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Chapter 1

INTRODUCTION

Enzyme inhibitors have received increasing attention as useful

tools not only for the study of enzyme structures and reaction mechanisms

but also for potential utilization in pharmacology (Bode and Huber, 1992;

Cyran, 2002; Imada, 2005; Robert. 2005) and agriculture (Ahn et aI.,

2004; Terashita et al.. 1980). Specific and selective protease inhibitors are

potentially powerful tools for inactivating target proteases in the

pathogenic process of human diseases such as emphysema, arthritis,

pancreatitis, thrombosis, high blood pressure, muscular dystrophy, cancer

and AIDS (Demuth, 1990; Johnson and Pellecchia, 2006).

Enzyme inhibitors are molecules that interact in some way with

the enzyme to control the metabolic processes of a normal cell. They

control almost all of the enzymatic metabolic processes that take place in

and around the cell, to maintain normal biological function. Basically

inhibitors are artificial or natural substances, which act by changing the

conformation or the turn over number of the enzyme thereby altering the

rate of the specific reaction that they catalyze,

Biological processes like signal transduction, cell cycle regulation,

gene regulation etc. rely on protein-protein interactions (Changhui et al.,

2004). These interactions also have an unavoidable role in cell

dysfunction and may lead to the so called diseased condition of the
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organism. In other words, the very same enzymes, which play many

important biological roles in cell regulation, could also be harmful if left

unchecked. For this reason, the system seeks the help of inhibitors, giving

the organism both temporal and spatial control of the enzymatic activity

(Fitzpatrick, 2004). The study of enzyme inhibitors for blocking particular

protein-protein interactions would enable exquisite control of cellular

processes and provide potential leads for novel chemotherapeutic agents.

The existence of specific naturally occurring enzyme inhibitors.

like antithrombin, antipepsin and antitrypsin, controls the enzyme activity

in human body and under physiological circumstances assures their

intracellular and extracellular action (Gordana et al., 2002).

Proteases are single class of enzyme, which occupy the pivotal

position with respect to their physiological role and commercial application.

They represent one of the largest groups of industrial enzymes and account

for about 60% of total worldwide sale of enzymes. They play widespread

role in a variety of essential biological processes, both as nonspecific

mediators of protein degradation and in the catalysis of specific cleavage

events. Proteases have wide range of functions in nature like, in the

regulation of biological metabolic processes such as spore formation, spore

germination, protein maturation in viral assembly, activation of certain

viruses in pathogenicity, various stages of mammalian fertilization process,

blood coagulation, fibrinolysis, complement activation, phagocytosis and

blood pressure control (Johnson and Pellecchia, 2006). Misregulation of

proteolysis has been implicated in neoplastic, auto immune and infectious
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diseases, and a number of pathogens carry proteases essential for viability or

infectivity (Rao et at, 1998).

Proteases have a long history of application III various

biotechnological industries. They are extensively used mainly in the

detergent and food industries. In view of the recent trend of developing

environment friendly technologies, proteases are envisaged to have

extensive applications in leather treatment and in several bioremediation

processes. Their application in the leather industry for dehairing and bating

of hides to substitute currently used toxic chemicals is a relatively new

development and has conferred added biotechnological importance (Rao et

aI., 1998).

Besides being necessary from the physiological point of view,

proteases are potentially hazardous to their proteinaceous environment and

the respective cell or organism must precisely control their activity. When

uncontrolled, proteases can be responsible for serious diseases. While these

proteases are highly beneficial, they are also very dangerous if left

unchecked. To limit these dangers, they must be strictly controlled both in

time and place. Nature therefore, evolved controls for proteases. The control

of proteases is generally achieved by regulated expression, secretion,

activation and degradation of mature enzymes, and by the inhibition of their

proteolytic activity. Protease inhibitors play very important role in the

regulation of protease activity. The scientific study of the protease inhibitors

is nearly as old as that of the proteases themselves. Hundreds of inhibitors

of proteases are now known. Since the protein inhibitors of proteolytic

enzymes are, indeed, proteins, they should be substrates for proteolysis. The
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elucidation of this paradox remains a central focus for much of the work on

the structure and function of protein inhibitors of proteases. Inhibitor

proteins have therefore, been studied as model systems for elucidation of the

mechanism of inhibition of proteases and also for studies of protein-protein

interactions. The recognized importance of proteolytic processes in the

regulation of post-translational processing of precursor proteins, and the

involvement of proteases in intracellular protein metabolism and in various

pathological processes has recently stimulated tremendous interest in

naturally occurring, target oriented, protease inhibitors. They are exploited

as valuable tools in medical research by virtue of their unique

pharmacological properties that suggest clinical application (Hsu et aI.,

2006).

Proteins that form complexes with proteases and inhibit their

proteolytic activity are wide spread in nature (Ryan. 1990). In addition to

their roles in regulating proteolytic activities, they are important for

protecting fluids or tissues from degradation by unwanted or foreign

proteolytic activities (Neurath, 1984). Protease inhibitors are an important

class of regulatory proteins that control the proteolytic events in all living

organisms and are ubiquitously present in all life forms (Kassel, 1970;

Urnezawa, 1982). They have evoked tremendous interest because of their

pivotal role in the regulation of various physiological and pathological

processes involving cellular transformation, blood-clotting disorders,

osteoporosis. in retroviral diseases and also in many protozoan diseases

(Billing et al.. 1987).
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Inhibitor families have been found that are specific for each of the

mechanistic classes ofproteolytic enzymes, i.e. serine, cysteine, aspartic and

metalloproteases. Several nonhomologous families ofprotease inhibitors are

recognized among microorganisms, plant and animal kingdom (Laskowski

and Kato, 1980; Seelmeir et al., 1988). High concentrations of protease

inhibitors are often found in fluids and tissues that are particularly

vulnerable to foreign proteases (Neurath, 1984), such as blood serum

(Travis and Salvesen, 1983), pancreatic acinar cells (Neurath, 1984), and

storage tissues of plants (Richardson, 1980; Ryan, 1973).

Plants are important source of easily available proteases and

protease inhibitors. Possibly ten protease inhibitor families have been

recognized in plants and mostly they are located in seeds and leaves

(Garcia-Oimedeo et al., 1987). In tuberous plants, they are present in the

leaves and tubers. Among the cereals such as corn, barley, wheat and rye,

they are primarily present in the endosperm. Plants contain a variety of

serine protease inhibitors, which can be divided into at least 12 sub-families.

Serine protease inhibitors have been the most studied protein inhibitors up

to now and recently a considerable advance has been made in the study of

the natural inhibitors of cysteine proteases (cystatins). In contrast,

knowledge of inhibitors of both aspartyl and metaIloproteases IS very

limited. The plant protease inhibitors differ in specificities and in their

ability to inhibit one or more proteases at the same time. Majority of them

inhibit trypsin and many inhibit chymotrypsin. Inhibitors of elastase,

kallikrein, plasmin, subtilisin and thrombin have also been found (Ryan,

1990).
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The protease inhibitors have been thought to play a vital role in the

arsenal of defense mechanisms that plants use to protect against

environment hazards during germination and seed growth. Pest and

pathogens are major constraints to plant growth and development, resulting

in heavy losses in crop yield and quality (Leo and Gallerani, 2005). Plant

proteinase inhibitors have been well established to play a potent defensive

role against predators and pathogens. Agricultural industries employ several

chemical pesticides to solve this problem. Since the use of these chemical

pesticides has a deleterious effect on human health, a recent trend is to use

other safer strategies to enhance the defense mechanism of crops. Plant

defense against herbivores and fungal pathogens involves the expression of

a variety of bioactive secondary metabolites and defensive proteins. These

defensive proteins include protease inhibitors, which can act as insect

antifeedants and as antifungal proteins ( Haq et al., 2004; Ryan, 1990).

Plants are known to accumulate protease inhibitors in their storage

organs in amounts much more than required to inhibit endogenous

proteases. This is apparent by their specific inhibitory activity towards pest

proteases and little if any, against endogenous plant proteinases (Lawrence

and Koundal, 2002). Further more, it has been demonstrated that wounding

of plant tissue by insect chewing or by microbial infection significantly

enhances the level of protease inhibitors in local as well as in the remote

tissues (Green and Ryan, 1972). Inhibition of enzymes in the alimentary

tract of insects is not the main adverse effect. Depletion of essential amino

acids due to over secretion of digestive enzymes in the presence of

inhibitors is thought to cause most of the toxicity s.gns observed, but there
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are also other targets of toxicity (Kleter et aI, 2000). The mechanism of

action ofprotease inhibitors is not fully understood.

The major cause of food spoilage is microbial growth and

metabolism resulting in the formation of amines, sulfides, alcohols,

aldehydes, ketones and organic acids with unpleasant and unacceptable off­

flavors. Microbial food spoilage is an area of global concern as it has been

estimated that as much as 25% of all food produced is lost post-harvest

owing to microbial activity (Parker, 2003). Thorough understanding of the

growth and activity of spoilage microflora in seafood as well as any other

food is crucial for the development of effective preservation techniques and

subsequent reduction oflosses due to spoilage. The use of enzyme inhibitors

may prove to be yet another solution for the spoilage problem. Several

antagonistic compounds have been isolated from microorganisms for use in

fish preservation. The use of an adequate amount of natural protease

inhibitors could be an effective way to extend the shelf life of many

proteinaceous seafoods such as salted fish products. In this approach the

inhibitors can retard the aging and other deteriorative processes caused by

the action of endogenous and exogenous proteases, during the food

processing and preservation. Ofcourse there is dearth of information in

respect of application of enzyme inhibitors for seafood preservation.

Protease inhibitors from plants also have a major role in food industry

during bread making (Fernando et al., 2000).

Protease inhibitors used as antiviral agents have a wide range of

market potential. The pharmaceutical industry accounts for only 1% of the

total global sale. Out of this, HIV antiretroviral have experienced rapid
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growth between 2000-2006. accounting for $6.6 billion in global sales.

Norvir. a HIV protease inhibitor with high market value. is produced by

Abott Laboratories, U.S.A Tripanavir, another protease inhibitor in

combination with Norvir is the most expensive antiretroviral drug ever

developed (over $20,000 a year) (Gardiner. 2004). The anti-infectives

market is poised to experience considerable growth in the next few years,

with a forecast market value that is expected to double in size to more than

$44 billion by 2010. In India, Ranbaxy Laboratories, Dr Reddy's and Cipla

Laboratories are the pioneers in the production of protease inhibitors.

Aprotinin is a protease inhibitor that has uses in biochemical research,

medicine, and potentially in agriculture and is sold by Bayer under the name

ofTrasylol. It is best known as a clotting agent used to reduce blood loss in

heart surgery (Landis, 2001), and has also been administered for over three

decades in the treatment of acute pancreatitis (Belorgey, 1996). There are

eight FDA approved protease inhibitors so far. they are: Amprenavir

(Agenerase), Fosamprenavir (Lexiva), Indinavir (Crixivan),

Lopinavir/ritonavir (Kaletra), Ritonavir (Norvir), Saquinavir (Fortovase),

and Nelfinavir (Viracept) (Hanson and Hicks, 2006; Hsu et aI., 2006).

In this context, in the present study, an attempt was made to screen

effective inhibitors for serine proteases, from different plants which are

locally available in Kerala, that might have the potential for application in

pharmaceutical and food industry.
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OBJECTIVES OF THE PRESENT STUDY

To date, several hundred bioactive compounds have been isolated

from plant sources. Among them, protease inhibitors have drawn the

attention recently owing to their pivotal role in pharmaceutical, agricultural

and in industrial field. Inspite of the reports available on the scope for

utilizing plants as useful source for deriving protease inhibitors all the

conunonly and locally available plant sources have not been explored as

potential source. With the anticipation that commonly and widely available

plants could return industrially and pharmacologically important protease

inhibitor, an attempt was made to screen local plants for serine protease

inhibitors and select a potential candidate for possible applications.

Thus, the primary objectives of the present study included

1. Screening of plants for serine protease inhibitor

2. Selection of potential source and isolation of the inhibitor

3. Purification of protease inhibitor

4. Characterization of protease inhibitor

5. Evaluation ofprotease inhibitor for various applications.
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REVIEW OF LITERATURE

2.1 Proteases

Proteases, also denominated as proteinases or peptidases, constitute

one of the largest functional groups of proteins, with more than 560

members actually described (Barrett et al., 1998). By hydrolyzing one of the

most important chemical bonds present in biomolecules, i.e., the peptide

bond, proteases play crucial functions in organisms all over the phylogenetic

tree, starting from viruses, bacteria, protozoa, metazoa, or fungi, and ending

with plants and animals. Proteolytic enzymes are essential for the survival of

all kinds of organisms, and are encoded by approximately 2% of all genes

(Barrett et al., 2001).

Proteases play a critical role in many complex physiological and

pathological processes such as protein catabolism, blood coagulation, cell

growth and migration, tissue arrangement, morphogenesis in development,

inflammation, tumor growth and metastasis, activation ofzyrnogens, release

of hormones and pharmacologically active peptides from precursor proteins,

and transport of secretory proteins across membranes (Chambers and

Laurent, 2001). In general, extracellular proteases catalyze the hydrolysis of

large proteins to smaller molecules for subsequent absorption by the cell

whereas, intracellular proteases play a critical role in the regulation of

metabolism. Since proteases are physiologically necessary for living

11
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organisms, they are ubiquitous, being found in a wide diversity of sources

such as plants, animals, and microorganisms. Besides being necessary from

the physiological point of view, proteases are potentially hazardous to their

proteinaceous environment and the respective cell or organism must

precisely control their activity. When uncontrolled, proteases can be

responsible for senous diseases. The control of proteases is generally

achieved by regulated expression/secretion and/or activation of

proproteases, by degradation of mature enzymes, and by the inhibition of

their proteolytic activity (Fitzpatrick, 2004).

2.1.1 Classification of proteases

Proteases are grossly subdivided into two major groups, i.e.,

exopeptidases and endopeptidases, depending on their site of action.

Exopeptidases cleave the peptide bond proximal to the amino or carboxy

termini of the substrate, whereas endopeptidases cleave peptide bonds

distant from the termini of the substrate. Based on the functional group

present at the active site, proteases are further classified into four prominent

groups, i.e., serine proteases, aspartic proteases, cysteine proteases, and

metalloproteases (Barrett et aI., 1998; Hartley, 1960). There are a few

miscellaneous proteases that do not precisely fit into the standard

classification, e.g., ATP-dependent proteases which require ATP for activity

(Menon and Goldberg, 1987). Based on their amino acid sequences,

proteases are classified into different families (Argos, 1987) and further

subdivided into "clans" to accommodate sets of peptidases that have

diverged from a common ancestor (Rawlings and Barrett, 1993). Each

family of peptidases have been assigned a code letter denoting the type of
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catalysis, i.e., S, C, A, M, or U for serine, cysteine, aspartic, metallo, or

unknown type, respectively (Rao et al., 1998).

2.2 Protease inhibitors

Proteases in biological systems are controlled by various

mechanisms. They can be inactivated by proteolytic degradation or by

binding with inhibitor molecules. The inhibitor can bind at the active site by

mimicking the structure of the tetrahedral intermediates that occurs in the

enzyme-catalyzed reaction (Bode and Huber, 2000). So the study of enzyme

inhibitors provide valuable information on the mechanism and pathway of

enzyme catalysis, the substrate specificity of the enzyme, the nature of the

functional group of active site and the participation ofthe certain functional

group in maintaining the active site conformation of the enzyme molecule.

Proteases and their specific inhibitors are ubiquitously distributed in the

plant, animal and microbial kingdoms, and play a key regulatory roles in

many biological processes, including the blood coagulation system, the

complement cascade, apoptosis and the hormone processing pathways

(Neurath, 1989). Naturally occurring protease inhibitors are essential for

regulating the activity of their corresponding proteases within these

pathways.

Protease inhibitors, broadly distributed in nature, are proteins that

form very stable complexes with proteolytic enzymes. The number of

protease inhibitors isolated and identified so far is extremely large and

hence form a good system to study aspects of molecular evolution and

structure function relationships. Most of these inhibitors are small molecules

with relative molecular masses ranging from 5-25 kDa, with compact



structures and many cases with a high content of disulphide bridges,

characteristics that might contribute to their high thermal stability (Singh

and Rao, 2002). The recent interest ID the study of protease inhibitors is

based on the fact that they can be a valuable tool in biochemical and

biomedical studies (Umezawa, 1982). Protease inhibitors which specifically

inhibit the proteases, that are essential in the life cycle of organisms that

cause mortal diseases such as Malaria, Cancer and AIDS, can be used as

strategy for drug design for the prevention of propagation of these causative

agents (Johnson and Pellecchia, 2006).

2.3 Sources of protease inhibitors

Proteins that form complexes with proteases and inhibit their

proteolytic activity are wide spread in nature controlling the proteolytic

events ID all living organisms (Laskowski and Kato, 1980; Neurath, 1984).

Protease inhibitor from a variety of sources like plants, animals and

microorganisms have been purified and characterized. Most of the protease

inhibitors found are well characterized in plants and belongs to the group of

serine protease inhibitors, which include trypsin (Richardson, 1991). The

physiological significance of protease inhibitors has been extensively

investigated in plants but little is known about in animals and

microorganisms.

2.3.1 Plants as the source of protease inhibitors

A large number of protease inhibitors have been isolated and

identified from plants (Tarnir et aI., 1996). Plant protease inhibitors are

small proteins, generally present at high concentrations in storage tissues
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(up to 10 % of total protein content), but also detectable in leaves in

response to the attack of insects and pathogenic microorganisms (Ryan,

1990). Plant protease inhibitors continue to attract the attention of

researchers because of their increasing use in medicine and biotechnology

(Dunaevsky et al., 1998). In the course of evolution, plants have elaborated

protective mechanisms that allow them to successfully resist different kinds

of unfavorable conditions including insects and phytopathogenic

microorganisms (Jackson and Tailor, 1996; Malek and Dietrich, 1999; Stotz

et al., 1999). The defensive capacities of plant protease inhibitors rely on

inhibition ofproteases present in insect guts or secreted by microorganisms,

causing a reduction in the availability of amino acids necessary for their

growth and development (Lawrence and Koundal, 2002). Plant protease

inhibitors have been mainly described in storage tissues such as tubers and

seeds, but their occurrence in the aerial part of plants, as a consequence of

several stimuli has also been widely documented (Lopes et al., 2004).

In plants at least 10 protease inhibitor families have been recognized

(Garcia-Oimedeo et al., 1987). Plant protease inhibitors active towards the

four mechanistic classes of proteases (serine, cysteine, aspartic and

metalloproteases) have been described. The activity of protease inhibitors is

due to their capacity to form stable complexes with target proteases,

blocking, altering or preventing access to the enzyme active site. Protease

inhibitors active towards serine proteases, the most widespread in nature, act

as a potential substrate for proteases (Rawlings et al., 2004).

