagen in trout
(Sa/mo irideus) muscle. J. Sei. Food. Agric. 1990. 52: 141 - 146.

Montera, P. and Borderias. 1. 1990b. Influence of age on muscle connective tissue in trout
(Sa/mo irideus). 1. Sei. Food Agric. 5 I: 261 - 269.

Montero, P., Borderias, 1., Turnay, J. and Leyzarbe. M. A. 1990. Characterization ofhake
(Mer/uceius merluceius L.) and trout (Sa/mo irideus Gibb) collagen. J. Agric. Food
Chem.38:604 - 609.

159



(

(

(

Montfort, 1. and Perez-Tamayo, R. 1975. The distribution of collagenase in normal rat
tissues. J. Histochem. Cytochem. 23:910 - 920.

Moore , S. and Stein~ W. 1954. A modified ninhydrin reagent for the photometrie
determination of amino acids and related compounds. 1. Biol. Chem. 211:907 - 913.

Moore . S.. and Stein, W. H. 1948. Photometrie ninhydrin method tor use in the
ehromatography of amino acids. J. Biol. Chem. 176:367 - 388.

Morales. T. 1. and Woessner, F. Jr. 1977. PZ-peptidase from ehick embryos. Purification.
properties, and action on collagen peptides. J. Biol. Chem. 252:4855 - 4860.

Morales, T. L, Woessner, J.F., Howell, O.S., Marsh, J.M. and Le Maire. W.J. 1978. A
microassay for the direct demonstration of collagenolytic activity in graafian follicles
of the rat. Biochim. Biophys. Acta. 524:428 - 434.

Nagai, Y. 1973. Vertebrate collagenase: further characterization and the significance ofits
latent form in vivo. Mol. Cel!. Biochem. 1:137 - 145.

Nagai, Y., Sakakibara, S. Nod~ H. and Akabori, S. 1960. Hydrolysis of synthetic peptides
by collagenase. Biochim Biophys. Acta 37:567 -569.

Nagelschmidt, M., Unger, T. and Struck~ H. 1979. Purification and properties of a
collagen peptidase (PZ-peptidase) from rabbit serum. Biochim. Biophys. Acta
571:105-111.

Nip, W. K., Lan, C. Y. and Moy, J. H. 1985. Partial charaeterization of a collagenolytic
enzyme fraction from the hepatopancreas of the freshwater prawn, Macrohrachium
rosenbergii. 1. Food Sei. 50: 1187 - 1188.

Nordwig, A. 1971. Collagenolytic enzymes. Advances in Enzymology. 34: 155 - 205

NOVEX. 1994 -95. Electrophoresis Catalogue. NOVEX Experimental Technology. San
Diego, CA. pp. 10.

Ogata, Y., Enghild, 1. J. and Nagase, H. 1992. Matrix metalloproteinase 3 (stromelysin)
activates the precursor for the human matrix metalloproteinase 9. 1. Biol. Chem.
267:3581 - 3584.

Ok~ H., Ohno, K., and Ninomiya, 1. 1990. Changes in texture during cold storage of
cultured yellowtail meat prepared by ditferent killing methods. Bull. Jpn. Soc. Sei.
Fish. 56: 1673 - 1678.

Oldroyd, D. and Herring~ G. M. 1967. A method for the study ofbone mucosubstances by
using collagenase. Proc. Biochem. Soc. 471st meeting. In: Biochem.J. 104. 20P.

Pardo. A. and Perez-Tamayo, R. 1975. The presence of collagenases in collagen
preparations. Biochim. Biophys. Acta 392: 121 - 130.

160



(

(

(

Perry, S. V. 1951. The adenosinetriphosphate aetivity of myofibrils isolated from skeletal
muscles. Biochern. J. 48:257 - 264.

Phannaeia. 1985. FPLC ion-exchange and chromatofoeusing: Prineiples and Methods.
Phannacia Laboratory Separation Division. Uppsala. pp. 19 - 37.

Phannaeia. 1988. FPLC System Handbook. Phannaeia LKB Biotech. Uppsala. pp. 16 
20.