The possible role of protease inhibitors (PIs) in plant protection was

mvestigated as early as 1947. Subsequently the trypsin inhibitors present in
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soybean were shown to be toxic to the larvae of flour beetle, Tribolium

confusum (Lipke et aI., 1954). Following these early studies, there have

been many examples of protease inhibitors active against certain insect

species, both in in vitro assays against insect gut proteases (Koiwa et al.,

1997; Pannetier et al., 1997) and in in vivo artificial diet bioassays (Samac

and Smigocki, 2003; Urwin et aI., 1997; Vain et aI., 1998).

Plant protease inhibitor genes encode proteins that can inhibit insect

digestive enzymes, resulting in starvation and even death of the insect. As

their role of inhibitors is simply achieved by the activation of single genes,

several transgenic plants expressing protease inhibitors have been produced

in the last two decades and tested for enhanced defensive capacities, with

particular efforts against pest insects (Michaud, 2000).

A protease inhibitor CpTi, exhibited a very broad spectrum of

activity including suppression of pathogenic nematodes like Globodera

tabaccum, G. pallida, and Meloidogyne incognita (Williamson and Hussey,

1996). The spore germination and mycelium growth of the fungus

Alternaria alternata was inhibited by buckwheat trypsin/chymotrypsin

inhibitor (Dunaveski et al., 1997). A cysteine protease inhibitor from Pearl

millet inhibited growth of many pathogenic fungi including Trichoderma

reesei (Joshi et aI., 1998).

Members of the serine class of protease inhibitor have been the

subject of extensive research than any other class of protease inhibitors.

Such studies have provided a basic understanding of the mechanism of

action that applies to the most serine protease inhibitor families and

probably to the cysteine and aspartyl protease inhibitor families as well
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(Barrett and Salvesan, 1986; Greenbaltt et al., 1989; Huber and Carrell,

1989). The role of serine protease inhibitors as defensive compounds against

predators is well established. Most of the serine protease inhibitors families

from plants are competitive inhibitors (Garcia-Oimedeo et al., 1987;

Laskowski and Kat0 , 1980) and all apparently inhibit proteases with a

similar standard mechanism (Laskowski and Kato, 1980). Additionally,

serine proteinase inhibitors have anti-nutritional effects against several

Lepidopteran insect species (Bown et al., 1998).

Isolation of the midgut proteinases from the larvae of Cowpea

weevil, C. maculatus (Campos et aI., 1989; Kitch and Mudrock, 1986) and

bruchid Zabrotes subfaceatus (Lemos et aI., 1987) confirmed the presence

of cysteine mechanistic class of proteinase inhibitors. Cysteine proteinases

isolated from insect larvae are inhibited by both synthetic and naturally

occurring cysteine proteinase inhibitors (Wolfson and Murdock, 1987). The

rice cysteine proteinase inhibitors are the most studied of all the cysteine

protease inhibitors which are proteinaceous in nature (Abe and Arai, 1985)

and highly heat stable.

Aspartic protease inhibitors have been recently been isolated from

Sunflower (Park et al., 2000), Barley (Kervinen et aI., 1999) and Cardoon

(Cyanara cardunculus) flowers named as cardosin A (Frazao et aI., 1999).

A protein with a molecular weight of 10 kDa has been recently extracted

from Pumpkin fruit phloem exudation (Cucurbita maxima L.). It acted as an

aspartic proteinase inhibitor. Besides pepsin, it also suppressed activity of

extracellular aspartic proteinase of the fungus Glomerella cingulata (the

causative agent ofanthracnose) (Christeller et al., 1998).
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Plants have also evolved at least two families of metalloproteinase

inhibitors, the metallo-carboxypeptidase inhibitor family in potato (Rancour

and Ryan, 1968) and in tomato plants (Graham and Ryan, 1997) and a

cathepsin 0 inhibitor family in potatoes (Keilova and Tornasek, 1976). The

cathepsin D inhibitor (27 kDa) is unusual as it inhibits trypsin and

chymotrypsin as well as cathepsin 0, but does not inhibit aspartyl proteases

such as pepsin, rennin or cathepsin E. The inhibitors of the metallo­

carboxypeptidase from tissue of tomato and potato are polypeptides (4 kDa)

that strongly and competitively inhibit a broad spectrum of

carboxypeptidases from both animals and microorganisms, but not the

serine carboxypeptidases from yeast and plants (Havkioja and Neuvonen,

1985). The inhibitor is found - in tissues of potato tubers where it

accumulates during tuber development along with potato inhibitor I and II

families of serine proteinase inhibitors. The inhibitor also accumulates in

potato leaf tissues along with inhibitor I and II proteins in response to

wounding (Graham and Ryan, 1997). Thus, the inhibitors accumulated in

the wounded leaf tissues of potato have the capacity to inhibit all the five

major digestive enzymes i.e. trypsin, chymotrypsin, elastase,

carboxypeptidase A and carboxypeptidase B of higher animals and many

insects (Hollander-Czytko et aI., 1985). Some reported protease inhibitors

from variety ofplants and its inhibitory properties are listed in the Table 2.1.
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Table 2.1 Protease inhibitors from plants

PIIDt Source Target Enzyme Properties

Hyptis suaveolens Trypsin 8.7kDa protein, strongly
inhibits serine proteases

Momordica charantia Trypsin! Strong inhibitors of
Chymotrypsin Helicoverpa armigera gut

proteases

Archidendron ellipticum Serine Very potent insect
proteinase antifeedant.

Solanum tuberosum Chymotrypsin Suppress the growth and
development of the
oomycete P. infestans

Oryza sativa Cysteine proteinase Heat stable

Pennisetum glaucum L. Cysteine proteinase High antifungal activity

Sunflower Aspartic protease High antifungal activity
Barley

Cyanara cardunculus Aspartic protease Antifungal activity

Cucurbita maxima Aspartic protease IOkDa protein

Solanum tuberosum Metallo- 4kDa. strongly and
carboxypeptidase competitively inhibit a

broad spectrum of
carboxypeptidases

Potato MetaIlo Inhibits carboxypeptidases
carboxypeptidase

Chestnut fruit Cysteine protease Antifungal activity

Penntsetum glaucum L Cysteine protease Antifungal activity

Helianthus annuus Trypsin 16kDa protein with
antifungal activity
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2.3.2 Animals as the source of protease inhibitors

A major role for protease inhibitors in animals is to block the

activity of endogenous proteinases in tissues where this activity would be

harmful, as in case of pancreatic trypsin inhibitors found in mammals. Most

animal species synthesize a variety of protease inhibitors with different

specificities, whose function is to prevent unwanted proteolysis. They

generally act by enabling access of substrates to the proteases' active site

through steric hindrance. The serine classes of proteinases such as trypsin,

chymotrypsin and elastase, which belong to a common protein superfamily,

are responsible for the initial digestion of proteins in the gut of higher

animals (Garcia-Oimedeo et al., 1987). In vivo they are used to cleave long,

essentially intact polypeptide chains into short peptides, which are then

acted upon by exopeptidases to generate amino acids, the end products of

protein digestion. These three types of digestive serine proteinases are

distinguished based on their specificity, trypsin specifically cleaving the C­

terminal to residues carrying a basic side chain (Lys, Arg), chymotrypsin

showing a preference for cleaving C-terminal to residues carrying a large

hydrophobic side chain (Phe, Tyr, Leu), and elastase showing a preference

for cleaving C-terminal to residues carrying a small neutral side chain (Ala,

Gly) (Ryan, 1990).

Moreover, some of the protease inhibitors isolated from invertebrate

sources are quite specific towards individual mammalian serine proteases.

This also offers huge opportunities for medicine. Thus, the development of

non-toxic protease inhibitors extracted from invertebrates for in vivo

application may be quite important (Roston, 1996).
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Cysteine proteinases are common m animals, eukaryotic

microorganisms and bacteria as well as in plants (Barrett and Salvesan,

1986). In animals, they are sequestered lysosomal compartments or in the

cytoplasm, where they are thought to be involved in intracellular protein

turnover (Hershko and Ciechanover, 1982). Cysteine proteinases are not

secreted as intestinal digestive enzymes in higher animals, but are found in

midguts of several families of Hemiptera and Coleoptera where they appear

to play important roles in the digestion of food proteins. These particular

insects characteristically have mildly acidic pHs in their midguts near the

pH optima of cysteine proteinases (pH-5) (Barrett, 1986).

Endogenous tight-binding inhibitors from the cystatin superfamily

regulate lysosomal cysteine proteases from mammalian cells and plants. The

presence of cystatin-Iike inhibitors in lower eukaryotes such as protozoan

parasites has not yet been demonstrated, although these cells express large

quantities of cysteine proteases and may also count on endogenous

inhibitors to regulate cellular proteolysis.

Cystatins are known to act as defensive agents against bacteria

(Blankenvoorde et al., 1998), viruses (BjoErck et al., 1990), and plant­

eating insects. They can also regulate cell death (Erklund et al., 1997),

antigen presentation (Pierre and Mellman, 1998) and their expression is

Changed in malignant processes (Kos and Lah, 1998). Some of the protease

inhibitors reported in animals are detailed in Table 2.2.
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Table 2.2 Protease inhibitors from amrna s

Animals Inhibitor Properties Referent

Onchocerca volvulus Ov-SPI-l Serine protease inhibitor Louise et al.,
2005

Anisakis simplex Anisakis simplex Serine protease inhibitor Stephen & Ju
inhibitor 1994

Ancylostoma AceKI Trypsin, Chymotrypsin Daniel et aI.,
ceylanicum and Pancreatic elastase 2004

inhibitor
Trypanosoma cruzi Chagasin Endogenous cysteine Ana et al., 2~

protease inhibitor
Schistocerca gregaria SGTI Canonical inhibitor of Andras et al.

Bovine trypsin 2002
Rhipicephalus RsTI - Strong trypsin inhibitor Anna et aI., 2
sanguineus
Crassostrea virginica CVPI Strong thermolysin Faisal et al.,

inhibitor
Crassostrea gigas CGPI Strong thermolysin Faisal et aI.,

inhibitor
Phyllomedusa sauvagii PSKP 1 & 2 Endo peptidase inhibitor Leopoldo et

2004
Lymnaea LT! Trypsin inhibitor Gregg et al.,

2.3.3 Microorganisms as the source of protease inhibitors

The manne environment exhibits considerably different

characteristics than the terrestrial environment. Marine microorganisms

have potential as important new sources of enzyme inhibitors (Chiaki,

2004). These microbial inhibitors are low molecular weight compounds.

derived from the hydrolysis of macromolecular substances. Presence of

protease inhibitors in microorganisms is known since it was recognized to
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the studies on antibiotics as they act as inhibitors of enzymes which are

involved in growth and multiplication. Extracellular proteolytic enzymes,

which hydrolyze organic nitrogen compounds in the medium, are thought to

be harmful to cells. The production of inhibitors of the proteolytic enzymes

by microorganisms has probably evolved as a mechanism to provide cell

protection. Majority of the microbial protease inhibitors are produced

extracellularly by various Streptomyces sps. The microbial serine protease

inhibitors include leupeptin, inhibiting plasmin, trypsin, papain and

cathepsin B; antipain, inhibiting trypsin, papain and cathepsin B;

chymostatin inhibiting chymotrypsin and papain; elastinal, that inhibits

pancreatic elastase; and elasnin, a strong inhibitor of human granulocyte

elastase. All of these inhibitors have a-amino aldehyde group in the C­

terminal part of the peptide. Several applications for medicinal purpose have

been found for these inhibitors. Specific inhibitors of microbial origin have

been used as useful tools in biochemical analysis of biological functions and

diseases. The list of protease inhibitors reported from microbial source are

listed in Table 2.3.
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Table 2.3 Protease inhibitors from microbial source

Microorganisms Inhibitor Properties RefereoC4

Pseudoalteromonas PSI Anti-microbial agent Takeshi et al., :
sagamiensis sp.
Alteromonas sp. Marinostatins Cysteine protease Imada et al., 11

inhibitors
Alteromonas sp. Monastatin Serine protease Imada et al., l!

inhibitors
Pleurotus ostreatus POl Serine proteinase A Dohmae et al.,

inhibitor ]995 I

Lentinus edodes Lentinus proteinase Trypsin inhibitor Shoji et aI., 19'
inhibitor

Streptomyces SLPI Strong inhibitory Ueda et al., 1q
lividans 66 - activity toward

subtilisin BPN'
Streptomyces SMPl Metalloprotease Murao et aI., 1
nigrescens TK-23 inhibitor
Serratia SmaPI Metalloprotease Suh and Bene
marcescens inhibitor ]992

2.4 Classification of protease inhibitors

Naturally occurring proteinaceous protease inhibitors are primarily

classified, based on the type of the enzyme they inhibit, into classes of

protease inhibitors, such as serine protease inhibitors (Bode and Huber,

2000; Ryan, 1990). The classification is also performed based on sequence

homology such as IS done for the Kunitz-type inhibitors. A further

classification can be done on the basis of their molecular mass, their protein

architecture (monomeric or multimeric), the number of disulphide bridges

present and their isoelectric points. These criteria determine in which family

the protease inhibitor can be classified (Mosolov and Valueva, 1993). An
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~ew ofthe known families of protease inhibitors in animals, plants and

microorganisms classified according to these criteria (Rawlings et al., 2004)

is presented in Table 2.4.

Generally, Protease inhibitors can be grouped under two classes

(pROLYSIS A protease and protease inhibitor web server)

i) Low molecular weight inhibitors

ii) Proteinaceous inhibitors

2.4.1 Low molecular weight protease inhibitors

The inhibitors belonging to this class are either synthetic or of

bacterial and fungal origin, these small inhibitors irreversibly modify an

amino acid residue of the protease active site. For example, phenyl methane

sulfonyl fluoride (PMSF) inactivates the serine proteases, which react with

the active serine whereas the chloromethylketone derivatives react with the

histidine of the catalytic triad (Umezawa, 1982).

2.4.2 Proteinaceous inhibitors

Over hundred naturally occurring protein protease inhibitors have

been identified so far. They have been isolated in a variety of organisms

from bacteria to animals and plants (Leo et al., 2002). They behave as tight­

binding reversible or pseudo-irreversible inhibitors of proteases preventing

substrate access to the active site through steric hindrance. Their size is also

extremely variable from 50 residues (e.g. BPTI: Bovine Pancreatic Trypsin

Inhibitor) to up to 400 residues (e.g. alpha-l PI: alpha-I Proteinase

Inhibitor). They are strictly class-specific except proteins of the alpha-
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macroglobulin family (e.g. alpha-2 macroglobulin) that bind and inhibit

most proteases through a molecular trap mechanism. Based on the target

enzyme, proteinaceous protease inhibitors are classified into four groups.

They are serine, cysteine, aspartate and metalloprotease inhibitors (Rawlings

et al., 2004).

Serine protease inhibitors have been the most studied protein

inhibitors and are the largest class ofprotease inhibitors when looking at the

number of families. Recently a considerable advance has been made in the

study of the natural inhibitors of cysteine proteases (cystatins). In contrast,

knowledge of inhibitors of both aspartyl and metalloproteases is very

limited.

Rawlings et al., (2004) assigned proteinaceous protease inhibitors to

48 families on the basis of similarities detectable at the level of amino acid

sequence. Then, on the basis of three-dimensional structures, 31 of the

families are assigned to 26 clans. An 'inhibitor unit' was defined as the

segment of the amino acid sequence containing a single reactive site (or bait

region, for a trapping inhibitor) after removal of any parts that are known

not to be directly involved in the inhibitory activity. A protein that contained

only a single inhibitor unit was termed a simple inhibitor, and one that

contained multiple inhibitor units was termed a compound inhibitor.

Table 2.4 Families of proteinaceous protease inhibitors

Family! Common Type -Example Source Families of peptidl
subfamily name inhibited
11 Kazal Ovomucoid unit 3 Meleagris g-llopavo S (Laskowski and ~

1980)
12 Kunitz Aprotinin Bos tauru SI (Laskowski and 1

(animal) 1980)
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. Kunitz Soybean trypsin Glycine max Mainly SI (Laskowski and

(plant) inhibitor Kato, 1980), but also Cl
(Oliveira et aI., 200 I) and
A I (Mares et al., 1989)

Protease inhibitor B Sagittaria sagittifolia SI (Laskowski and Kato,
1980)

Serpin ai-proteinase inhibitor Homo sapiens Mainly SI (Huntington et
al., 2000), but also S8
(Dufour et aI., 1998), Cl
(Al-Khunaizi et al., 2002)
and C14 (Komiyama et al.,
1994)

Ascidian Ascidian trypsin Halocynthia rorefzi SI (Kumazaki et al., 1994;
inhibitor Kumazaki et aI., 1993)

Cereal Ragi seed trypsin/ a- Eleusine coracana SI (Hojirna et al., 1980)
amylase inhibitor

Squash Trypsin inhibitor Momordica charantia SI (Wieczorek et aI., 1985)
MCTI-l

Ascaris Nematode Ascaris suum SI (Bemard and Peanasky,
anticoagulant inhibitor 1993), but also M4 (Griesch

et aI., 2000)
VIB Protease B inhibitor Saccharomyces S8

cerevisiae
Marinostatin Marinostatin Alteromonas sp. SI (Takano et al., 199I)
Ecotin Ecotin Escherichia coli S1 (Chung et al., 1983)
Bowman- Bowman-Birk plant Glycine max Mainly SI (Odani and
Birk trypsin inhibitor Ikenaka, 1973), but also Cl

(Hatano et aI., 1996)
Pot I Eglin C Hirudo medicinalis Mainly SI (Heinz et aI.,

1991)
Hirudin Hirudin Hirudo medicinalis SI (Bode and Huber, 1992)
Antistasin Antistasin unit 1 Haementeria SI (Rester et aI., 1999)

officinalis
SSI Subtilisin inhibitor Streptomyces Mainly S8 (Mitsui et aI.,

albogriseolus 1979), but also SI (Taguchi
et al., 1998)andM4

Elafin
(Kumazaki et aI., ]993)

Mucus proteinase Homo sapiens SI (Tsunemi et aI., 1993)
inhibitor unit 2

Mustard Mustard trypsin Sinapis alba SI (Menegatti et al., 1992)
inhibitor

Pacifastin Proteinase inhibitor Locusta migratoria SI (Eguchi et al., 1994)
LCMI I

Pot 2 Proteinase inhibitor II Solanum tuberosum SI
7B2 Secretogran in V Homo sapiens S8 (Lindberg et aI., 1995)
Pin A PinA endopeptidase La Bacteriophage T4 S16 (HilIiard et aI., 1998)

inhibitor
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125A Cystatin I Cystatin A Homo sapiens Cl (Green et aI., 19
125B Cystatin 2 Ovocystatin Gal/us gallus Mainly C I (Bode et

1988), but also CI3
(Alvarez-Fernandsg
1999)

125C Cystatin 3 Meta 11oprotease Bathrops jararaca Not Cl, but S8 (Co
inhibitor al., 2003), M12 (Vat

aI., 2001)
127 Calpastatin Calpastatin unit J Homo sapiens C2 (Todd et al., 200
129 CTLA Cytotoxic T- Cl (Guay et al., 20

lymphocyte antigen
131 Thyropin Equistatin Actinia equina Cl (Strukelj et al., 2
132 lAP BIRC-5 protein Homo sapiens CI4 (lUedl et al., 2
133 Ascaris PI3 Ascaris pepsin inhibitor Ascaris suum Al (Ng et al., 2000)

PI-3
134 IA3 Saccharopepsin Saccharomyces A I (Phylip et al., 2

inhibitor cerevisiae
135 TlMP TIMP-1 Homo sapiens Mainly MIO (Gorni

et al., 1997), but al
(Lee et al., 2003)

136 SMI Streptomyces Streptomyces M4(Hiraga et al., I
metalloproteinase nigrescens
inhibitor

137 PCI Potato carboxy Solanum tuberosum M 14 (Bode and Hu
peptidase inhibitor 1992)

138 Aprin MetalIoproteinase Erwinia M 10 (Feltzer et al.,
inhibitor chrysanthemi

139 U2M u2_macroglobulin Homo sapiens Numerous families
including aspartic,
metallo and serine
types (Barrett, 1981

140 Bombyx Bombyx subtilisin Bombyx mori S8 (Pham et al., 19
142 Chagasin Chagasin Leishmania major Cl (Monteiro et aI.
143 Oprin Oprin Didelphis M12 (Neves-Ferre

marsupialis 2002)
144 Carboxypeptidase A Ascaris suum M14 (Homandberg

inhibitor 1989)
146 LCI Leech carboxypeptidase Hirudo medicinalis M14 (Reverter et

inhibitor
147 Latexin Latexin Homo sapiens M J4 (Normant et
148 Clitocypin CIitocypin Lepista nebularis C J (Brzin et al., 20
149 ProSAAS ProSAAS Homo sapiens S8 (Basak et al., 2
150 P35 Baculovirus p35 Spodoptera litura CJ4 (Xu et al., 2001

caspase inhibitor nucleopolyhedrovirus also C25 (Snipas e!
2001)

151 le Carboxypeptidase Y Saccharomyces S] 0 (Bruun et al., 11

inhibitor cerevisiae
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S I (Charles et al., 2000)

C47 (Rzychon et al., 2003)

C47 (Rzychon et al., 20(3)

SI (Fuentes-Prior et al.,
1997)

2.4.3 Distribution of families amongst organisms

Inhibitors from all kind of organisms were characterized but the

known families are, at present, numerous only in eukaryotes. Only three

families are known so far from Archaea, two of which [I4 (serpins) and 142

(chagasin)] are present in all three superkingdoms; 14 is the most

widespread of all, being found even in viruses. Distinct inhibitors, however,

are most numerous in eukaryotes. None of the prokaryote genomes

examined contains more than six genes encoding members of the families of

peptidase inhibitors so far recognized, whereas all of the cukaryotic

genomes contain tens or hundreds of them (MEROPS database). The Figure

2.1 summarises data for the distribution of the families that can be found in

the MEROPS database (Rawlings et al, 2004). Although, for clarity, 110

intersection is shown between viruses and the other groups, it should be

noted that family 14 occurs in the all four groups.
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Figure 2. t Distribution of inhibitor families throughout the

supe rkingdoms of cellular organisms (MEROPS Database).
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2.5 :\1t:'cha nism of actio n of protease Inh ibitors

The mechanism o f act ion of the proteinase inhibitors has been a

subject of intense invest igat ion (Barren and Salvcsan, 1986; Grecnblat et al.,

1989; Macphalen and Jamcs, 1987). Knowledge on mechanisms o f protease

action and their regulation in vitro. and in vim . in animals. plants.

microorganisms and more recentl y in viruses have co ntributed too many

practical applicat ion'> for inhibitor proteins in medicine and agriculture.

Proteins represent ing different inhibitor families arc co mpletely

different and co mprise a-hel ical proteins. [l-sbcct proteins. a / 13 -proteins

and different folds of disul fidc rich proteins. Protease inhibitors adopt



various structures ranging from mini proteins to large macromolecular

structures, much larger than the target enzyme. From the structural point of

view blocking of the enzyme active site is almost always achieved by

docking of exposed structural elements, like loops or protein termini, either

independently or in combination of two or more such elements. Besides

recognition of different surfaces in the active site area, some inhibitors

directly utilize the mechanism of protease action to achieve inhibition. The

majority of the known protease inhibitors were reported to be substrate-like­

binding molecules directed towards serine proteases blocking the enzyme at

the distorted Michaelis complex reaction stage (Bode and Huber, 1992).

Based on the mechanism of inhibition the serine protease inhibitors

can be distinguished into canonical inhibitors and non-canonical inhibitors.

2.5.1 Canonical inhibitors

Canonical protein inhibitors of serine proteases interact with the

enzymes by a common, generally accepted mechanism, "The Standard

Mechanism" (Laskowski and Kato, 1980). Inhibitors obeying the standard

mechanism are highly specific substrates for limited proteolysis by their

target enzymes. They bind to enzymes in the manner of a good substrate

very tightly, and are cleaved very slowly. Generally the standard mechanism

inhibitors exhibit canonical conformation of the binding loop. The binding

loop is in similar, so called canonical, conformation in inhibitor structures

representing different inhibitor families (Bode and Huber, 1992; Apostoluk

and Otlewski, 1998). On the surface of each inhibitor molecule lies at least

one peptide bond called the reactive site which is defmed as the part of the

inhibitor molecule that enters into direct molecular contact with the active
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center of the protease upon formation of the protease-inhibitor complex.

Inhibition occurs as a consequence of binding of the active site substrate.

binding region of a protease to the corresponding substrate-like reactive site

on the surface of the inhibitor (Silverrnan et al., 2001).

Structural studies on several free inhibitors and on truly numerous

enzyme-inhibitor complexes confirmed and extended the early observations

that all inhibitors have a largely exposed combining loop surrounding the PI

residue, which in free inhibitor is hyper exposed. The combining loop serves

as one of the two strands of the distorted antiparalleI ~-sheet of the

complexes with the enzymes. The reactive site contains Pl- PI' peptide

bond located in the most exposed region of the protease binding loop (PI,

P2 and PI', P2' designate inhibitor residues amino- and carboxy-terminal to

the scissile peptide bond; SI, S2 and SI', S2' denote the corresponding

subsites on the protease (Schechter and Berger, 1967) which can be cleaved

by a serine protease. The inhibitor is converted from a 'virgin" (peptide

bond intact) to a 'modified' (peptide bond hydrolyzed) inhibitor. Generally

inhibitors obeying the standard mechanism show the presence ofat least one

disulfide linkage near the reactive site peptide that ensures that during

conversion of virgin to modified inhibitor the two peptide chains are unable

to dissociate. Therefore, conformation of the cleaved inhibitor is very

similar to that of its intact form. The K cat /Km value for the hydrolysis of the

reactive site peptide bond at neutral pH is very high typical for normal

substrates, however, the individual values of K cat and Km for the inhibitors

are several orders of magnitude lower than those for normal substrates.

leading to an extremely slow hydrolysis of th- reactive site peptide bond

(Annedi et al., 2006).
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In the interaction with subtilisin clan enzyme, the enzyme

contributes two outside strands and the resultant distorted ~-sheet is triple

stranded (McPhalen and lames, 1988). Aside from the residues contiguous

to the reactive site peptide bond in most inhibitors, several discontiguous

residues also contact the enzyme both by main chain and side chain

interactions. These interactions are not as general for all the inhibitors as the

contiguous one. They are probably idiosyncractic to the individual inhibitor

families (Annedi et aL, 2006). The mechanism of inhibition of serine

protease with canonical inhibitor is illustrated in Figure 2.2.

Fig: 2.2 Diagrammatic representation of the interaction between the

adive sites of serine proteinases interacting with standard mechanism

ofcanonical protein inhibitors (McPhalen and James, 1988).



2.5.2 Non-canonical inhibitors

Inhibitors originating from blood sucking organisms are of the non­

canonical type. They specifically block enzymes of the blood-clotting

cascade, particularly thrombin or factor Xa. The interaction is mediated

mainly through inhibitor N-terminus, which is disordered in solution and

rearranges upon binding in the active site of an enzyme (Szyperski et al.,

1992). There are also extensive secondary interactions, which provide an

additional buried area and contribute significantly to the strength and

specificity of interaction. In the studied cases there is two-step kinetics of

association, the initial slow binding step occurs at the secondary binding

site, then the N-terminus locks inthe active site of protease. The classic

example is recognition of thrombin by hirudin.

2.5.3 Cystatins - exosite binding inhibitors

Cystatins constitute the largest and best described group of natural

cysteine proteinase inhibitors. The mechanism of cystatin action was

elucidated by numerous kinetic and crystallographic studies (Figure 2.3)

(Bode et al., 1988; Hall et al., 1995; Masson et al., 1998). Cystatins are

exosite binding inhibitors and they bind adjacent to the protease active site.,

obstructing the access of substrate, but do not interact with the enzyme:

catalytic centre directly (Bode and Huber, 2000). The three-dimensional'

structure of the complex formed between human stefin B and papain

conveyed the full understanding of cystatin inhibitory mechanism. The two

hairpin loops. typical for cystatins, interact 'with the enzyme surface at the

SI' through 54' binding sites, whereas the N-terminal portion of the cystatin
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mok-culc runs through the 53 -S I subsites . Altho ugh the polypeptide ehain

binds in a suhstrale-likc manner. at the PI position it point s away from the

enzyme active site and so avoids cleavage, The cystatin molecule remains

intact. but still prevents interactio ns wit h substratcs, being non prod uctively

bound 10 the enzyme (Stubbs c l al., J990) .

Fi2urc 2.3. Ribbon drawing of inhibitor)' ce mpteses formed b)· A,

procath epsin L; 8 , SpeB zymogen; C. p3S and caspase 8; 0 , stefin 8

and papain: E, p-tl and cathepsin L; F, XIAP and caspase 3 [Rzyehun

et aI., 2004) .

•
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2.6 Molecular genetics of protease inhibitors in plants

Plant proteinase inhibitor proteins that arc known to accumulate in

response to wounding have been well characterized. Earlier research on

tomato inhibitors has shown that the protease inhibitor initiation factor

(PlIF), triggered by wounding/injury switches on the cascade of events

leading to the synthesis of these inhibitor proteins (Bryant et al., 1976;

Melville and Ryan, 1973), and the newly synthesized protease inhibitors are

primarily cytosolic (Hobday et al., 1973). The current evidence suggests that

the production of the inhibitors occurs via. the octadecanoid (OD) pathway,

which catalyzcs the break down of linolenic acid and the formation of

jasmonic acid (JA) to induce protease inhibitor gene expression (Koiwa et

al., 1997). There are four systemic signals responsible for the translocation

of the wound response, which includes systernin, abscisic acid (ABA),

hydraulic signals (variation potentia Is) and electrical signals (Malone and

Alarcone, 1995). These signal molecules arc translocated 11-()111 the wound

site through the xylem or phloem as a consequence of hydraulic dispersal.

The plant systemin an 18-mer peptide has been intensely studied

from wounded tomato leaves which strongly induced expression of protease

inhibitor (PI) genes. Transgenic plants expressing prosystcmin antisensc

cDNA exhibited a substantial reduction in systemic induction of PI

synthesis, and reduced capacity to resist insect attack (McGurl et al., 1994).

Systemin regulates the activation of over 20 defensive genes in tomato

plants in response to herbivorous and pathogenic attacks. The polypeptide

activates a lipid-based signal transduction pathway in which linolenic acid,



~d from plant membranes and converted into an oxylipin-signaling

lIIiIIlCUle, jasmonic acid (Ryan, 2000). A wound-inducible systemin cell

IWfIace receptor with an M(r) of 160,000 has also been identified and the

feceptor regulates an intracellular cascade including, depolarization of the

pJasma membrane and the opening of ion channels thereby increasing the

iDtraCellular Ca2+, which activates a MAP kinase activity and a

phospholipase A(2). These rapid changes play a vital role leading to the

jnttacellular release of linolenic acid from membranes and its subsequent

conversion to lA, a potent activator of defense gene transcription (Ryan,

2000). The oligosaccharides, generated from the pathogen-derived pectin

degrading enzymes i.e. polygalacturonase (Bergey et al., 1999) and the

application of systemin as well as wounding have been shown to increase

the jasmonate levels in tomato plants. Application of jasmonate or its

methyl ester, methyl jasmonate, strongly induces local and systemic

expression of PI genes in many plant species, suggesting that jasmonate has

a ubiquitous role in the wound response (Wasternack and Parthier, 1997).

Further, analysis of a potato PI-IlK promoter has revealed a G-box

sequence (CACGTGG) as jasmonate-responsive element (Koiwa et al.,

1997). The model developed for the wound-induced activation of the

proteinase inhibitor II (Pin2) gene in potato (Solanum tuberosum) and

tomato (Lycopersicon esculentum) establishes the involvement of the plant

hormones, abscisic acid and jasmonic acid (lA) as the key components of

wound signal transduction pathway (Titarenko et al., 1997). Recently, it has

been shown that the defense signaling in suspensions of cultured cells of

Lycopersicon peruvianum by peptide systemin, chitosan and by ~-glucan

elicitor from Phytophtora megasperma, is inhibited by the polysulfonated
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naphtyl urea compound suramin, a known inhibitor of cytokine and growth

factor receptor interactions in animal cells (Staratman et al., 2000). Levels

of ABA have been shown to increase in response to wounding, electrical

signal, heat treatment or systemin application in parallel with PI induction

(Koiwa et aI., 1997). Abscisic acid originally thought to be involved in the

signaling pathway is now believed to weakly induce the mRNAs of wound

response proteins and a concentration even as high as 100 rnlvl induced only

low levels of proteinase inhibitor as compared to systemin or jasmonic acid,

suggesting the localized role of ABA (Birkenmeir and Ryan, 1998).

2.7 Protease inhibitor purification methods

For assessing the physiological function of newly isolated protease

inhibitors, the purification of the protein to homogeneity is highly.

reconunended. Once inhibitory activity is detected in a crude sample, it is

important to perform an initial simple fractionation of the inhibitor activity:

e.g. ammonium sulphate, organic solvent and polyethylene glycol:

fractionation. This is to determine whether the specific activity of the i

inhibitor increases after such fractionation.

Most of the natural inhibitors of proteases are proteins with

molecular size ranging from 3000-80,000 Da. The most relevant method of

protease inhibitor purification is the use ofaffmity ligands. In the absence of

affmity purification, conventional purification procedures like Ion exchange

chromatography, gel filtration chromatography, high performance liquid

chromatography, reversed-phase high-performance liquid chromatography, \

fast protein liquid chromatography, isoelectric focusing and preparative gel
electrophoresis are used. To establish effective purification steps of the
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~r sample it is important to determine the specific activity of the

fI8ibitor sample in each step ofpurifications (Hideaki and Guy, 2001).

!Ji.i~ ,~

2.1.1 Affinity chromatography

Recombinant proteases mutated at the active site, or natural ones

with a covalent modification to the catalytic nuc1eophile, can serve as ideal

ligands for purification of inhibitors. In this case, a crude sample can be

applied directly to an inactive protease coupled to an insoluble support (e.g.

Affi-Gell0, BioRad labs), and the bound material can be eluted by a buffer

at low or higher pH, or by chaotropic agent (Anastasi et al., 1983). The

common affinity ligands used for the protease inhibitor purification

includes, Svcarboxymethyl-papain-sepharose (Gounaris et al., 1984),

trypsin-Sepharose (Alinda et al., 2003), chyrnotrypsin-Sepharose (Gennis

and Cantor, 1976) and trypsin- agarose (Sivakumar et al., 2005).

2.7.2 Ion exchange chromatography

The matrices for ion exchange chromatography contain ionizable

functional groups such as Diethyl amino ethyl (DEAE) and Carboxy methyl

(CM), which gets associated with the charged protein molecule, thereby

adsorbing the protein to the matrices. The adsorbed protein molecule is

eluted by a gradient change in the pH or ionic strength of the eluting buffer

or solution (Arindam et al., 2006; Shrivastava and Ghosh, 2003).

2.7.3 Reversed-phase high-performance liquid chromatography

In recent years, reversed-phase high-performance

chromatography with porous, microparticulate, chemically

liquid

bonded



Chapter 2

alkylsilicas has emerged as a very rapid and selective method for peptide

and protein purification (Hearn, 1982). The most efficient strategy for

successful reversed-phase HPLC purifications of proteins is one that

continuously redefmes the practical limitations of the elution conditions as

the molecular features of the protein of interest become more evident.

Recovery for many proteins from alkylsilicas can be improved by the

addition of stabilizing cations or cofactors to the eluent. The most

commonly used reverse phase HPLC column includes, octadecylsilane

column (Shoji et aI., 1999), Vyda C 18 HPLC column (Cesar et aI., 2004),

Vydac 218 TP 1022 C-18 (Sivakumar et al., 2005) and u-Bondapak Cl8

column (Ligia et aI., 2003).

2.8 Characteristics of protease inhibitors

The characters of natural proteinaceous protease inhibitors isolated

from plants, animals and microbes were thoroughly studied based on their

physiological roles in various metabolic processes and also their properties

used in various industries. The important properties looking for various

industrial applications are presented in the following sections. The

determination of the physicochemical parameters characterizing the

structural stability of the inhibitors is essential to select effective and stable

inhibitors under a large variety of environmental conditions. Moreover, the

knowledge of their structural features is fundamental to understand the

inhibitor-enzyme interactions and allow novel approaches in the use of

synthetic inhibitors aiming for drug design.
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The intramolecular disulphide bridges are presumably responsible

for the functional stability of most of the inhibitors in the presence of

physical and chemical denaturants such as temperature and pH and reducing

agents. Most of the protease inhibitors were not sensitive to pH over the

range 2.0-10.0 and have varying thermo stabilities up to 70
De (Ligia et al.,

2003). The stability towards pH and temperature is a crucial factor, which

signifies the various industrial applications of proteinaceous protease

inhibitors (Jui et al., 2002). The pH stability dictates the affinity of the

inhibitor with different digestive proteases of the pest and insects those

having neutral proteases like trypsin and chymotrypsin as their digestive

enzymes, which implies the role of inhibitors as biopesticides (Joshi et aI.,

1999). The thermostability of protease inhibitor signifies its role as a

stabilizer for many commercially important proteases, which has a major

role in detergent industries to withstand higher temperature (Jui et aI.,

2002).