Porath, J. Carlsson. 1. Dlsson, 1. and Belfrage, G. 1975. Metal chelate aftinity
ehromatography, a new approach to protein fractionation. Nature 258:598 - 599

Priee, N. C. and Stevens, L. 1982. Fundamentals of Enzyrnology. Oxford University.
Press. Oxford. pp. 44 - 115.

Primalov, P. L., Griko, Y. V., Venyaminov, Y. S. and Kutyshenko. V. P. 1986. Cold
denaturation of myoglobin. 1. Mol. Biol. 190:487 - 498.

Ramshaw, 1. H. M., Werkmeister, J. A. and Bremner, H. A. 1988. Characterization of
type l eollagen trom the skin ofblue grenadier (A--Iacnlroflus llovaezelandiae). Arch.
Bioehern. Biophys. 267:497 - 502.

Reddi, P. K., Constantinides, S. M. and Dymsza, H. A. 1972. Catheptic activity of tish
muscle. J. Food Sei. 37:643 - 648.

Rabbins, S. M., Walker, 1. E., Cohen, S. H. and Charterjee, S. 1979. Action of proteolytic
enzymes on bovine myofibrils. J. Food Sei. 44: 1672 - 1677: 1680.

Rojkind, M., Blumentèld. O. O. and GaHop, P. M. 1966. Localizatian and partial
characterization of an aldehyde component in tropocollagen. J. Biol. Chem.
241: 1530 - 1536.

Rojkind, M.. Phi. L. and Aguirre, M. 1968. Biosynthesis of the intramoleeular cross-links
in the rat skin collagen. 1. Biol. Chem. 243 :2266 - 2772.

Rosen, H. 1957. A modified ninhydrin colorimetrie analysis for amino acids. Arch.
Biochem. Biophys. 67: 10 - 15.

Ross, R. and Bornstein, P. 1969. The elastie fiber. 1. Separation and partial
eharaeterization ofits macromoleeular components. J. CeH Biol. 40:366 - 381.

Ryan. 1. N. and Woessner. J. F. 1974. Oestradiol inhibition of collagenase role in uterine
involution. Nature 248:526 - 528.

Sakarnoto. S., Sakamoto, M., Goldhaber, P. and Glirncher, M. J. 1978. Mouse bane
collagenase: Purification of the enzyme by heparin-substituted Sepharose 4B aftinity
chrornatography and preparation of specifie antibody to the enzyme. Arch. Biochem.
Biophys. 188:438 -449.

161



(

(

(

Salvesen, G. and Nagase, H. 1989. Inhibition of proteolytic enzymes. /n "Proteolytic
enzymes a practical approach'·. Beynon. R. 1. and Bond. J. S. (eds.). Oxford. IRL
Press at Oxford University Press. pp. 83 -104.

Sasagawa, Y., Kamio, Y., Matsubara, Y., Matsubara, Y. Suzuki, K., Kojima, H. and
Izaki, K. 1993. Purification and properties of collagenase from (~vlophagll !Jp. L43-1
strain. Biosci. Biotech. Biochem. 57: 1894 - 1898.

Sato, K., Ohashi, C. Ohtsuki, K. and Kawabata, M. 1991. Type V collagen in trout
(Sa/mo gairdneri) muscle and its solubility change during chilled storage of muscle.
1. Agric. Food. Chem. 39: 1222 - 1225.

Sato, K., Yoshinaka, R., Sato, M., Itoh, Y. and Shimizu, Y. 1988. Isolation oftypes land
V collagens tram carp muscles. Camp. Bioehem. Physiol. 90B: 155 - 158.

Sato, K., Yoshinaka. R., Sato, M and Shimizu, Y., 1986. Collagen content in the muscle
of fishes in association with their swimming movement and meat texture. Bull. Jpo
Soc. Sei. Fish. 52: 1595 - 1600.

Scheraga, H. A., Nemethy, G. and Steinberg, 1. Z. 1962. The contribution of hydrophobie
bonds to the thermal stability of protein conformation. J. Biol. Chem. 237:2506 
2508.