2.8.2 Effect of stabilizers/metal ions

Enhancement of thermal stability IS beneficial for most of the

biotechnological applications of proteins. Naturally occurring osmolytes

such as amino acids, polyols and salts are known to protect proteins against

thermal inactivation by stabilizing the thermally unfolded proteins (Gupta,

1991; Yancy et al., 1982). Glycine, PEG and cysteine hydrochloride

Conferred a complete protection towards thermal inactivation of protease

inhibitors isolated from actinomycetes (Jui et aI., 2002).
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The presence of some metal ions is necessary for the activity of

some protease inhibitors. Pearl millet cysteine protease inhibitor needs the

Zn2
+ for the protease inhibitory and antifungal activity of the protein. Metal

chelation led to the complete loss of both protease inhibitory and antifungal

activities, indicating a key role for Zn2
+ in these activities. Analysis of metal

chelated CPI using CD spectroscopy indicated a significant change in the

secondary structure (Bimba et al., 1999).

2.8.3 Kinetic parameters

The importance of a protease inhibitor is directly related to the

efficiency with which it inhibits the protease. A given inhibitor may inhibit

several proteases and the relative efficiency is described by the kinetics of

the interaction. Analysis of the kinetics of the reaction delineates the likely

control point in complex biological media and gives crucial insights into the

mechanism by which the inhibitor operates. The potency of an inhibitor is

often described as 1Cso (the molar concentration of the inhibitor that gives

50% inhibition of the target enzyme activity) or simply the percentage

inhibition of the enzymatic activity of a fixed concentration of the inhibitor

(Hideaki and Guy, 2001).

The two kinetic constants that define protease-inhibitor interactions

are the speed (usually described as association rate constant, Kass) and

strength (usually described as the binding constant KD of the interaction, In

principle a good, or physiological inhibitor should react rapidly with its

target enzyme to form a tight complex, with Kassgr-ater than 105 /M.S, or K,

below 10'9M (Hideaki and Guy, 2001). Most protein inhibitors of proteases
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.lilt _ive site directed, i.e. they combine with the catalytic and substrate

..5ug site of the proteases to form a tight and stable complex (Laskowski

.Kato, 1980). The kinetics of inhibition of papain by cysteine protease

ilbibitor revealed that it has a reversible mechanism of action and the

apperent Kr was found to be 6.5nM under the assay conditions. The low K,

iDdicates that it is a powerful inhibitor of papain (Bimba et al., 1999).

2.8.4 Reactive site and chemical modification

The localization and characterization of the amino acids comprising

the reactive center and their correlation with the inhibitory function are

essential for understanding the mechanism of action of the inhibitor. The

first attempt to determine the amino acid residues involved in the reactive

site of Streptomyces subtilisin inhibitor (SSI) was carried out by (Aoshima,

1976). They established that the photooxidation of SSI resulted in the

destruction of three Met and one His residues with concomitant loss of

inhibitory activity. Also the modification of Met by chemical oxidation by

H2~ or Ch led to the loss of inhibition, therefore it was concluded that at

least one Met residue is involved in the reactive site.

The hydrophobic amino acids such as Tyr, Trp and Lys were not

essential for inhibition was confirmed by modification of SSI by diazonium­

I-H-tetrazole. The carboxy-terminal four amino acid residues were shown to

be important for maintaining the tertiary structure and the inhibitory activity

of SS!. The modified SS} retained complete activity and its interaction with

subtilisin was studied (Sakai et al., 1980).



Modifications of arginine and histidine resulted in the activation of

serine protease inhibitory activity. Modifications in the serine residue of the

same resulted in the loss of protease inhibitory activity (Bimba et al., 1999).

The amino acid modification influences the antifungal properties of the

Pearl millet cysteine protease inhibitor. Modifications of the cysteine,

aspartic/glutamic acids or arginine residues resulted in a loss of antifungal

activity of CPI as monitored by the inability to inhibit the growth of

Trichoderma reesi (Bimba et al., 1999).

2.8.5 Protein-protein interactions

Interactions between proteins play a critical role in cell function and

dysfunction. Blocking particular-protein-protein interactions with specific

ligands would enable exquisite control of cellular processes and provide

potential leads for novel chemotherapeutic agents (Changhui et al., 2004).

The interactions between serine protease inhibitors and their target enzymes!

have received increased attention since their complexes represent excellent

model systems for investigating the fundamental biochemical and

biophysical principles of protein-protein recognition. There are several

reports on the interaction of protease inhibitor with its target protease. The

binding and kinetics of the interaction between SSI and subtilisin has been

studied by single photon counting technique and stopped-flow fluorescence

spectroscopy (Uehara et al., 1980).

. Goumarin, an antistatin type serine protease inhibitor isolated frorol

HIrudo nipponia, which IS composed of 57 arninoacid and contam 10

cysteine residues, showed an inhibitory spectrum .owards chymotrypsin and
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.'Amino acids at the PI site acts as the key determinators of the

~ specificity of serine protease inhibitors (Ryoung et al., 2004). The

,..iJographic analysis of the complex formed by elastase or

~trYPsin and goumarin may provide detailed information upon the

~_inhibitor interaction, which is essential for the thorough

UDderstaOding of the molecular recognition process and for the engineering

ofgomnarin for medical applications (Ryoung et al., 2004).

2.8.6 Denaturation studies

Delineating the mechanism of protein denaturation and renaturation

has been an interesting field of research. Kinetic investigations on

denaturation of proteins whose three-dimensional structures have been

elucidated by X-ray crystallography are especially useful for understanding

the detailed mechanisms of conformational transitions of proteins (Tsunemi

et al., 1993). Denaturation in proteins can be triggered by various methods

like oxidations, reductions, temperature and pH. A kinetic study with the

stopped flow method on the pH induced denaturation and renaturation of

subtilisin inhibitor with intact disulfide linkages was carried out by

monitoring the change in Trp fluorescence (Uehara et al., 1983). The

thermal unfolding of SSI and its complex with subtilisin has been studied by

circular dichroism (CD), differential scanning calorimetry (DSC), SDS­

PAGE and IH NMR spectroscopy (Arakawa and Horan, 1990; Tamura et

al., 1991). The thermal denaturation of SSI was reversible and cooperative,

proceeding in a two-state transition and leads to the dissociation of the

dimers.



Soybean Kunitz trypsin inhibitor (SKTI) has played a key role in

elucidating the mechanism of protease-protease inhibitor interactions thus

helping in better understanding of the action of proteases. SKTI has two

well-conserved disulfide bridges that play an important part in its structure.

Proteolysis studies on reduced SKTI were performed with different reducing

agents and its stability assessed in time course experiments. Thermal

denaturation studies were done on SKTI due to its refractoriness to

conventional chemical denaturants and also since foods generally undergo

heat treatment and processing. During the process of thermal denaturation at

both controlled and different rates, the different conformations of SKTI

were probed using proteases like chymotrypsin and pepsin. This was done

to assess their similarity with the native conformation that is protease

resistant. Conformational transitions during thermal denaturation were

monitored using 8-anilino-I-naphthalene sulfonic acid (ANS) fluorescence,

intrinsic tryptophan fluorescence, CD and DV absorbance spectroscopy.

Structure-function relation studies were also done on SKTI during thermal

denaturation of native and reduced inhibitor (Song and Suh, 1998).

2.8.7 Protein engineering

Protein engineering through site directed mutagenesis allows the

introduction of predesigned changes into the gene for the synthesis of a

protein with an altered function.

Generally the properties of an amino acid residue at the reactive site

(especially its center, the PI site) of a protease inhibitor correspond to the

specificity of the cognate protease. Streptomyces subtilisin inhibitor (SS1) is

known to specifically inhibit bacterial subtilisins, and it has been
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~nstrated that a functional change in subtlisin inhibitor was possible by

ttplacing the amino acids at the reactive site (Met73) of SSI (Kojima et al.,

1990). Replacement by Lys or Arg resulted in trypsin inhibition,

replacement only by Lys gave inhibition of Iysyl endopeptidase, and

replacement by Tyr or Trp resulted in inhibition of alpha-chymotrypsin. The

four mutant SSIs retained their native activity against subtilisin. Additional

effects of replacing the Met70 at the P4 site of mutated SSf (Lys73) by Gly

or Ala resulted in increased inhibitory activity towards trypsin and Iysyl

endopeptidase, while replacement with Phc weakened the inhibitory activity

towards trypsin (Kojima et al., 1990). The role of amino acid residues

involved in these interactions can be conveniently studied by protein

engmeenng.

A recombinant human serme protease inhibitor known as Kunitz

protease inhibitor (KPI) wild type has functional similarities to the Bovine

Kunitz inhibitor, Aprotinin, and had shown a potential to reduce bleeding in

an ovine model of cardiopulmonary bypass (CPB). KPI-185, a modification

ofKPI-wild type that diners from KPf-wild type in two amino acid rcsidues

and which enhances anti-kallikrein activity in an ovine model of CPB (Ohri

et al., 200 I).

Novel types of protease inhibitors with multi inhibitory activity were

generated by phytocystatin domains in sunflower multi cystatin (SMC) by

the serine protease inhibitor BGIT from bitter gourd seeds (Hideko et aI.,

2001). Two chimeric inhibitors SMC-T3 and SMC-T23, in which the third

domain in SMC and the second and third domain in SMC were replaced

by BOIT, acquired trypsin inhibitory activity (K; 1.46 X 10-7 M and
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1.75 X 10.7 M) retaining inhibitory activity toward papain (Kj: 4.5 X 10.8 M

and 1.52 X \0.7 M) respectively.

2.9 Application studies of protease inhibitors

2.9.1 Defense tools for plant protection

Pests and pathogens arc major constraints to plant growth and

development, resulting in heavy losses in crop yield and quality. Crop

protection plays an integral role in modern-day agricultural production

where the ever increasing demands on yield and the intensification of

farming practice have increased the problem of pest damage, and henee

control. Since the use of chemical fungicides has a deleterious effect on

human health, a recent trend is to use other, safer strategies to enhance the

dcfense mechanisms of crops. Extensive use of many chemical and

biological pesticides has been able to provide only partial protection against

the insect pest attacks. Therefore, biotechnological strategies for the pest

control have been lately taken up as a field of active research. Anti- fungal

proteins such as chitinases, glucanases, ribosome-inactivating proteins

(RIPs), protease inhibitors and permatins play an important role in the

dcfense of a plant against pathogen invasion (Lawrence and Koundal, 2002).

Protease inhibitors (PIs) arc one of the prime candidates with highly

proven inhibitory activity against insect pests and also known to improve

the nutritional quality of food. Protease inhibitors regulate the action of

proteascs and play a significant rule in the protection of plants from pest and

pathogen invasion. Insects that feed on plant material possess alkaline guts

and depend predominantly on serine protcases for digestion of food material
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{'''''.therefore protease inhibitors by virtue of their antinutritional interaction

~ employed effectively as defense tools (Ryan, 1990). Some inhibitors

;! • constitutively expressed in seeds and storage organs while others are

i"iM~ced on wounding in leaves (Green and Ryan, 1972). The plant protease

inhibitors possessing insecticidal activities are listed in Table 2.5.

The introduction of various insect resistance genes into plant species

CII1 also be used as an effective component of Integrated Pest Management

(lPM). Such insecticidal transgenic combined with other chemical,

biological and agronomic control measures is expected to provide a reliable

crop protection strategy (PulIiamt et al., 2001). Overexpression of

heterologous inhibitors in transgenic plants has been shown to reduce the

growth rates of several insect larvae (Gatehouse and Gatehouse, 1998;

Hilder et aI., 1987; Jounain et aI., 1998). Further, transformation of plant

genomes with PI-encoding cDNA clones appears attractive not only for the

control of plant pests and pathogens, but also as a means to produce

protease inhibitors, useful in alternative systems and the use of plants as

factories for the production of heterologous proteins (Sardana et aI., 1998).

Transgenic crop plants expressing protease inhibitor genes are listed in

Table 2.6.
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Table: 2.5 Pesticidal activity of plant protease inhibitor

Inhibitor Pest

Soybean trypsin inhibitor Tribolium castaneum (Oppert et al., 1993)
Bowman-Birk Teleogryllus commodus (Burgess et aI., 1991)

Kunitz Helicoverpa armigera (Ishikawa et aI., 1994;
Johnston et aI., 1993)
Spodoptera litura (Mcmanus and Burgess, 1995)
Siexigua (Broadway, 1995; Broadway et aI., 1986)

Potato protease inhibitors Sesamia inferens (Duan et aI., 1996)
Chrysodeixus erisoma (Mcmanus et al., 1994)
T commodus (Burgess et aI., 1991)

Potato multicystatin Diabrotica virgifera (Orr et al., 1994)
D. undecimpunctata (Orr et al., 1994)

Tomato protease inhibitor II Heliothis armigera (Johnson et aI., 1989)
Cowpea trypsin inhibitor Chilo suppressalis (Xu et aI., 1996)

C.inferens (Xu et al., 1996)
Heliothis armigera(Lawrence et aI., 2001)

Squash trypsin inhibitor H Virescens (Macintosh et aI., 1990)
Cabbage protease inhibitor Trichoplusia ni (Broadway, 1995)
Manduca Sexta inhibitor Bemisia tabaci (Thomas et aI., 1995)

Frankliniella soo (Thomas et aI., 1994)
Soybean cysteine PI D. virgifera (Zeng et aI., 1988)
Soy cystatin C. maculates (Koiwa et al., 1997)
Oryza cystatin I Otiorynchus suculatus (Michaud et aI., 1995)

C.chinensis (Abe et aI., 1992)
T. castaneum (Chen et al., 1992)
Leptinorsa decemlineata (Michaud et al., 1995)
Caenorhabditis elegans (Urwin et al., 1995)
Chrysomela tremula (Leple et aI., 1995)
Riptortus clavatus (Abe et al., 1992)
D. undcimpunctata (Edmonds et al., 1996)
Eterodera schachtii (Urwin et al., 1997)
Anthinomous grandis (Pannetier et aI., 1997)
Meloidogyne incognita (Vain et al., 1998)

Oryzacystatin 11 ! C. chinensis (Abe et aI., 1992)
R. clavatus

Wheat germ cysteine+- serine Ticastaneum (Oppert et al., 1993) !

PIL- ...L.- __
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Table-2.6 Transgenic crop plants expressing protease inhibitor genes

....
IDhlbitor Crop plant Crop pest

~wpea trypsin inhibitor Tobacco Heliothis virescens (Hilder et aI., 1987)

(ePTi) Rice Chilo superssalis (Xu et al., 1996)
Sesamia inferens (Gatehouse and
Gatehouse, ]998)

Potato Lacanobia oleraceae (Graham and
Ryan, 1997)

Strawberry Otiorynchus susucatus (Sane et aI.,
1997)

Tobacco Spodopteura litura (Li et al., 1998)
Cotton Helicoverpa armigera (Alpteter et aI.,

]999)
Wheat Sitotroga cerealla (Lawrence et al.,

2001)
CpTi + Snow drop lectin Sweet potato Cyclas formicarius (Newell et aI., 1995)

Manduca Sexta (Johnson et aI., ]989)
Potato inhibitor I Tobacco Chrysodeisus eriosoma (Mcmanus et

al., 1994)
Cystatin Rice Sesamia Inferens (Duan et al., 1996)
Tomato inhibitor I and Il Tobacco Manduca Sexta (Johnson et al., 1989)

Sweet potato trypsin Tobacco Manduca Sexta (Yeh et al., 1997)
inhibitor eTJ)
Soybean Kunitz TI Rice Nilaparvata lugens (Lee et al., 1999)

BarleyTI Tobacco Agrotis ipsilon (Carbonero et aI., 1993)
Spodoptura litura (Ussuf et aI., 2001)

Nicotiana alta protease Tobacco Helicoverpa punctigera (Health et al.,
inhibitor ]997)

Peas Plutella xylostella (Charity et aI., 1999)

Serpin type serine Tobacco Bemisia tabaci (Thomas et al., 1995)
""protease inhibitor
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2.9.2 Therapeutic agents

Proteases are responsible either, directly or indirectly for all bodily

functions including cell growth, nutrition, differentiation, and protein turn

over. They are essential in the life cycles of organisms that cause mortal

diseases such as malaria, cancer and AIDS (Dernuth, 1990). The specific

inhibition of these proteases can be used as a strategy for drug design for the

prevention of propagation of the causative agents thus their effective

regulators, i.e., protease inhibitors, are very essential, because of their

pivotal role in the regulation of various physiological and pathological

processes involving the mobilization of tissues proteins and in the

processing of precursors of proteins (Gordana et al., 2002; Imada, 2005).

Some of the proteinaceous protease inhibitors possessing therapeutic

applications are presented in the Table 2.7.

Table 2.7 Protease inhibitors used in pharmaceutical industry

Protease Inhibitor Source Property Reference

Bowman Birk type Glycine max Anticarcinogenic activity Kennedy, 19S
inhibitor (BBI) against prostate, colon,

breast, and skin cancer
Bowman Birk type Pisum sativum Growth regulation on Alfonso et al.
inhibitor human colorectal 2005

Adenocarcinoma HT29
cells

BBI Mung bean Inhibitory activity against Murthy et a!',
NS3 serine protease of 2000
Dengue virus

Protease inhibitor Bauhinia Anti coagulant activity Clayton et al.
(areata 2005
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7!ystatin Rice Inhibition of Leishmania Paul et al., 1999
cysteine protease activity

Aspartate protease Plants Antimalarial activity Philip, 1998

inhibitor
Streptomyces Activity against Markaryan et al.,SSI
sp. Aspergi llosis 1996

2.9.3 Protease inhibitors in food processing

Food technology is a market driven activity. The current generation

of food technologists is looking for the added value for the consumer, better

profit margins and more efficient utilization of resources. Enzymatic

modification of food proteins has an important role in the food industry with

respect to traditional and high technology food processing as well as food

spoilage.

Proteases are used by the food industry to control the viscosity,

elasticity, cohesion, emulsification, foam stability, flavour development,

texture modification, nutritional quality, solubility, digestibility and

extractability (Lee, 1992; Morrissey et al., 1993). Applications include

process of meat flavour development and tenderization, continuous bread

making and modification of cracker and cookie texture, malt

suppplimentation and chill proofmg in brewing industry and hydrolysis of

protein gels to lower viscosity for concentration or filtration. The desired

degree of hydrolysis and percentage of peptide bonds hydrolyzed varies

considerably with the different food processing. In many food processing

there is a balance act in which there is a limited protein hydrolysis. This

"limited hydrolysis" is a technique receiving considerable attention because

it can yield products with improved properties and added value. Thus this
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limited hydrolysis can only be mediated by the action ofprotease inhibitors.