Seibert, G. and Schmitt. A. 1964. Fish tissue enzymes and their raIe in the deteriorative
changes in fish. FAO symposium on the signifieance of fundamental research in the
utilization offish (Husum, Germany 26 -30 May). Paper No. WP/ll/3

Seifter, S. and Gallop, P.M. 1962. Collagenase trom C/ostridillm histo/yticlim. In:
Methods in Enzymology. Vol. 5. pp. 659 - 665.

Seifter, S., Gallop, P. M., Klein. L. and Meilman. E. 1959. Studies on collagen. II
properties of purified collagenase and its inhibition. 1. Biol. Chem. 234. 285 - 293.

Seifter, S. and Harper, E. 1970. Collagenases. /n "Methods in Enzymology'·. 19:613 
635.

Shaw, E. Mares-Guia, M. and Cohen, W. 1965. Evidence for an active-center histidine in
trypsin through the use of a specifie reagent, l-chloro-3-tosylamido-7-amino-2
heptanone, the chloromethylketone derived from NŒ-tosyl-L-Iysine. Bioehemistry
4:2219 - 2224.

Sigma Chemical Company. 1993. Sigma Quality Control Procedure: Suitability Assay for
4-phenylazobenzyloxycarbonyl-Pro-Leu-Gly-Pro-D-Arg. as a substrate for
collagenase. (Unpublished)

Sikorski, Z. E.~ Scott, D. and Buisson, O. H. 1984. The role of collagen in the quality
processing offish. CRC Crit. Rev. Food Sei. Nutr. 20:301 - 343.

162



(

(

Simpson. B. K. and Haard, N. 1984a. Trypsin from Greenland cod, (iadus ogac Isolation
and comparative properties. Comp. Biachem. Physiol. 79B:613 - 622.

Simpson, B. K. and Haard, N. 1984b. The purification and charaeterization of trypsin
from the Greenland cod (Gadus ogac) l. Kinetic and thermodynamic characteristics.
Canad. J. Bioehem. Cell Biol. 62:894 - 900.

Simpson, B. K. and Haard, N. F. 1985. Characterization of the trypsin fraction from
cunner (Talltogo/abnls adsperslIs). Camp. Biachem. Physiol. 80B:475 - 480.

Simpson, B. K. and Haard. N. 1987. Cold-adapted Enzymes from Fish. In "Food
Biotechnology". Dietrich Knorr (ed.). Marcel Dekker, Inc. New York. pp. 495 
527.

Simpson, B. K., Marshall, M. R. and OtwelL W. S. 1987. Phenoloxidases from shrimp
(Panealls selijerus): Purification and sorne properties. J. Agrie. Food Chem. 35:918
- 921.

Simpson, B. K., Simpson. M. V. and Haard. N. F. 1989. On the mechanism of enzyme
action: Digestive proteases from selected marine organisms. Biotech. Appli.
Biochem. Il :226 - 234.

Somero, G. N. 1969. Enzymic mechanisms of temperature compensation: immediate and
evolutionary effects of temperature on enzymes of aquatic poikilotherms. Am. Zool.
103:517 - 530.

Spiro, R. G. 1967. Structure of the dissacharide unit of the renal glomerular basement
membrane. 1. Biol. Chem. 242:4813 - 4823.

Spiro, R. G. 1972. Glycoproteins. In "Basement Membranes and Collagen". Gottschalk. A
(ed.). Amsterdam. V. SB. pp.964 - 999.

Spiro, R. G. and Spiro, M. 1. 1971. Studies on the biosynthesis of hydroxylysine-linked
disaccharide unit of basement membranes and collagens. Biol. Chem. 246:4919 
4925.

Ssadikow, W. S. 1927. Ueber ein neues kollagen-losendes ferment. Biochem. Z. 181 :267
283.

Stauffer, E. C. 1989. Enzyme Assays for Food Scientists. Van Nostrand Reinhold. New
York. pp. 79 - 89.