Thus they take an important role in the field of food processing (Fernando et

al., 2000).

Microbial food spoilage is an area of global concern as it has been

estimated that as much as 25% of all food produced is lost post-harvest

owing to microbial activity (Baird-Parker, 2003). The use of an adequate

amount of natural protease inhibitors is an effective way to extend the shelf

life of many types of seafood such as salted fish products. This is because

the inhibitors can retard the aging and other deteriorative processes like

protein degradation caused by the action of endogenous and exogenous

proteases, during the food processing and preservation (Reppond and

Babbitt, 1993).

2.9.4 Protease inhibitors as stabilizers

Besides their applications in therapeutics and as potential biocontrol

agents, protease inhibitors play an important role in basic research. Protease

inhibitors and their enzymes have been excellent model systems to study

protein-protein interactions. The properties of interfaces between

polypeptide chains during interaction have been carried out using SSI as a

model protein (Valdar and Thornton, 2001).

Protein protease inhibitors could potentially be used to stabilize

proteases in commercial products such as liquid laundry detergents.

However, many protein protease inhibitors are susceptible to hydrolysis

inflicted by the protease. Philip et al. (2004) engineered Streptomyces

subtilisin inhibitor (SS1) to resist proteolysis by adding an interchain
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disUlfide bond and removing a subtilisin cleavage site at leucine 63. When

these stabilizing changes were combined with changes to optimize the

affinity for subtilisin, the resulting inhibitor provided complete protease

stability for at least 5 months at 31QC in a subtilisin-containing liquid

laundrydetergent and allowed full recovery of the subtilisin activity.

2.10 Moringa oleifera

Moringa oleifera is a panotropical multi purpose tree with a high

biomass yield and can tolerate unfavourable environmental conditions

(Foidl et al., 2001). Almost every part of the plant is of value for food. The

flowers, leaves, and roots are used in folk remedies for turnors and the seeds

for abdominal tumors. Bark regarded as antiscorbic, and exudes a reddish

gum with properties of tragacanth; sometimes used for diarrhea. Roots are

bitter, act as a tonic to the body and lungs, and are expectorant, mild diuretic

and stimulant in paralytic afflictions, epilepsy and hysteria (Hartwell, 1971).

No reports are available on the isolation ofprotease inhibitor molecule from

Moringa oleifera. In addition, several low molecular weight bioactive

compounds have been reported from Moringa seeds with bacterial and

fungicidal activity and some anti inflammatory agents (Caceres et al., 1991).

In addition to the pharmaceutical importance, water extracts of Moringa

oleifera seeds was used to enhance a start up of a self inoculated upflow of

anaerobic sludge blanket reactor (UASB) for treating domestic waste water

(Kalogo et al., 2001). Seeds also contain small proteins that are able to

flocculate particles in suspension in water. Moringa oleifera has very

advantageous agronomic features, such that it should be possible to develop

a natural commercial product without side effects (Broin et al., 2002).
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MATERIALS AND METHODS

3.1 SCREENING OF PLANTS FOR PROTEASE INHIBITOR

3.1.1 Plants for the study

Plants, which are locally available, and belonging to the families of

Leguminosae, Malvaceae, Graminae, Rutaceae and Guttiferae were used as

the source material to screen for protease inhibitory activity. Different plant

parts including seeds, leaves, flowers and bark were used for the study.

3.1.2 Extraction and recovery of protease inhibitor

Plant materials for the study were washed thoroughly in distilled

water and air-dried. A buffer extract was prepared in a 500 ml conical flask

by homogenizing 25 g of plant materials in 100 ml of 0.1M phosphate

buffer with pH 7.0 in an electrical blender. The homogenate was further

mixed thoroughly by incubating the contents at room temperature in a rotary

shaker for 30 minutes at 150 rpm. The slurry was then filtered through

cheesecloth and the filtrate was centrifuged at 10,000 rpm for 15 minutes at

4°C for removing any cell debris that remains in the preparation (Pichare

and Kachole, 1996). The clear supernatant obtained represented the crude

extract, and was assayed for protease inhibitory activity and protein content

as described in section 3.1.3.1 and 3.1.3.3 respectively.
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3.1.3 Analytical methods

3.1.3.1 Protease inhibitor assay

Activity of protease inhibitor against protease was assayed according

to the procedure described by Kunitz with slight modifications (Kunitz,

1947). In this method, the TCA soluble fractions formed by action of trypsin

on the protein substrate Hammerstein casein was measured by the change in

absorbance at 280nm. The residual caseinolytic activity of the trypsin in the

presence of inhibitor, at 37°C, was used as a measure of inhibitory activity,

Appropriate blanks for enzyme, inhibitor, and substrate were also included

in the assay along with the test.

Reagents

1) Trypsin (SRL, India) O.5mg/ml (1000 units/mg)
(Prepared in O.lM phosphate buffer pH 7.0)

2) Harnmerstein Casein
in O.lM phosphate buffer

3) Trichloro acetic Acid
4) Phosphate Buffer (pH-7.0)

The assay procedure included the following steps:

a. One ml aliquot of trypsin was preincubated with 1 ml of suitable

dilution of protease inhibitor at 37°C for IS minutes.

b. To the above mixture 2ml of 1% Hammerstein casein was added and

incubated at 37°C for 30 minutes.

c. The reaction was terminated by the addition of 2.Sml of 0.44 :M

trichloroacetic acid (TCA) solution.



Materials and Methods

d. The reaction mixture was transferred to centrifuge tube and the

precipitated protein was removed by centrifugation, at IO,OOOrpm

for 15 minutes (Sigma, Germany).

The absorbance of the clear supematant was measured at 280nm ine.

DV-Visible spectrophotometer (Shirnadzu, Japan) against

appropriate blanks. The TCA soluble peptide fractions of casein

formed by the action of trypsin in the presence and absence of

inhibitor was quantified by comparing with tyrosine as standard.

f One unit of trypsin activity was defined as the amount of enzyme

that liberated I ug of tyrosine per milliliter of the reaction mixture

per minute under the assay conditions.

g. One unit of inhibitor activity was defined as the decrease by one unit

of absorbance of TCA soluble casein hydrolysis product liberated

by trypsin action at 280nm per minute at 37°C in the given assay

volume.

The protease inhibitory activity was expressed in terms of percent

inhibition and it was calculated as

Amount of tyrosine released without inhibitor

- Amount of tyrosine released with inhibitor

Inhibitory activity (%) = X 100

Amount of tyrosine released without inhibitor

3.1.3.2 Residual inhibitory activity

Residual inhibitory activity is the percent inhibitory activity of the

sample with respect to the percent inhibitory activity of the control.

Residual Inhibitory Activity = Inhibitory Activity of the sample (%/ml) X 100

Inhibitory Activity of the control (%/ml)
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3.1.3.3 Protein

Protein content was determined according to the method of Lowry et

al., (1951) using Bovine Serum Albumin (BSA) as the standard and the

concentration was expressed in milligram per milliliter (mg/ml).

Reagents

a) Solution I: A stock solution containing 2% (w/v) sodium carbonate

(w/v) in 0.1 N sodium hydroxide in distilled water.

b) Solution Il: A stock solution of 0.5 % (w/v) cupric sulphate III

distilled water.

c) Solution Ill: A stock solution of 1% (w/v) sodium potassium

tartarate in distilled water.

d) Solution IV: Working reagent: To 100 ml of solution (I), 1 ml each

of solution (Il) and solution (UI) was added and mixed well.

e) Solution V: 1:1 Folin and Ciocalteau's phenol reagent diluted with

distilled water was prepared fresh just before use.

Estimation

The sample was made up to 500 ul with distilled water and added

with 2 ml freshly prepared working reagent (Solution IV), mixed

thoroughly, and incubated for 10 minutes. Later, 250fil of solution (V) was

added, incubated for 30 minutes and the absorbance was measured at 750nm

in a Uv-Visible spectrophotometer (Shimadzu, Japan).

60

3.1.3.4 Specific activ

Specific acti­

percent inhibitory ac

percent specific activ

Specific activ

3.2 SELECTIm

OFPROTEJ

Those protei

precipitated by ammr

and selection of pote

plant samples with IT

crude protein inhibit

sections.

3.2.1 Extraction a

The crude bi

described under sec

inhibitory activity ai

3.1.3.1 and 3.1.3.3 re



I'

Materials and Methods

3.1.3.4 Specific activity

o the method of Lowry et

as the standard and the

liter (mg/ml).

Specific activity of the sample was calculated by dividing the

percent inhibitory activity with the protein content and was expressed as

percent specific activity/mg protein.

SELECTION OF POTENTIAL SOURCE AND ISOLATION

OF PROTEASE INHIBITOR FROM MORINGA OLEIFERA

o(w/v) sodium carbonate

d water.

(w/v) cupric sulphate m

3.2

Specific activity = Inhibitory activity (%)

Protein (mg/ml)

:w/v) sodium potassium

of solution (I), I ml each

and mixed well.

enol reagent diluted with

'e use.

Iistilled water and added

(Solution IV), mixed

:50fll of solution (V) was

~ was measured at 750nm

an).

Those protease inhibitors from various sources that could be

precipitated by ammonium sulphate salts were selected for further screening

and selection of potential source. For this, the strategy adopted was that the

plant samples with more than 60% protease inhibition were selected and the

crude protein inhibitor extract was prepared as described in the following

sections.

3.2.1 Extraction and recovery of protease inhibitor

The crude buffer extract from the selected plants was prepared as

described under section 3.1.2. The samples were assayed for protease

inhibitory activity and protein content as described earlier under sections

3.1.3.1 and 3.1.3.3 respectively.

61
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3.2.2 Ammonium sulphate precipitation

Ammonium sulphate precipitation of the prepared sample was done

according to the method described by Englard and Seifter (1990). The

fractionation using ammonium sulphate precipitation has the advantage of

intermediate removal of unwanted proteins and simultaneously the protein

of interest could be concentrated. Ammonium sulphate (SRL, India)

required to precipitate the protease inhibitor was optimized by adding

varying concentrations (30%, 60% and 90%) to the crude extract as detailed

below.

I) To precipitate the protein, ammonium sulphate was slowly added

initially at 30% (w/v) saturation to the crude extract while keeping

in ice with gentle stirring.

2) After complete dissolution of ammonium sulphate, the solution

was kept at 4"C for over night precipitation.

3) Protein precipitated was collected by centrifugation at 10,000 rpm

for 15 minutes at 4"C.

4) To the supernatant, required ammonium sulphate for next level of

saturation was added and the procedure mentioned above was

repeated. The precipitation was continued up to 90% (w/v) of

ammonium sulphate saturation.

3.2.3 Dialysis

The precipitate obtained after ammonium sulphate precipitation was

further dialyzed against a.OIM phosphate buffer (pH 7.0), in order to

remove the ammonium sulphate from the precipitate- as detailed below.
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3.2.3.1 Pretreatment of dialysis tube

Dialysis tube (Sigma-Aldrich) was treated to remove the humectants

and protectants like glycerin and sulfur compounds present in it, and to

make the pores of the tube more clear. The treated tube retain most of the

proteins of molecular weight 12 kDa or greater. The method followed for

the treatment of the dialysis tube was as follows.

a) Washed the tube in running water for 3-4 hrs.

b) Rinsed in 0.3% (w/v) solution of sodium sulfide, at 80°C for 1

minute.

c) Washed with hot water (60°C) for 2 minutes.

d) Acidified with 0.2% (v Iv) sulphuric acid.

e) Rinsed with hot water (60°C).

3.2.3.2 Dialysis procedure

a) The precipitated protein was resuspended in minimum quantity of

O.lMphosphate buffer (pH 7.0).

b) The solution was taken in the pretreated dialysis tube (Section

3.2.3.1) (Sigma-Aldrich, cut off value 12 kDa) against O.OIM

solution of phosphate buffer pH 7.0 for 24 hrs, at 4°C with

frequent changes of buffer and assayed for protease inhibitory

activity, protein content and specific activity as described under

sections 3.1.3.1, 3.1.3.3 and 3.1.3.4 respectively.
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3.2.4 Distribution of protease inhibitor in different plant parts of

Moringa oleifera

Distribution of protease inhibitor in various parts of the mature plant

was evaluated by preparing buffer extracts of seeds, leaf, flower, root and

bark. Buffer extracts were prepared as described in section 3.1.2 and were

assayed for protease inhibitory activity, protein content and specific activity

as described under section 3.1.3.1,3.1.3.3 and 3.1.3.4 respectively.

3.2.5 Selection of suitable solvent for extraction of protease inhibitor

from Moringa oleifera.

Ideal solution that enables maximal extraction of the protease

inhibitor from the sample was optimized by preparing crude extract of

leaves with different solutions. 25 g of fresh leaves, from the mature plant

was dissolved in 100 ml each of sodium chloride 15% (w/v) (Wu and

Whitaker, 1990), sodium hydroxide 0.2% (w/v), hydrochloric acid 0.05M

(Tawde, 1961), phosphate buffer O.lM (pH 7.0) (Wu and Whitaker, 1990)

and distilled water as described in section 3.1.2. The extracts thus prepared

were assayed for protease inhibitory activity, protein content and specific

activity as described in section 3.1.3.1, 3.1.3.3 and 3.1.3.4 respectively.

3.3 PROTEASE INHIBITOR PURIFICATION

Protease inhibitor, proteinaceous in nature, isolated from Moringa

oleifera was purified by standard protein purification methods which

included ammonium sulphate precipitation, followed by dialysis, Ion

exchange chromatography and preparative ;'vlyacrylamide gel
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electrophoresis as detailed below. All purification steps were carried out at

40C unless otherwise mentioned.

3.3.1 Ammonium sulphate precipitation

Ammonium sulphate precipitation (Englard and Seifter, 1990) was

done as described earlier under section 3.2.2.

3.3.2 Dialysis

The precipitate obtained after ammonium sulphate precipitation was

further dialyzed against O.OIM-phosphate buffer (pH 7.0) as described

previously under section 3.2.3.

3.3.3 Ion exchange chromatography

The active protease inhibitor fraction obtained after the dialysis of

ammonium sulphate precipitation was further purified by Ion exchange

chromatography, using DEAE cellulose as the anion exchanger

(Rossomando, 1990). Proteins, due to surface charge, bind to ion­

exchangers. These reversibly adsorbed proteins were eluted out either using

a pH or a salt gradient.

3.3.3.1 Activation of DEAE Cellulose

The anion exchanger, DEAE Cellulose was activated as described

below.
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1. Ten gram of DEAE Cellulose (SRL, India) was soaked in citrate

buffer (pH 3.0, O.OIM), allowed to settle, and the [me particles

were removed by decanting.

n. It was then suspended in IM NaCI for overnight.

Ill. Decanted the sodium chloride solution and washed several times

with distilled water in sintered glass funnel using vacuum

filtration, until the pH ofthe washings became neutral.

IV. Equilibrated the resin in appropriate buffer by repeated washing

with the same buffer.

3.3.3.2 Standardization of binding pH of protease inhibitor to DEAE

Cellulose

The pH at which the protease inhibitor binds at its maximum to the

anion exchanger was determined by eluting the protease inhibitor solution

after incubating with DEAE Cellulose equilibrated to different pH. DEAE

Cellulose was activated as per the method described under section 3.3.3.1.

The resin was resuspended in deionised water and equilibrated separately in

0.01 M glycine-HCl buffer (pH 2.0-2.5), citrate buffer (pH 3.0-5.5),

phosphate buffer (pH 6.0-8.0), and carbonate-bicarbonate buffer (pH 9.0­

10.5). One milliliter of diluted sample of ammonium sulphate precipitated

fraction dialysed in the above buffers was mixed with 2 ml slurry of DEAf

Cellulose equilibrated in each pH buffer. Incubated at 4°C for overnight,

and the supernatant was collected by decanting without disturbing the

DEAE particles. Washed with appropriate buffer, added 2 ml of 0.4 M

NaCI, and incubated overnight to get eluted the bound proteins from the

DEAE Cellulose. Supernatant collected was centrifuged at 10,000 rpm for
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15 minutes to remove fme particles and assayed for protease inhibitory

activity and protein content as described under sections 3.1.3.1 and 3.1.3.3

respectively.

3.3.3.3 purification using DEAE Cellulose column

DEAE Cellulose, activated as described under section 3.3.3.1, was

carefullypacked in XKI6/26 column (30cm height) (Amersham Pharmacia)

without any air bubble and the column was equilibrated with citrate buffer

(O.DIM) pH 3.0 overnight.

Fifteen milliliter of dialyzed sample, prepared as mentioned in

section 3.3.2, with a protein content of 3.5 mg/ml was applied to the pre

equilibrated DEAE Cellulose column. After the complete entry of sample

into the column, the column was connected to the reservoir containing the

above said buffer (citrate buffer O.OIM, pH 3.0) with a flow rate of

2 ml/ minute. The unbound proteins were washed out until the absorbance at

280nm reached near to zero. Elution was done at a flow rate of 2ml/minute

using stepwise gradients of sodium chloride ranging from 0.1, 0.2, 0.3, 0.4

and 0.5 M, prepared in citrate buffer (O.OIM) pH 3.0. Five milliliter

fractions were collected and the protein content of each fraction was

estimated by measuring the absorbance at 280nm. Peak fractions from the

column were pooled and dialyzed against the phosphate buffer (O.OIM) pH

7.0 as described under section 3.2.3. The dialyzed fractions were assayed for

protease inhibitory activity, protein content and specific activity as

described under sections 3.1.3.1, 3.1.3.3 and 3.1.3.4 respectively. The yield

and fold ofpurifications was calculated as described below.
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Calculation of yield of protein, yield of protease inhibitor activity and

fold of purification

Yield of protein and yield of protease inhibitory activity of each

fraction during purification is the percent activity obtained by dividing the

total protein content or activity ofthat fraction with the total protein content

or activity of the crude extract as the case may be. Fold of purification in

each step was calculated by dividing the specific activity of the respective

fraction with that of the crude extract.

Yield of protein

Yield of activity

Fold of purification =

Total protein content of the purified fraction X 100

Total protein content of the crude extract

Total activity of the purified fraction X 100

Total activity of the crude extract

Specific activity of the purified fraction X 100

Specific activity of the crude extract

3.3.4 Preparative polyacrylamide gel electrophoresis

Active fractions pooled from ion exchange chromatography were

lyophilized in 1ml aliquot and resuspended in 0.1ml of sample buffer

(0.0625M Tris-HC1, 2% SDS, 10% sucrose, 0.01% bromophenol blue, pH

6.8). Aliquots of three tubes were loaded on to a polyacrylamide gel

prepared as described under section 3.4.1.3.2 and subjected to

electrophoresis (Tarsons Dual mini vertical electophoretic unit). Low

molecular weight markers of Amersham Pharmacia were used as standard.

After electrophoresis, a portion of the gel with marker was stained, and
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compared with the original gel, and the portion of the gel with protease

inhibitor band was cut out and made into small pieces. The protein bands

were eluted using an Electra elutor (FINE PCR Electro elutor) by applying

current 25V for 10 minutes at 4°C into 200 ul of reservoir buffer for Native­

PAGE (section 3.4.1.1). The eluted proteins in buffer was eolIected out and

dialysed against phosphate buffer (0.01M) pH 7.0. The protein samples

were lyophilized in aliquots, and stored.

3.4 CHARACTERIZATION OF PROTEASE INHIBITOR

Purified inhibitor was further subjected to characterization for their

biophysical and physicochemical properties like molecular weight,

isoelectric point, amino acid analysis, optimal temperature and pH for

maximal activity, stability at different temperature and pH, and inhibition

kinetics to determine the type of inhibition as described in the following

sections.

3.4.1 Electrophoretic methods

The crude buffer extract of protease inhibitor prepared from fresh

leaves, ammonium sulphate purified fraction and protease inhibitor obtained

after ion exchange chromatography were all subjected to electrophoretic

analysis by non denaturing Native-PAGE and denaturing SDS-PAGE in a

vertical slab electrophoresis (Tarsons Dual mini vertical electophoretic unit)

Electrophoresis was carried out in a 10% polyacrylamide gel according to

the method described by Laemelli (1970). SDS~PAGE analysis of the

Purified inhibitor was carried out both under reducing and non-reducing

conditions, i.e., with and without ~-mercaptoethanol respectively.
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3.4.1.1 Reagents for polyacrylamide gel electrophoresis

1) Stock acrylamide solution

Acrylamide (30%) 60.0 g
Bis-acrylarnide (0.8%) 1.6 g
Distilled water (DW) 200.0 ml
Stored at 4°C in amber coloured bottle

2) Stacking gel buffer stock

Tris buffer (0.5M) 6 g in 40 ml DW
Titrated to pH 6.8 with 1 M HCI (- 48 ml) and made up to 100 m1
with DW. Filtered with Whatman No: 1 filter paper and stored at
4°C.

3) Resolving gel buffer stock

Tris buffer (3 M) 36.3 g
Titrated to pH 8.8 with IM HCI (- 48 ml) and made up to lOO m1
with DW.
Filtered with Whatman No: 1 filter paper and stored at 4°C.

4) Reservoir buffer for Native-PAGE (pH 8.3)

Iris buffer 3.0 g
Glycine 14.4 g
Dissolved and made up to lL with DW.
Prepared in 10X concentration and stored at 4°C.

5) Reservoir buffer for SDS-PAGE (pH 8.3)

Iris buffer 3.0 g
Glycine 14.4 g
SDS 1.0 g
Dissolved and made up to 1L with DW.
Prepared in IOX concentration and stored at 4°C
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6) Sample buffer for Native-PAGE

Tris·HCI (pH 6.8) 0.0625 M
Glycerol (optional) 10% (v/v)
Bromophenol blue 0.01 %
Prepared in 2X concentrations and stored at 4

QC.

7) Sample buffer for Reductive SDS-PAGE

Tris·HCI (pH 6.8) 0.0625 M
Glycerol (optional) 10% (v/v)
SDS 2% (w/v)
Dithiothreitol 0.1M
Bromophenol blue 0.01 %
Prepared in 2X concentrations and stored at 4QC

8) Sample buffer for Non-reductive SDS-PAGE

Tris-HCI (pH 6.8) 0.0625 M
Glycerol (optional) 10% (v/v)
SDS 2% (w/v)
Bromophenol blue 0.01 %
Prepared in 2X concentrations and stored at 4QC

9) SDS (10%)

10) Sucrose (50%)

11) Protein staining solution

Coomassie brilliant
blue (0.1%)
Methano1(40%)
Glacial acetic acid (10%)
DW

1 gin 10 ml DW

5 gin 10 mI DW
(autoclaved at 121QC for
15 minutes and stored at 4

Q
C.)

100 mg

40 mI
10 mJ
50 m1
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12) Destaining solution

Methanol (40%)
Glacial acetic acid (10%)
DW

40ml
10 ml
50 ml

13) Protein markers for Native~PAGE

Separate markers from Sigma-Aldrich were used

Components Volume MW (Md

Bovine Serum Albumin 10 III 66,000

Chickalbumin 10 III 45,000

Carbonic anhydrase 5 III 29,000

Lactalbumine 10 III 14,200

Markers were prepared in Native IX sample buffer, and 30 III of

marker mix was loaded to the gel.

14) Protein Markers for SDS-PAGE

Low molecular weight marker mix of Amersham Pharmacia was

used. Lyophilized marker mix was reconstituted in IX sample buffer

for reductive SDS-PAGE, boiled for 5 minutes, and 5111 of marker

was loaded on to the gel The composition of the marker mix is as

given below.

Components

Phosphorylase b

Bovine Serum Albumin

Ovalbumin

Carbonic anhydrase

Trypsin inhibitor

a-Lactalbumin

MW (Mrl

97,000

66,000

45,000

29,000

20,100

14,400
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3.4.1.2 Native polyacrylamide gel electrophoresis

3.4.1.2.1 Gel preparation

Resolving gel (10%)

Acrylamide: bis-acrylamide (30:0.8)
Resolving gel buffer stock
Ammonium persulphate (APS)
Water
TEMED

Stacking Gel (2.5%)

Acrylamide: bis-acrylamide (30:0.8)
Stacking gel buffer stock
Ammonium persulphate (APS)
Water
TEMED

Sample buffer (1X)

Native-PAGE sample buffer (2X)
50% Sucrose
DW

Sample preparation

10.00 ml
3.75 ml

a pinch
16.25 ml
15.00 Jll

2.5 ml
5.0 ml

a pinch
12.5 ml
15.0 III

1.0 ml
0.4 ml
0.6 ml

Added 100 III of IX sample buffer to lyophilized sample, mixed

well and 25111 sample and 5 III marker mix was loaded to the gel.

Procedure

(a) Cleaned and assembled the gel plates.

(b) Resolving gel- Added all the components except APS in to

a beaker, mixed gently and finally added APS. hrunediately

poured the mixture into the cast and poured a layer of butanol

over the gel and allowed to polymerize at least for one hour.
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(c) Stacking gel - Added the components of stacking gel except

APS into a beaker, mixed gently and finally added APS. Poured

the contents into the cast above the resolving gel and

immediately inserted the comb between the glass plates. Allowed

to polymerize at least for I hour.

(d) Gel was placed in the electrophoresis apparatus, and upper

and lower reservoir was filled with reservoir buffer for Native-

PAGE.

(e) The gel was pre run for I hr at 80 V.

(f) Loaded the gel with the protein sample.

(g) The gel was run at 80V till the sample entered the resolving

gel.

(h) When the dye front entered the resolving gel, increased the

current to 1OOV.

(i) The run was stopped when the dye front reached I cm above

the lower end of the glass plate.

(j) Removed the gel from cast and stained for at least one hr in

the staining solution.

(k) Destained the gel till the bands became clear and observed

the protein bands under a transilluminator.

3.4.1.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis

(SDS-PAGE)

The purified inhibitor protein was subjected to reductive and non

reductive SDS-PAGE for evaluating the nature of polypeptide. Low
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lIJOlecular weight marker of Amersham Pharmacia was used as standard and

JJlOlecular weight of protease inhibitor was determined using Quantity One

Software from Biorad.

3.4.1.3.1 Reductive SDS -PAGE

Gel preparation

Resolving gel (10%)

Stock Acrylamide solution
Resolving gel buffer stock
10% SDS
Ammonium persulphate (APS)
Water
TEMED

Stacking Gel (2.5%)

Stock Acrylamide solution
Stacking gel buffer stock
10% SDS
Ammonium persulphate (APS)
Water
TEMED

Sample buffer(lX)

SDS-PAGE sample buffer (2X)
50% Sucrose
DW

10.00 ml
3.75 ml
0.3 ml

a pinch
15.95 ml
15.0 ,.d

2.5 ml
5.0 ml
0.2 ml

a pinch
12.3 ml
15.0 I-ll

1.0 ml
0.4 ml
0.6 ml

Sample preparation

Added 100 I-ll of IX sample buffer to pure lyophilized

sample, mixed well, boiled for 5 minutes in a water bath, cooled
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to room temperature, and 25 JlI sample and 5 ul low molecular

weight marker mix was loaded to the gel.

Procedure

Procedure followed for SDS polyacrylamide gel

electrophoresis was essentially the same as that of Native-PAGE

which was described under section 3.4.1.2 with the exception

that the reservoir buffer used was that ofSDS-PAGE.

3.4.1.3.2 Non-reductive SDS-PAGE

Gel preparation

Resolving and stacking gel was prepared as described under

section 3.4.1.3.1.

Sample buffer (IX)

Sample buffer for Non-reductive
SDS-PAGE (2X)
50% Sucrose
DW

Sample preparation

1.0 ml

0.4 ml
0.6 ml

Added 100 III of IX sample buffer to pure lyophilized

sample, mixed well, and 25 ul sample and Sul low molecular

weight marker mix was loaded to the gel.

Procedure

Procedure followed for SDS-pc·:yacrylamide gel

electrophoresis was essentially same the as that ofNative-PAGE
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which was described under section 3.4.1.2 with the exception

that the reservoir buffer used was that of SDS-PAGE.

3.4.1.4 Analysis of protease inhibitor by Dot - Blot method

The purified fraction collected from ion exchange chromatography,

was analyzed for its protease inhibitory activity according to the method of

Veerappa et al., (2002) as described below.

I. 3~.d of protease inhibitor was mixed with 3111 trypsin (0.5mg/ml)

and spotted on to a strip of X-ray film.

Il. 3III of trypsin was mixed with 3III phosphate buffer O.lM (pH 7.0)

as the control and spotted on to the X-ray film.

Ill. Incubated the X-ray film at 37°C for 10 minutes.

IV. Washed the film under tap water till the zone of gelatin hydrolysis

by trypsin was visualized.

V. Where the inhibitor is present, the trypsin does not degrade the

gelatin on the x-ray film. If the inhibitor is absent, a clear zone is

formed at the site of sample application on the X-ray film.

3.4.1.5 Reverse zymography

Protease inhibitory activity of the purified protein was further

confirmed by Reverse Zymogram on Gelatin-PAGE, performed by adding

gelatin (0.1% final concentration) to the polyacrylamide prepared according

to the method of Felicioli et al. (1997).
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3.4.1.5.1 Gel preparation

Resolving gel (10%)

Acrylamide: bis-acrylamide (30:0.8)
Resolving gel buffer stock
Gelatin (1%)
SDS (10%)
Ammonium persulphate (APS)
Water
TEMED

10.0 ml
3.75 ml
3.0 ml
0.3 ml

a pinch
12.95 rnl
15.0 ~l

Stacking gel and sample buffer was prepared as described under

section 3.4.1.3.2.

Sample preparation

Added 100 ul of IX sample buffer to pure lyophilized

sample, mixed well, and 25~1 sample was loaded to the gel.

Procedure

Procedure followed for gelatin-polyacrylamide gel

electrophoresis was essentially the same as that of SDS-PAGE,

which was described under section 3.4.1.3.2.

After the electrophoretic run, the gel was washed with 2.5 %

(v/v) Triton X 100 for 30 minutes followed by rinsing the gel in

phosphate buffer pH 7.0 (O.lM) and incubated at 37°C for 15

minutes in a bath containing 0.5mg/ml trypsin in phosphate buffer

pH 7.0 (O.IM).
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After the gelatin hydrolysis, the gel was washed with

distilled water, stained with the Coomassie Brilliant Blue (Sigma

Aldrich) for 1 hr and destained.

3.4.2 Molecular weight determination of protease inhibitor by gel

filtration chromatography on Sephadex G75

Gel filtration chromatography was performed for the ammonium

sulphate precipitated fraction of crude protease inhibitor using Sephadex

075 (Sigma Aldrich) in order to determine the molecular weight ofprotease

inhibitor.

3.4.2.1 Preparation of column

a) 23g of Sephadex G75 (Sigma Aldrich) was suspended in distilled

water and allowed to hydrate for 3 hrs at 100DC in a water bath, and

fine particles were removed by decantation.

b) Hydrated gel suspension was degassed under vacuum to remove

the air bubbles.

c) Filled the column with distilled water or eluent without arr

bubble. Gel suspension was carefully poured into the column

(Amersham Pharmacia XK 26/70 column) without air bubbles and

allowed to settle under gravity while maintaining a slow flow rate

through the column.

d) Column was stabilized by allowing two times the bed volumes of

eluent (0.1 M phosphate buffer, pH 7.0) to pass through the column

bed in a descending eluent flow.
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e) The position of the flow adapters are re-adjusted as required to

maintain contact of the plungers with the gel bed.

3.4.2.2 Sample preparation and application

Two milliliter of dialyzed sample, prepared as described under

section 3.3.2, with a protein content of 18.6 mg/ml was applied to the

column. Care was taken to make sure that the sample was completely free of

undissolved substances. After the complete entry of sample to the column,

the proteins were eluted using 0.1M phosphate buffer pH 7.0, with a flow

rate of 1mllminute. One millilter fractions were collected and the protein

content was estimated by measuring the absorbance at 280nm in a UV­

visible spectrophotometer (Shirnadzu, Japan). Peak fractions from the

column were pooled and assayed for protease inhibitory activity and protein

content as described under sections 3.1.3.1 and 3.1.3.3 respectively.

3.4.2.3 Calculation of molecular weight

The molecular weights of the eluted proteins were calculated by

calibrating the column with low molecular weight gel filtration protein

markers from Arnersham Pharmacia.

3.4.2.3.1 Column calibration

The gel filtration column prepared by Sephadex G 75 was calibrated

with low molecular weight gel filtration protein markers from Amersham

Pharmacia.
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protocol

a) Prepared a fresh solution of Blue Dextran 2000 (0.1mg/ml) (Sigma

Aldrich) in the eluent buffer (0.1M phosphate buffer, pH 7.0).

b) Applied the Blue Dextran (1-2% of the total gel bed volume) to the

column to determine the void volume (Vo).

c) Dissolved the proper combination of the calibration kit proteins in the

eluent buffer. The concentration of each protein was between 5-20

mg/ml.

The calibration markers used included the following:

Components MW (Md

Ribonuclease A 13,700

Bovine Serum Albumin 67,000

Ovalbumin 45,000

Chymotrypsinogen A 25,000

d) Applied the, calibration kit proteins to the column. The volume of

calibration solution was 1% of the total gel bed volume.

e) Determined the elution volume (Ve) for each kit proteins by measuring

the volume of the eluent from the point of application to the center of

the elution peak.

t) Calculated the !<.ay value (Partition coefficient) for each protein and

prepared a calibration curve of Kay versus log molecular weight.

!<.ay for each protein was calculated by the formula,

Kav ;:= Ve

Vo
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where Ve is the elution volume of each protein and Vo is void

volume of the column, which was calculated by running the column

with Blue Dextran 2000.

Molecular weight of the protease inhibitor was calculated from the

calibration curve prepared using the calibration kit proteins.

3.4.3 Amino acid analysis

Amino acid analysis of the purified inhibitor protein sample was

done using Shimadzu High-Performance liquid chromatography (Le - 4A)

"Amino Acid Analysis System" (Arnmu et al., 2001) at Central Institute of

Fisheries Technology (CIFT), Kochi. -

3.4.4 Optimal pH for protease inhibitor activity

Optimum pH for the maximal activity of the protease inhibitor was

determined by performing protease inhibitor assay at different pH ranging

from 2.0-12.0 as described under section 3.1.3.1 with minor modifications.

The substrate 1% casein was prepared in the respective buffer for each pH.

The buffer systems used were, glycine-HCl Buffer (pH 2-3.5), citrate buffer

(pH 4-6), phosphate buffer (pH 6-8), Tris-HCl buffer (pH 8-9), carbonate­

bicarbonate buffer (pH 9.5-10.5), boric acid/potassium chloride/ sodium

hydroxide (pH 11.0), disodium hydrogen phosphate/sodium hydroxide (pH

12.0). Protease inhibitory activity was calculated as described under section

3.1.3.1.
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3.4.5 Stability of protease inhibitor at different pH

The stability ofprotease inhibitor over a range ofpH was determined

by evaluating the inhibitor activity at pH 7.0, after incubating the purified

protease inhibitor in different buffers of pH ranging from 2.0-12.0 for 24

hrs, at 4°C. 1.2 ml of purified inhibitor was incubated with 10.8 ml 0 f

different buffer systems, which included, glycine-HCl buffer (pH 2-3.5),

citrate buffer (pH 4-6), phosphate buffer (pH 6-8), Tris-HCl buffer (pH 8-9),

carbonate-bicarbonate buffer (pH 9.5-10.5), boric acid/potassium chloride/

sodium hydroxide (pH 11.0) and disodium hydrogen phosphate/sodium

hydroxide (pH ] 2.0). After incubation, ] ml of sample was assayed for

protease inhibitory activity as described under section 3.1.3.1 and was

expressed as percent inhibition of protease activity.

3.4.6 Optimal temperature for protease inhibitor activity

Optimum temperature for the maximal activity of protease inhibitor

was determined by assaying the inhibitor activity at different temperatures

ranging from lOoe-80°C. The assay method followed was essentially the

same as that described under section 3.1.3.1.

3.4.7 Stability of protease inhibitor at different temperatures

Temperature stability of purified inhibitor at different temperatures

was evaluated by incubating 1.2 ml of purified protease inhibitor at different

temperatures ranging from 30QC-70QC. The sample was drawn at different

time intervals: 30 minutes, lhr, 2hrs, 4hrs, 8hrs and 12hrs, and was further

lI1cubated at 4QC for 15 minutes. The protease inhibitory activity of each
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sample was assessed by conducting the assay as described under section

3.1.3.1.

3.4.8 Effect of stabilizers on thermal stability of protease inhibitor

Effect of stabilizers on protease inhibitor against thermo inactivation

was determined at 500 and 60°C, respectively, at which they were found to

loose activity. The effect of various additives on the thermal stability was

determined by incubating the inhibitor in the presence of an additive at the

desired temperature for a stipulated period of time. Sample was drawn at

different time intervals of 1hr, 2hrs, 4hrs and 8 hrs. At the end of incubation,

the inhibitor was further incubated on ice for 15 min and the residual

activity was determined. Stabilizers added included glycine (1M), cysteine

hydrochloride (l0lTh.\1), PEG 8000 (lOrnM), glycerol (lO%), sorbitol (10%),

casein (1%), CaCh (lOmM), urea (lOrnM), sucrose, BSA and starch (at 1%

level). Protease inhibitor assay was carried out as described under section

3.1.3.1.