Stenvag, K., Jorgensen, T. O., Hoffinan, 1. Hjelmeland, K. and Bogwald, J. 1993. Partial
purification and characterization of extracellular metalloproteases with caseinalytic,
aminopeptidolytic and collagenolytic aetivities from Vibrio allguillanlm. 1. Fish
Diseases. 16:525 -539.

163



(

1

Stoll~ V. S. and Blanchard, 1. S. 1990. Butfers: Principle and practice. /n: '"Methods in
Enzymology: Guide to protein purification". Deutscher, M. (ed.). Academie Press.
Inc. San Diego. 182:24 - 38.

Stricklin. G. P., Eisen. A. Z., Bauer, E.A. and Jeffrey, J. J. 1978. Human skin fibroblast
collagenase: Chemical properties of preeursor and active forms. Bioehemistrv
17:2331 - 2337.

Stricklin, P. 1., Bauer, E. A., Jeffrey, J. J. and Eisen A. Z. 1977. Human skin eollagenase:
Isolation of precursor and active forms from both fibroblast collagenase and organ
cultures. Biochemistry 16: 1607 - 1615.

Stryer, L. 1988. Biochemistry. W. H. Freemen. New York. pp. 261 -281.

Swann~ J. C., Reynolds, 1. 1. and Galloway, W. A. 1981. Zinc metalloenzyme properties of
active and latent collagenase from rabbit bone. Biochem J. 195:41 -49.

Takahashi, S. and Seifter,S. 1970. Dye-sensitized photo-inactivation of collagenase A.

Biochim. Biophys. Acta 214:556 -558.

Tanford, C. 1962. Contribution of hydrophobie interactions of the stability of the globular
confonnation ofproteins. 1. Am. Chem. Soc. 84:4240 - 4247.

Teruel,S. R. L.and Simpson, B. K. 1995. Characterization of the collagenolytic enzyme
fraction from winter flounder (Pseudop/euronecles americalllls). Comp. Biochem.
Physiol. 112B: 131 - 136.

Thomson, M. H. and Farragut, R. N. 1965. Amino acid composition of the alewitè (A/osa
pselldoharenglls) Fish. Ind. Res. 3:47 - 53.

Thomton. 1. M. 1981. Disulfide bridges in globular proteins. 1. Mol. Biol. 151 :261 - 287.

Tokoro, Y. Eizen, A. and Jeffrey, J. 1. 1972. Characterization of a collagenase from rat
skin. Biochim. Biophys. Acta 258:289 - 302.

Toyohara~ H.. Ando, M., and Shimizu, Y. 1990. Appearrance of a 38,000 dalton
component possibly associated with the post-monem tenderization of rainbow trout
muscles. Agne. Biol. Chem. 54: 1575- 1576.

Toyohara, H. and Shimizu, Y. 1988. Relation of the rigor of fish body and the texture of
the fish muscle. Bull. Jpn. Soc. Sei. Fish. 54: 1795 -1798.

Tyler, J. A. and Cawston~ T. E. 1980. Properties of pig synovial collagenase. Biochem 1.
189:349 - 357.

Vallee, B. L. 1960. Metal and enzyme interactions: correlation of composition. funetion
and structure. /11 "The Enzymes" (2nd ed).Boyer, P.O. Lardy, H. and Myrback. K.
(eds.). Acadmic Press. NewYork. 3 :225 -276.

164



(

(

Van Wart, H. E. and Steinbrink, O. R. 1981. A continuous spectrophotometric assay for
C/ostridium histolyticum collagenase. Anal. Biochern. 113:356 - 365.

Veis, A. 1970. Collagen. /n "The Physiology and Biochemistry of Musele as a Food" ,.,
Briskey, E. J., Cassens, R. G. and Marsh., B. N. (eds). The University of Wisconsin
Press. Madison. pp. 455 -470.

Von Hippel, P. H. and Wong, K-Y. 1963. The collagen-gelatin phase transition. II shape
of the melting curves and effect of chain length. Biochemisty. 2: 1399 -1413.

WaIdvogel, F. A. and Swartz, M. N. 1969. Collagenolytic activity ofbacteria. 1. Bacteriol.
98:662 - 667.

Welgus, H. G., Grant. A. G., Jeffrey, 1. 1. and Eisen, A. Z. 1982. Substrate specitlcity of
the collagenolytic serine protease from {Ica pugi/ator: studies with noncollagenous
substrates. Biochemistry 21: 183 - 5189.

Werb, Z. Burleigh, M. C., Barrett, A. 1., and Starkey, P. M .. 1974. The interaction of a2
macroglobulin with proteinases. Binding and inhibition of mammalian collagenases
and other metal proteinases. Biochem. 1. 139:359 - 368.

Werb, Z. and Reynolds, 1. 1. 1975. Purification and properties of a specific collagenase
from rabbit synovial fibroblasts. Biochem 1. 151 :645 - 653.

Wetzel, R. 1987. Hamessing disulfide bonds using protein engineering. Trends Biochem.
Sci. 12:478 - 482.

Wetzel, R., Perry, L. J., Baase, W. A. and Becktel, W. J. 1988. Disulfide bonds and
thermal stability in T4 lysozyme (folding thermodynamics/irreversible
inactivation/protein engineering/protein evolution). Proc. NatI. Acad. Sci. USA.
85:401 - 405.

Whitaker, 1. R. 1972. Principle of Enzymology for the Food Sciences. Marcel Dekker,
Inc. New York. pp. 175 - 21 O~ 255 - 286~ 287 - 317.

Woessner, l.f. 1977. A latent form of collagenase in the involuting rat uterus and its
activation by a serine proteinase. Biochem. J. 161:535 - 542.

Woolley, O. E. 1984. Mammalian collagenases. /11 "Extracellular Matrix Biochemistry".
Piez, K. A. and Reddi, A. H. (eds.). Elsevier. New York. pp. 119 - 157.

WoolIey, D. E., Glanville, R. W. Crossley, M. J. and Evanson, 1. M. 1975. Purification of
rheumatoid synovial collagenase and its action on soluble and insoluble collagen.
Eur. 1. Biochem. 54:611 -622.

Woolley, O. E., Glanville, R. W., Roberts, D. R. and Evanson, 1. M. 1978. Purification,
characterization and inhibition of human skin collagenase. Biochem. J. 169:265 
276.

165



(

(

(

Wuensch, E. and Heidrich, H-G. 1963. Determination of collagenase. Z. Physiol. Chem.
333:149-151.

Yagisawa, S. Morita, F., Nagai, Y. Noda, H. and Ogura, Y. 1965. Kinetic studies on the
action ofcollagenase. J Biochem (lapan) 58:407 - 416.

Yamaguchi, K. Lavety, J. and Love, R. M. 1976. The connective tissues of fish. VIII.
Comparative studies on hake, cod, and catfish collagens. J. Food Technol. 11:389 
399.

Yamashita, M. and Konagaya, S. 1992a. Differentiation and localization of catheptic
proteinases responsible for extensive autolysis of mature chum salmon muscle
(OncorhynclIs keta). Comp. Biochem. Physiol. 103B:999 - 1003.

Yamashita, M. and Konagaya, S. 1992b. An enzyme inhibitor complex of chum salmon
(Oncorhynclis keta) in spawning migration. Camp. Biochem. Physiol. 103B: 1005 
1010.

Yoshinaka, R. Sato, M. and Ikeda, S. 1978. Distribution of collagenase in the digestive
organs ofsome teleost. Bull. Jap. Soc. Sei. Fish. 44:263 -267.

166



(
5.2

APPENDIX 1

5 •
•:ë -I-.M -

;Ji.:::;
~
~.= •e -1- 6-S. -

-=
': •;Ji
0

...J -JA

•
-J.l •

(
-1-

() 0.1 UA 0.6 U.~

Rf values

Fig.. Standard curve for the determination of molecular weight
(Standard~ phosphorylase B-94.000~ bovine serum albumin-67.000:
ovalbumin-43.000: carbonic anhydrase-30.000: trypsin inhibitor (soybean) -20.100:
alpha-Iactalbumin-14,4000).