3.4.9 Effect of various metal ions on protease inhibitor activity

Effect of various metal ions on activity of protease inhibitor was

evaluated by incubating the protease inhibitor along with different

concentrations of various metals ions in the inhibitor solution for 30 minutes

followed by measuring the protease inhibitory activity as described under

section 3.1.3.2. The metals studied included sodium chloride, calcium

chloride, magnesium sulphate, cupric sulphate, sodium molybdate, zinc

sulphate, ferric chloride, manganese chloride, nickel chloride, mercury

chloride, barium chloride, cadmium sulphate, and aluminum sulphate which
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. he metal i N + 2+ 2+ 2+ C 2+ F 3+ Mn2+ N' 2+contnbutes t e meta IOns, a, Ca , Mg , Zn , u , e, ,I,

Hg:2+. Ba2+, Cd2+, M06
+ and At3+ each at 1 and 10 mM final concentrations

respectively.

3.4.10 Metal chelation of protease inhibitor using EDTA

The metal ion concentration of purified protease inhibitor and its

effect on inhibitory properties in its native state was determined by metal

chelation using 30mM EDTA (SRL, India) according to the method

described by Jack et al. (2004). Purified protease inhibitor (2.7mg/ml) was

dialyzed extensively against 30m.\1 EDTA for over night at 4°C for

chelation of metal ions. The EDTA was removed further by dialyzing over

night with frequent changes of deionised water. The inhibitory activity of

the demetallized protease inhibitor was determined by conducting protease

inhibitor assay as described in section 3.1.3.2.

3.4.11 Metal ion concentration of protease inhibitor

Metal ion (Ca2
+, Mg2+ and Zn2+) concentrations of the protease

inhibitor was determined as follows:

1. An aliquot of protease inhibitor was dialyzed extensively against

distilled water and was used for mineral analysis by Inductively

Coupled Plasma Atomic Emission Spectroscopy (ICP-AES).

1I. Another aliquot of protease inhibitor (2.7mg/ml) was dialyzed

extensively against deionised water and was used for mineral

analysis by ICP-AES.

Ill. A third aliquot was dialyzed extensively against 30JTh\1 EDTA for

over night at 4°C for chelation of metal ions and then the EDTA



was removed by dialyzing against deionised water over night with

frequent changes in deionised water. The mineral concentration of

dialyzed sample was also determined by ICP-AES.

3.4.12 Effect of additional supplementation of Zn 2+, Ca 2
+ & Mg2

+ to

demetallized protease inhibitor

Impact of additional supplementation of different concentrations of

metals to the demetallized protease inhibitor, in order to contribute Zn2+,

Ca2
+ & Mg2

+ metal ions towards regaining its inhibitory property was

evaluated. One and 10mM final concentrations of calcium chloride,

magnesium sulphate and zinc sulphate was incubated along with protease

inhibitor for 30 minutes, followed by measuring the residual protease

inhibitory activity as described under section 3.1.3.2.

3.4.13 Effect of various detergents on protease inhibitory activity

Effect of various non-ionic and ionic detergents such as Triton X­

100, SDS, Tween-80, Tween-20, and Brij-35 (l % each w/v) on protease

inhibitory activity was determined by incubating the protease inhibitor in

each detergents for 30 minutes, dialyzed against O.OlM phosphate buffer pH

7.0 and estimated the residual inhibitory activity as described under section

3.1.3.2.
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>~4.14 Effect of oxidizing agents on protease inhibitory activity

Impact of oxidizing agents on the activity of protease inhibitor was

studied by incubating the protease inhibitor with 1, 2, 3, 4 & 5 % (v/v) of

hydrogen peroxide and dimethyl sulfoxide for 30 minutes and measuring the

residual inhibitory activity as described under section 3.1.3.2.

3.4.15 Effect of reducing agents

The effect of reducing agents on the activity of protease inhibitor

was studied by incubating the protease inhibitor with 0.2, 004, 0.6, 0.8 and

1% (v/v) of dithiothretol, p-mercaptoethanol and sodium thioglycolate for

30 minutes and measuring the residual inhibitory activity as described under

section 3.1.3.2.

3.4.16 Chemical modifications of amino acids in protease inhibitor

To determine the impact of chemical structure of the amino acids at

the reactive sites of inhibitor molecule on its inhibitory activity, selected

amino acids of the inhibitor molecules were chemically modified. Thus five

different amino acids were individually modified using specific chemical

modifiers and the effect of modifiers on the anti proteolytic activity of the

inhibitor molecule was determined. Chemical modifications of amino acids

of purified inhibitor was carried out using different chemical modifiers

under their respective reaction conditions. 2 ml of purified inhibitor

(2.7mg/ml) was used for this study. After the incubation with different

Concentrations ranging from 5, 10, 15, 20 and 25 mM of each modifier, the
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sample was dialyzed against phosphate buffer and the residual protease

inhibitory activity was estimated as described under section 3.1.3.2.

Chemical modifier Amino acid Reaction conditions
Modified

N-Ethylmaleimide Cysteine 30 DC O.lM Tris/HCl buffer

(pH-7.0) for 60 min

(Colman & Chu, 1970)

Succinic anhydride Lysine 30DC 0.] M Sodium carbonate

buffer (pl1-8.0) for 120

min (Habeeb etal., 1958)

Diethyl pyrocarbonate Histidine 30°C 0.] M TrislHCI buffer

(pH-7.0) for 30 min

(Ovaldi et al., 1967)

PMSF Serine 25DC O.05M Tris/HCl buffer

(pH-7.8) for 120 min

(Gold & Farney, 1964)

N- Bromosuccinamide Tryptophan 30 DC 0.01 M TrislHCI buffer

(pH-7.0) for 30 min

(Spande & Witkop, 1967)

3.4.17 Effect of acid treatment on protease inhibitor

Sensitivity of protease inhibitor in an acidic environment was

evaluated by incubating purified protease inhibitor with different
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concentrations of HCI ranging from 0.02, 0.04, 0.06, 0.08 & IM (pH 2.0)

for 30 minutes. After the incubation, the pH was neutralized with 1 m1 of

O.lM Tris-HCl buffer pH 9.0. The residual protease inhibitory activity was

estimated as described under section 3.1.3.2.

3.4.18 Effect of protease treatment on protease inhibitor

Sensitivity of protease inhibitor to gastric enzymes like trypsin was

assessed by incubating the purified protease inhibitor with different

concentrations of trypsin (from Bovine pancreas, SRL, India) ranging from

0.2, 0.4, 0.6, 0.8 and 1% for 30 minutes at 37°C. The residual protease

inhibitoryactivity was estimated as described under section 3.1.3.2.

3.4.19 Stoichiometry of protease-protease inhibitor interaction

The molar concentration of the purified protease inhibitor for the

complete inactivation of the trypsin was determined by preincubating I nM

trypsin (based on Mr23,800) in 100/-11 ofO.1M phosphate buffer pH 7.0 with

different amounts of chromatographically purified protease inhibitor (0.25 ­

2.0 nM, based on M, 23,600) at 37°C for 60 minutes. The long incubation

time was necessary to ensure that the reaction was complete. The remaining

activity of the trypsin was determined by the addition of I% casein,

followed by incubation and spectroscopic examination according to Kunitz

method as described under section 3.1.3.1.
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3.4.20 ICsovalue of protease inhibition

The amount of protease inhibitor needed for 50% inhibition of

protease activity was determined by conducting the assay as described under

section 3.1.3.1.

3.4.21 Kinetic studies of inhibition of trypsin by protease inhibitor

Using the enzyme rate data a double reciprocal-plot was prepared

and analyzed to determine whether the nature of protease inhibition is

competitive, uncompetitive or non competitive. Protease inhibition kinetics

was studied using various concentrations of substrate ranging from

O.OOlmM - 2.0mM. The assay was.carried out (Erlanger et aI., 1961), as

detailed below:

a) 500111 of one nM trypsin was preincubated in 0.1M phosphate buffer

alone for 20 minutes at 37°C.

b) 500111 of different concentrations of purified protease inhibitor

(4, 6 & 8 nlvl) was preincubated with 100111 of one nM trypsin for 20

minutes at 37°C.

c) The pre-incubated mixtures were then added separately to the

substrate solution 0.001mM-2.0 mlvl Nc-Benzoyal-Arginine-l­

nitroanilide (BAPNA) (Sigma Aldrich) at 3re for 10 minutes.

d) The reaction was arrested by adding 200/1] of30% (v/v) acetic acid.

e) The liberated p-nitro aniline was measured at 410 nm in a DV­

visible spectrophotometer (Schimadzu, Japan).

f) One protease unit was defmed as the amount of enzyme that

increased absorbance by 1 Ofr/min and one protease inhibitory unit



is defmed as the amount of protease inhibitor that inhibited one unit

of protease activity and was expressed as percent inhibition as

described under section 3.1.3.1.

The velocity of the enzymatic reaction (v) based on the rate of

change in absorbance (A4IO) of the reaction mixture was determined for each

concentrations ofBAPNA used.

The initial velocity data was plotted as the function of the

concentration of substrate by the linear transformation of the Michaelis­

Menten Equation and usual non-linear curve fitting of the Michaelis-Menten

equation for the calculation of Km and Vmax of the reaction.

A Lineweaver-Burk curve, l/v versus 1/[s] was plotted and the

dissociation constant (KD and maximum Velocity (Vmax) were calculated

(Dixon, 1953).

3.5 APPLICA'"(ION STUDIES

3.5.1 Specificity with different pharmaceutically important proteases

The affmity of purified inhibitor with different classes of proteases

having roles in much pharmaceutical and agricultural industry was tested.

The proteases tested were, Cathepsin-B (Sigma Aldrich), Thrombin (Sigma

Aldrich), Elastase (Sigma Aldrich), Chymotrypsin (Sigma Aldrich),

Collagenase (Sigma Aldrich) and Papain (Sisco Research Laboratories Pvt.

Ltd, India).
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3.5.1.1 Assay of Cathepsin-B inhibitory activity

Cathespin-B inhibitory activity was assayed using a solution

containing 1.25-2.5 units/ml of Cathepsin B (Sigma Aldrich) in cold

deionised water described by Barrett (l981a). 25Jll of Cathepsin B Was

preincubated with 25JlI of purified inhibitor solution (0.27mg/ml) at 300e
for 10 minutes. After the incubation, added 200 III of 20 mM N-Succinyl­

Ala-Ala-Pro-Phe-P-Nitroanilide in dimethyl sulphoxide and incubated at

30°C for 5 minutes. One unit of enzyme will release one micromole of

p-nitro aniline per minute from N-Succinyl-Ala-Ala-Pro-Phe-P-Nitroanilide

at pH 7.0 at 30DC and one cathepsin inhibitory unit is defined as the amount

of protease inhibitor that inhibited one unit of cathepsin activity and was

expressed in percent inhibition as described under section 3.1.3.1.

3.5.1.2 Assay of thrombin inhibitory activity

The thrombin inhibitory activity of protease inhibitor was evaluated.

Prepared a stock solution containing 1mg/ml thrombin (Sigma Aldrich) in

O.lM Tris-HCl buffer pH 7.5, and 100 JlI of 1oug/ml solution was

preincubated with 1001-11 of purified inhibitor solution (0.27mg/ml) at 37°C

for 10 minutes. Added 200Jll of 1% casein to the mixture and incubated at

37°C for 30 minutes. The thrombin inhibitory activity of purified protease

inhibitor was measured as described under section 3.1.3.1.

3.5.1.3 Assay of elastase inhibitory activity

The elastase inhibitory activity was tested with l Oug/ml elastase

(Sigrna Aldrich) solution with O.27mg/ml purified protease inhibitor



according to Kunitz caseinolytic (Kunitz, 1947) method as described under

section 3.1.3.1.

3.5.1.4 Assay of collagenase inhibitory activity

The collagenase inhibitory activity of purified protease inhibitor was

checked by using I% gelatin as substrate according to lan (2001). lmg/ml

collagenase (Sigma Aldrich) was prepared in cold deionised water prior to

assay. Preincubated one millilitre of collagenase with 0.27mg/ml purified

inhibitor at 37°C for 10 minutes. Added 2ml of 1% gelatin to the reaction

mixture and further incubated for 30 minutes at 37°C. The reaction was

terminated using 0.44M TCA and the released amount of peptides were

measured as described under section 3.1.3.1.

3.5.1.5 Assay of papain inhibitory activity

Papain inhibitory activity was evaluated by Caseinolytic method

according to Murachi (1970). Prepared 6mg/ml solution papain, and

preincubated 0.1 ml 0 f papain with 0.1 ml purified inhibitor solution at 37°C

for 10 minutes. After incubation, 0.5 m1 of casein solution (1%) was added

to the solution and the reaction mixture was incubated for 10 minutes at

37°C.The reaction was interrupted by adding 1.5 milliliter of trichloroacetic

acid (5%) (w/v). The precipitate was removed by centrifugation at 10,000

rpm for 15 minutes and the released amount of tyrosine was estimated as

described under section 3.1.3.1.
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3.5.1.6 Assay of chymotrypsin inhibitory activity

Chymotrypsin inhibitory activity was assayed according to the

modified method of Fritz et al (1966). Chymotrypsin from Bovine pancreas

(Sigma Aldrich) was prepared by dissolving freeze dried material in O.OOIM

HCl at a concentration of Img/rnl. Standard assay mixture contained 0.05 M

Tris-HCI buffer, pH 7.6, 20mM peptide substrate, N-Suc-Ala-Ala-Pro-Phe_

p-nitroanilide, 0.27 mg/ml inhibitor solution and chymotrypsin (lO!lg/ml).

One unit of enzyme is defined as the amount of enzyme that induces the

conversion of I umol substrate/min. One chymotrypsin inhibitory unit is

defmed as the amount of protease inhibitor that inhibited one unit of

chymotrypsin activity and was expressed in percent inhibition as described

under section 3.1.3.1.

3.5.2 Activity spectrum of purified protease inhibitor towards

commercially important proteases

The activity spectrum of purified protease inhibitor with different

commercially available proteases from different sources were tested. All the

enzymes were purchased from Sigma Aldrich. One rnilliliter of proper

dilutions of each enzyme was incubated with one milliliter of protease

inhibitor (0.27mglml) to check the affmity of the inhibitor with the

proteases and the assay for protease inhibition was carried out as described

under section 3.1.3.1.



Serial Enzyme Source

No.

1 Protease Bacillus amyloliquifaciens

2 Protease Bacillus licheniformis

3 Protease Bacillus sp.

4 Protease Aspergillus oryzae

5 Subtilisin Subtilisin calsberg

6 Esperase Bacillus lentis

7 Proteinase K Tritirachium album

8 Pronase E Streptomyces griseus

9 Protease Engyodontium album

3.5.3 Role of protease inhibitor in seafood preservation

The activity of Moringa oleifera protease inhibitor towards the

seafood spoiling microorganism and its effect on protein degradation of

Peneaus rnonodon during preservation under different storage conditions

like room temperature, 4°C and -20°C was evaluated.

For this, the sample was peeled and head removed. 109 sample

(Peneaus monodon) was weighed and taken in a sterile plastic bag, sealed

and kept at each storage condition as control. As the test experiment, the

same weight of samples were taken in the same conditions as that of the

COntrol and incubated in a sterile polyethylene bag containing 10ml of

(O.2mg/ml) purified protease inhibitor prepared as mentioned under section

3.3.3 at each temperature for 8hrs, 24hrs and 168hrs respectively.



After incubation, the sample was drawn and extract was prepared by

homogenizing the samples in sterile distilled water using a mortar and pestle

under sterile conditions and kept in a rotary shaker for 30 minutes at

l50rpm. One milliliter of extract was taken under sterile condition, and

serially diluted the sample in physiological saline and the total microbial

population of each sample was analyzed by pour plating the samples on

Casein agar plates prepared by incorporating 1% casein in Nutrient agar

medium.

The complete protein of the samples were extracted using 5% NaCl

in 0.02M sodium bicarbonate according to Chandrasekaran (1985) and the

cell pellet were removed by centrifugation at 10,000 rpm for 15 minutes at

4cc. The clear supernatant was assayed for total protein content as

described in section 3.1.3.3.
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RESULTS

4.1 SCREENING OF PLANTS FOR PROTEASE INHIBITOR

Plants belonging to different families and from different localities of

Kerala were screened for their protease inhibitory activity. Results presented

in Table 4.1 shows that the plants belonging to Leguminosae family have

maximum percent of inhibition towards trypsin. Maximum inhibitory

activity was shown by Cicer arietinum (98.21%) followed by Momordica

charantia (86.77), Moringa oleifera (76.7) and Adathoda vasica (76.12).

Table 4.1 Screening of plants for protease inhibitor

Specific
Serial Name of plants Inhibitory activity inhibitory activity
No (%) (% activity /mg

protein)
1 Adathoda vasica 76.12 115.33
2 Allium sepa 0.00 0.00
3 Azadirachta indica 6.50 0.77
4 Amaranthus viridis 51.21 98.48
5 Arachis hypogea 39.90 62.34
6 Beta vulgaris 0.00 0.00
7 Carica papaya 17.84 20.74
8 Cassia fistula 30.00 40.54
9 Catharanthus roseus 46.64 466.40
10 Cicer arietinum 98.21 10.68

-11 Cucurbita pepo 22.40 27.32



12 Dolichos biflorus 60.74 33.74
....

13 Hibiscus esculantus 17.49 97.17
14 Momordica charantia 86.77 74.16
15 Moringa oleifera 76.70 109.57
16 Ocimum sanctum 50.60 56.22
17 Oryza sativa 15.33 4.26
18 Phaseolus mungo 56.00 80.00
19 Pisum sativum 55.98 75.65
20 Phaseolus aureus 18.64 32.70
21 Solanum tuberosum 73.78 163.96
22 Triticum vulgare 42.34 49.23

-

4.2 SELECTION OF POTENTIAL SOURCE AND ISOLATION OF

PROTEASE INHIBITOR FROM MORINGA OLEIFERA

Plant species that showed more than 60% protease inhibitory activity

were subjected to further screening. Crude sample prepared from these

plants were subjected to partial purification' by ammonium sulphate

precipitation and evaluated for their inhibitory activity. Among the plants

evaluated, Moringa oleifera showed maximal percent of protease inhibition

(92%) compared to others (Table 4.2). Whereas, maximum specific activity

of protease inhibition was recorded with Momordica charantia (1144) and

Solanum tuberosum (192.36) compared to Moringa oleifera (76.66). Since

the protease inhibitor from Momordica charantia and Solanum tuberosum

were studied earlier and well characterized, in the present study, Moringa

oleifera was selected as the source for the isolation of protease inhibitor, for

no reports are available on this species.