(

167



C APPENDIX 2

5.1 -

•
5 •

-fJJ 4.9
.~

~ •~

!: 4.8
=CJ •~

ë
4.7- -=...

0
CJ)

j 4.6

•
4.5 - •
4.4

( 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09

Rf values

Fig. . Standard curve for the determination of molecular weight
(Standard: beta galactosidase-116,300; phosphorylase B-97AOO~

bovine serum albumin-66.300~ glutamic dehydrogenase-55,400:
lactase dehydrogenase-36.500~ carbonic anhydrase-31.000).

(

168



APPENDIX3

(

(

12U

100

80
~.
•"=.::-y=:
-;

60~

-=.;;
:.1
a:
~0

·lU

20

o
a 5 15 25 35

Temperature. C
45 55 65

Fig.. Temperature stability ofcollagenolytic enzymes in the crude enzyme extract from the skeletal
muscle ofwinter flounder. (Values presented are means of3 replicates for 1 experiment)

Temperature, C o~ Residual activity

0 99.97±16.75

5 88.91±18.72

15 93.62±9.53

25 104.05±4.27

35 I06.54±26.90

45 91.93±6.59

55 12.75 ±2.01

( 65 0
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Fig. . Temperature optimum of collagenolytic enzymes in the crude enzyme extract from the skeletal
muscle ofwi nter flounder. (Values presented are means of3 replicates for 1 experiment)

Temperature, C

5

15

25

35

40

45

50

55

65

170

% Relative activity

19.54± 2.69

29.24 ±11.69

62.70 ± 7.11

75.48± 7.84

78.62 ± 14.44

100 ±14.18

75.37 ±12.65

41.80 ±12.31

20.2 ±2.24
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Fig.. pH stability ofcollagenol ytic enzymes in the crude extract trom the skeietai muscle
ofwinter flounder. (Values presented are means of3 replicates for 1 experiment)

pH 0/0 Residual activity

2 0

4 0

6 83.35±4.51

7.4 IOO±1.84

8 95.23±4.86

10 78.68±8.27
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Fig.. pH optimum of collagenolytic enzymes in the crude enzyme extract from the skeletal
muscle ofwinter flounder. (Values presented are means of 3 replicates for 1 experiment)

pH % Relative activity

2 9.09±3.63

4 28. 16±7.45

6 44.08±1.64

6.5 44.26 ±17.07

7.1 91.23±4.36

7.5 100.02±5.60

8 73.92±5.36

10 36.89±lO.14
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APPENDIX 7

Collagenase and chymotrypsin-like activities ofwinter tlounder skeletal muscle enzymes
(Values presented are means of triplicate results for 3 experiments)

Puritication step Collagenase activity Chymotrypsin-like Protein content
(units/mg) activity (units/mg) (mg/ml)

Crude extract 4.37±l.O9 lO.62±3.18 6.14±O.16

Ammonium sulfate 7.23±O.85 25.36±6.95 9.061. 70
(40 - 80%)

ŒX-l 8.09±2.45 1.30±O.16 1.94±O.34

APPENDIX 8

Hydrolysis of collagen (bovine Achilles tendon) by collagenases from P. americ.:allll.\· and
C. histo/yticum (Values presented are means of3 replicates for 1 experiment)

Incubation time (h) Collagenase activity (~oonm/mg)

P. americamls
1

C. histo/yticum

12 0.O32±O.Ol 457.24±12.42

24 O.20±O.O 1 691.14±26.28

36 O.32±O.02 -

48 1.66±O.06 1260.50± 0
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APPENDIX 9

pH optima of collagenases from P. americamls (IEX fraction) and C. histolyticum
(Values presented are means of 3 replicates for 1 experiment)

pH % Relative activity

P. america/nls
1

C. histolyticum

5.0 10.16±3.66 2.85±1.32

6.0 28.78±3.82 37.10±1.12

6.5 53.19±1.21 66.54±1.78

7.0 95.51±4.02 93.12±1.15

7.5 100.48±8.91 90.14±1.81

8.0 74.32±4.92 96.00±5.66

8.5 - 77.43±2.6ü

9.0 40.43±7.8 69.68±0.27

10.0 19.04±1.78 29.78±2.74

11.0 0 6.02±1.0S

pH stability of collagenases from P. america/ms (IEX fraction) and C. his(o(vticllnl
(Values presented are means of 3 replicates for 1 experiment)

pH 0/0 ResiduaI activity

P. americanus
1

C. histolyticum

2.0 - 1.00±0.35

4.0 0 2.95±1.12

5.0 37.25±2.77 12.09±2.09

6.0 100.00±4.80 63.94±0.94

7.0 50.98±7.34 85.30±1.37

8.0 74.51±10.00 94.85±3.22

9.0 47.06±4.S0 94.74±2.70

10.0 58.82±O 67.34±1.62

11.0 45.09±7.34 16.04±1.54

12.0 - 13.52±1.1S
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APPENDIX 10

Temperature optima of collagenases from P. amerÎc.:allliS (IEX fraction) and ('.
histo/yticlim (Values presented are means of 3 replicates for 1 experiment)

Temperature oC 0/O Relative activity

P. amerit.:aIlIlS
1

C. histo/ylic.:lll1l

5 18.79±O.98 9.87±1.62

15 21.43±9.72 27.56±1.11

25 48.41±5.76 49.58±4.49

35 57.45±2.54 82.79±2.64

40 IOO.OO±21.24 99.88±1.80

45 95.36±3.36 81.35+".95

50 92.44±14.19 6.40±1.88

55 5 L54±5.83 2.77+".18

65 45.09±7.34 O.36±O

Temperature stability of collagenases from P. americallus (IEX fraction) and ('.
histo/yticlim (Values presented are means of3 replicates for 1 experiment)

Temperature oC 0/0 Residual activity

P. americanus
1

C. histo/ytit.:um

0 85.53±6.03 IOO.14±4.86

5 69.08±7.36 96.52±1.77

15 92.27±12.25 9918+".96

25 70.50±7.74 93.20±4.14

35 56.37±2.84 96.67±5.32

40 63.96±1.32 93.51±3.0 1

45 83.09±4.51 86.10±3.60

50 51.16±2.92 69.02±4.46

55 34.63±3.81 Il.43±O.66

65 31.75±O.79 0
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pH optimum ofwinter flounder skeletal muscle collagenases (SEC fraction)
(Values presented are means of 3 replicates for 1 experiment)

pH
1

0..10 Relative activity

5.0 6.47±0.59

6.0 14.51±O.55

7.0 85.88±3.46

7.5 98.80±7.23

8.0 84. 70± 13 .62

8.5 66.28±3.64

9.0 SO.19±6.18

10.0 0

(

pH stability ofwinter flounder skeletal muscle collagenases (SEC fraction)
(Values presented are means of3 replicates for 1 experiment)

pH
1

% Residual activity

4.0 0

5.0 40.81±7.26

6.0 10O.84±11.00

7.0 74. 15±8.39

8.0 81.64±8.66

9.0 82.31±6.74

10.0 82.99±6.74

11.0 70.08±O
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APPENDIX 12

Temperature optimum ofwinter flounder skeletal muscle collagenases (SEC fraction)
(Values presented are means of 3 replicates for 1 experiment)

Temperature, oC
1

% Relative activity

5 18.75±4.17

15 40.28± 14.27

25 54.86± 11.58

35 67.36± 10.94

40 87.50±3.40

45 lOO.00±6.44

50 25.00±12.27

55 0

Temperature stability ofwinter flounder skeletal muscle collagenases (SEC fraction)
(Values presented are means of 3 replicates for 1 experiment)

Temperature, oC 1 01cJ Residual activity

0 100.86± 16.86

5 95. 73±11.90

15 116.24±12.09

25 105.13+"'0.19

35 90.60±13.62

40 99.15±15.71

45 65.81±11.53

50 35.9ü±8.37

55 0
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Influence ofvarious inhibitors on the activity of winter flounder skeletal muscle
collagenases (SEC fraction) (Values presented are means of3 replicates for 1 experiment)

Inhibitor

1OmM TLCK

0.5 mg/ml STI

100mM EDTA

1OmM
l, 10-Phenanthroline

100mM
2-~ercaptoethanol

20mM DTT

1
% Inhibition

3.24±2.2

o
45.46±4.0 1

95.57±3.16

50.00±8.55

90.56±ü.42

(

(

Influence dialysis and addition ofzinc ions on the activity of winter tlounder skeletal
muscle collagenases (SEC fraction) (Values presented are means of 3 replicates tor 1

experiment)

Treatment Specifie activity
(units/mg)

Control 107.73±8.98

Dialyzed 103.57±5.5

Dialyzed + zinc ions 16.43±O

Influence of various concentrations ofZn ions on the activity of winter flounder skeletal
muscle collagenases (SEC fraction) (Values presented are means of 3 replicates tor 1

experiment)

Zn ion % Resisual activity
concentrations

(mM)

0 100

0.125 8.33±1.85

0.250 1.23±O.87

0.375 20.37±2.72

0.500 ü
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Influence of various concentrations of 1.1 O-Phenanthroline on the activity of winter
tlounder skeletal muscle collagenases (SEC fraction) (Values presented are means of 3

replicates for 1 experiment)

l, 10-Phenanthroline 0"la Inhibition
concentration (mM)

0 0

1.0 0

5.0 64.60±O

10.0 95.57±3.1

Inhibition of winter flounder skeletal muscle collagenases by 1,1 O-Phenanthroline and their
reactivation by various concentrations ofzinc ions (SEC fraction) (Values presented are

means of 3 replicates for 1 experiment)

Molar ratio of 1, 10- % Residual activity
Phenanthroline to

Zinc ions
0:0 100±O

10:0 0

10:0.5 69.05±3.31

10: 1.0 102.86±6.31

10:2.0 91.67±6.73

10:4.0 20. 17±3.45

Influence of various concentrations of EDTA on the activity of winter flounder skeletal
muscle collagenases (SEC fraction) (Values presented are means of 3 replicates for l

experiment)

EDTA % Inhibition
concentration (mM)

0 0

50 27.48±7.33

100 35.30±4.16

150 44.12±O

200 62.74±3.67

250 60.78±3.67
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Influence ofvanous concentrations ofZn ions on the inhibitory action ofEDTA on \Vinter
tlounder skeletal muscle collagenases (SEC fraction) (Values presented are means of 3

replicates for 1 experiment)

Molar ratio of 0/0 Residual activity
EDTA to Zn ions

0:0 100±O

100:0 53.45±2.97

100:5 64.56±8.37

100: 10 23.42±1.27

100:20 11.26±1.35

100:40 0

Influence of various concentrations of Ca ions on the inhibitory action of EDTA on \vinter
tlounder skeletal muscle collagenases (SEC fraction) (Values presented are means of 3

replicates for 1 experiment)

Molar ratio of % Inhibition
EDTA to Ca ions

0:5 IOO±4.56

100:5 60.21±8.04

100: 10 96.77±6.97

100: 15 65.59±3.04

100:25 5161±9.13
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Influence ofvarious concentrations of2-Mercaptoethanol on the activity of winter
tlounder skeletal muscle collagenases (SEC fraction) (Values presented are means of 3

replicates for 1 experiment)

2-Mercaptoethanol 0/0 Inhibition
concentration (mM)

0 0

50 20.24±6.07

100 28.57±10.51

ISO 52.38±6.73

200 58.92±5.36

250 73.22±5.36

Influence of various concentrations ofDTT on the activity of winter flounder skeletaI
muscle collagenases (SEC fraction) (Values presented are means of3 replicates for l

experiment)

DTT concentration % Inhibition
(mM)

0 0

5 33.33±5.48

10 55.91±6.08

15 83.87±9.47

20 88.17±12.45
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