Table 4. 2 Protease inhibition of ammonium sulphate precipitated

fraction of different plant extracts

.-

Serial Name of plants Saturation of Protease Specific Activity

No (NH4)2S0 4 inhibition (% activity/mg
(%) (%) protein)

1 Adathoda vasica 30-60 31.16 103.86

2 Cicer areitinum 0-30 2.60 13.00

3 Momordica 30-60 57.20 1144.00

charantia

4 Moringa oleifera 30-60 92.00 76.66

5 Solanum tuberosum 30-60 48.09 192.36

4.2.1 Distribution of protease inhibitor in different parts of Moringa

oleifera

From the data presented in Fig 4.1, it is evident that among the

different parts ofMoringa oleifera tested, the crude extract isolated from the

mature leaves and seeds showed highest level of inhibition against trypsin.

The crude extract prepared from leaves showed maximum percent of

inhibition (77%) followed by the seed extract (63%). The plant parts like

bark, flowers and roots recorded negligible

activity.
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Fig 4.1 Distribut ion of Protea se Inhibitor in diffenl nt parts of Moringa oh/iter.

4.2.2 Ext ra ction of protease inhibitor from J foringa otetfera using

different solvents

Among the vanous extraction media evaluated for recovering

protease inhibitory molecules from plant sources, the crude extract prepared

in phosphate buffer showed maximum protease inhibitory activity (79%)

followed by that prepared in distilled water (68%) (Fig 4.2). The inhibition

of trypsin by the extract prepared in sodium chloride and sodium hydroxide

was very less compared to that prepared in dist illed water and phosphate

buffer. Whereas, in terms of protein content in the crude extract, phosphate

buffer enabled maximal protein content compared to other media, while

distilled water extract contains very less protein concent ration although

showed high protease inhibitory activity. The specific protease inhibitor)'

activity obtained for each ext ract is presented in Table 4.3.
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Fig 4.2 Extraction of Protease Inhibitor using different solvents

Table 4.3 Specific protease inhibitory activi ty of protease inhibit or

extracted with different extraction media

Serial Extraction Medium Specific protease inhibit ory
No act ivity (% activity/mg protein)

1 Sodium chloride (15%) 12.20 ± 0.05

2 Hydrochlor ic acid (0.05M) 16.60 ± 0.04

3 Sodium hydroxide (0.2%) 11.60 ± 0.04

4 Distilled water 56.60 ± 0.23

5 Phosphate buffer (0.1M) 30.20 ±0.10
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4.3 PURIFICATION OF PROTEASE INHIBITOR

Following the standard protein purification methods including

ammonium sulphate precipitation, dialysis, ion exchange chromatography

using DEAE Cellulose, and polyacrylamide gel electrophoresis, purified the

protease inhibitor present in the crude buffer extract prepared from the

leaves of Moringa oleifera. The yield and fold of purification of protease

inhibitor obtained in each step of purification is summarized in Table 4.4.

As a first step towards the purification of protease inhibitor, the

crude buffer extract was subjected to ammonium sulphate precipitation and

concentration of ammonium sulphate required for complete precipitation of

inhibitor was standardized. The protease inhibitor could be precipitated at 0­

90% (w/v) saturation of ammonium sulphate. However, the fraction,

obtained with 60-90% (w/v) saturation was found to be efficient for

precipitating the protease inhibitor compared to other fractions. The

complete precipitation was done using ammonium sulphate concentration of

30-90% (w/v) saturation and the precipitated fractions were used for further

studies. The fold of purification of protease inhibitor obtained for

ammonium sulphate precipitation, ion exchange chromatography and

polyacrylamide gel electrophoresis were 1.5,2.5 and 41.4 respectively.
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Table 4.4 Yield and fold of purification

.---
Volume Total Inhibitor Specific Yield of Yield of Fold of

Sample (ml) protein activity inhibitor protein activity purification
(mg) (%) activity (%) (%)

(%/mg)-
erude 100 710 9400 13.2 100 100 1

elU'8ct

Amm°niwn
IU1phate 36 126 2520 20 17.7 26.8 1.5

taction
~(30-90%)

Joo
exchange 56 116 3808 32.8 16.3 40.5 2.5
chromato-
graphy

I (DEAE)

PAGE 0.5 0.095 52 547.4 0.013 0.6 41.4

4.3.1 Ion exchange chromatography

The dialysate obtained after ammonium sulphate concentration

(30·90% fraction) was further subjected to ion exchange chromatography

using DEAE Cellulose. The binding pH of the protein to the DEAE

Cellulose was standardized. The binding affinity of the protein was

maximumin the acidic pH. Results presented in Fig 4.3 evidence that bound

protease inhibitor eluted from the DEAE Cellulose column, equilibrated

with citrate buffer of pH 3.0 had maximum protease inhibitory activity,

compared to other pH buffers.
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The elution profile of protease inhibitor is depicted in Fig 4.4. A single

protein peak demonstrating maximum inhibitory activity towards trypsin

was eluted at 0.2M NaCI in citrate buffer of pH 3.0. This purification step

resulted in the increase in purification fold up to 2.5 with a specific

inhibitory activity of 32.8 mg protein.
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4.4 CHARACTERI ZATION OF PROTEASE INHIBITOR

4.4.1 Native polyacrylamide gel electrophoresis

The purified inhibitor obtained after ion exchange chromatography

was analysed through native ployacrylamide gel electrophoresis. The

fraction with maximum protease inhibitory act ivity was visualized as a

single protein band confirming their purity and homogeneity (Fig 4.5). The

single protein eluted from the gel showed a protease inhibitory act ivity of 52 %.

1 2 3

45 kD. Lane 1 Marker
Lane 2 Crude Extract
Lane 3 Purified Protease Inhibitor

Fig 4.5 Native PAGE analysis of Protease Inhibitor

4.4.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis

(SOS·PAGE)

The gel pattern of the purified inhibitor fraction when subjected to

SOS-PAGE under reducing and non-reducing conditions is presented in the

Fig 4.6. A single polypeptide band with a molecular weight of23.600 Da in



non-reductive SDS-PAGE (Fig 4.6.A) testifies the purity of the fraction.

Whereas, under reducing conditions, in the presence of p_mercaptoethano~

in addition to the protein band with 22,000 Da, another protein band with

low molecular weight (14.000 Da) also appeared (Fig 4.6 B). The two hands

obtained under reducing conditions were eluted out from the gel and

evaluated for their protease inhibitory activity by reverse zymography. The

results suggest that the two peptide bands after reduct ion possessed protease

inhibitory activity.

Non-Reductlve Redu ctive

97kDa 97 kD.a
66kD. 66 kOl

45kDI
45 kOl

30 kVa
30 kV.a--2t.4 kDa

21.4 kVI

14.2 kDI

14.2 kDI

2 2

A B

1. Marker
2. Purified Sample

Fig 4.6 SDS PAGE analysis of purified sample
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4,4.3 Analysis of protease inhibitor by Dot-Blot method

Protease inhibitory activity of the pur ified protein was checked on

X- ray film by Dot-Blot method, where the purified protease inhibitor was

able to block the gelatin hydrolysis caused by trypsin. to a greater extent.

The presence of inhibitor was confirmed by comparing the clearing zone

formed due to gelatin hydrolysis. While a clear zone was formed due to

gelatin hydrolysis by trypsin, there was a reduction in clearing by the trypsin

incubated with protease inhibitor (Fig 4.7).

1 2

1. Trypsin with protease inhibitor
2. Trypsin alone

Fig 4.7 Dot-Blot analysis of Protease Inhibitor

4.4.4 Reverse zymograpby

The protease inhibitory act rvrty of the purified protein was

confirmed by reverse zymogram analysis. which clearly indicated protease

inhibitory activity of the pur ified protein band separated by polyacrylamide

gel electrophoresis (Fig 4.8).



Purified Protease Inbibitor

Fig 4.8 Revers e zymography of Purified Inhibitor from
Moringa oletfera

4.4.5 Molecular weight determination of protease inhibitor by gel

filtration chromatography using Sephadex G75

The molecular weight of the protease inhibitor was determined by

gel filtration chromatography on Sephadex G75. The elut ion profile of

protease inhibitor on Sephadex G75 column presented in the Fig 4.9.

testifies a single major peak with maximum protease inhibitory activity. The

molecular weight of the protein was calculated from the standard graph

plotted for K...vversus log molecular weight of the standard proteins . From

the Kavvalue, the molecular weight of the purifi ed protein was found to be

29,000 Da.
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4.4.6 Amino acid analysis

Amino acid content of the purified protease inhibitor is presented in

Table 4.5. The highest amount of amino acid represented in the protein was

glYcine (27.29%/g sample) and the lowest one was lysine (O.22%/g sample).



Table 4.5 Amino acid composition of Moringa oleifera
protease inhibitor

Amino acid (% g Amino acid)/g
Inhibitor

Glycine 27.29

Glutamic acid 12.53

Alanine 11.19

Proline 10.74

Aspartic acid 8.95

Valine 5.15

Serine 4.25

Leucine 4.25

Arginine - 4.02

Threonine 3.36

Isoleucine 3.13

Phenyl alanine 2.23

Histidine 1.79

Methionine 0.89

Lycine 0.22

4.4.7 Determination of optimal pH for protease inhibitor activity

The activity profile of protease inhibitor at different pH is depicted

in Fig 4.10. From the results it is inferred that, the protease inhibitor was

active over a wide range of pH 6.0-10.0 and the maximal activity was

obtained at pH 7.0 (68% protease inhibition). The inhibitor lost its activity

at highly acidic and highly alkaline pH conditions-
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Fig 4.10 Activity profile of the Protease Inhibitor at different pH

4.4.8 Determination of stability of protease inhibitor at different pH

Stability studies conducted for a period of 24 hours in different

buffer systems showed that the protease inhibitor had stability over a wide

range of pH. From the result presented in Fig 4.11, it was observed that the

protease inhibitor retained its activity over a pH range of 5.0-10.0, and the

maximal inhibitory activity was obtained at pH 10.0 (67% protease

inhibition). In the acidic pH 3.0 and alkaline pH 11.0, the inhibitory activity

sharply declined recording 16 and 37% inhibition compared to the

inhibitory activity at pH 10.0. It was also observed that the protease

inhibitory activity was stable for 24 hours in the pH range of5.0 -10.0.
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Fig 4.11 The stability of Protease Inhibitor at different pH

4.4.9 Optimal temperature for protease inhibitor activity

Results presented in Fig 4.12 suggest that the protease inhibitor is

most active only up to 50° C with a maximal protease inhibitory activity of

83% protease inhibition in the range of 30°C - 40°C. The protease inhibitory

activity declined at temperatures above 50°C, and the protein was totally

inactive at 70°C (10.2 % protease inhibition).
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4.4.10 Stability of protease inhibitor at different temperatures

The thermo stability profile of protease inhibitor presented in Fig.

4.13 evidence the temperature stability of protease inhibitor from Moringa

o/eifera. The purified inhibitor is moderately heat stable, as observed by the

decrease in activity after preincubation at temperatures above 500 e. It

showed stability for two hours at 30°C & 40°C with 54 & 53% protease

inhibitory activity respectively. At 500 e the inhibitor retained only 46%

inhibitory activity up to 2 hours. At temperatures above 500 e the protease

inhibitor was inactive with a decline in inhibitory activity and was stable

only for 30 minutes. This moderately heat stable nature of protease inhibitor

indicates scope of its application in various industries.
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Fig 4.13 Temperature stability of Protease Inhibitor
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4.4.11 Effect of stabilizers on thermal stability of protease inhibitor

Effect ofadditives as stabilizers on protease inhibitor against thermal

inactivation was studied at 60 and 50°C at which the inhibitor was found to

lose its activity. The results presented in Fig 4.14 showed that calcium

chloride (1OmM) effected complete protection for the protease inhibitor

with 73% protease inhibitory activity upto four hours at 50°C. However it

offered only 45% protease inhibitory activity at 60°C. BSA (l%) conferred

complete stability with a 70% protease inhibition at 50°C. The addition of

BSA (1%) to the protease inhibitor at 60°C enhanced the activity to 50%

inhibition. The two polyols, glycerol and sorbitol, at a concentration of 10%,

effected 31 & 36% activity, and urea and starch did not have any profound

effect on thermal stability of protease inhibitor. Stabilizers like PEG 6000,

casein, and cysteine hydrochloride supported partial stability to the protease

inhibitor at 50 and 60°C. Sucrose, urea, starch and sorbitol did not enhance

the thermal stability at 60°C.

In general, all the stabilizers promoted thermal stability and

inhibitory activity compared to control at 50°C. Maximal stability was

promoted by calcium chloride followed by BSA and sucrose. Whereas, at

60°C, BSA followed by calcium chloride, casein, cysteine hydrochloride

and glycine alone supported stability compared to control. Sucrose and

starch, which supported stability at 50°C, did not promote stability at 60°C.
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Compa r ison at SO & 60°C
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4.4.12 Effect of variou s meta l ions on protease inhibitor activity

The activity profile of protease inhibitor in the presence of different

monovalant and divalent metal ions was determined by incubating with

different concentrations of metal ions. The results presented in Fig 4.15

illustrates that zinc sulphate which supplies divalent Zn2.. ions at a

concentration of 1m.\ 1, enhanced the protease inhibitory activity up to 31%

showing a residual inhibitory activity of 13J% when compared to control.

Whereas. lOmM mercuric chloride, which supplies Hg2
'" ions enhanced
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protease inhibitory activity to 164% residual protease inhibitory activity.

ea2+ and M g2
+ at 10m.\1 concentration enhanced the protease inhibitory

• 2+ 2+ N-' · Cd' · M ,.activity only up to a marginal level, Presence ofNa • Ba • I • 0

and Ae+ did not support protease inhibitory activity when compared to

control and instead had a negative effect.
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Fig 4.15 Effect of Metal Ion s on Protease Inhibitory A cti v ity

4.4.13 Meta l chelati on of protease inhibitor using EDTA

The presence of divalent cations in protease inhibitor was confirmed

by ICP·AES analysis (Table 4.4.). The atomic emission spectrum showed

the presence Ca2+. l n2
+ and Mg2

+ in the protease inhibitor. Protease

inhibitor prepared in distilled wat er contained calcium, magnesium and zinc

at 5.65, 0.52 1.85 ppm respectively. Protease inhibitor dialysed against
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deionised water contained calcium, magnesium and zinc at 4.26, 0.31 and

0.33 ppm. Protease inhibitor dialysed against EDTA contained 0.16 and

0.05 ppm calcium and magnesium respectively and the concentration ofzinc

ion was not detectable in the sample. Results presented in Fig 4.16 indicated

that metal chelation led to a 53% loss in the protease inhibitory activity.

Table 4.4 Mineral ion concentration of protease inhibitor

Sample Concentration in
(ppm)

Ca Mg Zn
Demetallized Protease inhibitor 0.16 0.05 ND

Protease inhibitor in Distilled water 5.65 0.52 1.85

Protease inhibitor in Deionised Water 4.26 0.31 0.33
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Fig 4.16 Effect of Demetalli;r.ation on Protease Inhibitor



The results depicted in Fig 4.17 show the effect of the additional

supplementation of Ca2
" , Mg2" and 2 n2'" on the demetallized protease

inhibitor in its protease inhibitory activity. The addition of 2n2
+ & Mg 2+ at

a concentration of 1Om.\1 enhanced the protease inhibitory activity to 27 &

46% respectively with a residual inhibitory activity of 126 &146%

respectively than that of control. The Ca2
+ ion at a concentration of 1Om.~

also enhanced the protease inhibitory act ivity to a marginal increase at

IOm.M concentrat ion.
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Fig 4.17 Effect of addition al supp lementation of metal ions to th e
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4.4.14 Effect of various detergents on protease inbibitory activi ty

The result presented in Fig 4.18 concludes that all the ionic and non­

ionic detergents except SDS have negative effects on the protease inhibitory

activity. In the presence of SDS. the residual activity of the protease

inhibitor is 162% and protease inhibitory activity was enhanced to 62%

compared to control Triton X 100, Tween 80 and Tween 20 have an

inhibitor)' activity on protease inhibitor with a SOOIo loss in activity

compared to the activity of control. Brij 20 had completely inactivated the

inhibitor with 67% loss in inhibitory activity.
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Fig 4.18 Eff~1 of Delergents on P rotea s e Inh ibitory Activity
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4.4.15 Effect of oxidizing agents on protease inhibitory activity

The results presented in Fig 4.19 indicated that the protease

inhibitory activity decreased along with increase in the concentration of

oxidizing agents. At 1% of DMSO, the residual inhibitory activity was

decreased to 28% and at 5% it reached to residual inhibitory activity of

12%. The residual inhibitory activity ofprotease inhibitor in the presence of

1% H202 is 52% and decreased on increasing the concentration ofH202. At

5% H202 it retained only 32% of protease inhibitory activity compared to

control. Thus oxidizing agents inactivated the protease inhibitor from

Moringa oleifera.
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Fig 4.19 Effect of oxidizing agents on Protease inhibitory Activity
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4.4.16 Effect of reducing agents on protease inhibitory activity

The result presented in Fig 4.20 testifies that the reducing agents

have positive effects on the protease inhibitory activity. The residual

inhibitory activity of the protease inhibitor increased along with increase in

the concentrations of reducing agents. Thus Dithiothreitol and

~-mercaptoethanol, up to a concentration of 1%, enhanced protease

inhibitory activity to 49 and 41% respectively.
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Fig 4.20 Effect of Reducing agents on Protease Inhibitory Activity
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4.4.17 Chemical modifications of amino acids in protease inhibitor

Five different amino acids were individually modified using specific

chemical modifiers and the effect of amino acid modifications on protease

inhibitory activity was determined and the results are presented in Table 4.6

and Fig 4.21. Among the five chemical modifiers, 't\TJ3S and PMSF followed

by DEPC alone influenced positively by enhancing the residual inhibitory

activity compared to others. Modification of tryptophan residue by

N-bromosuccinamide resulted in the activation of protease inhibitory

activity to a greater extent. Increase in concentration of PMSF resulted in

the enhancement of protease inhibitory activity with a residual inhibitory

activityof 280% at 25mM compared to control. Modification of cysteine by

N-ethylmaleimide led to marginal enhancement in the protease inhibitory

activity (10% enhancement at higher concentration (25mM)). Increased

concentration of DEPC resulted in an increase in the protease inhibitory

activity, At concentration of DEPC above lOmM there was an enhancement

of protease inhibitory activity up to a level of 50% compared to control. In

contrast, lysine modification by succinic anhydride resulted in the loss of

protease inhibitory activity at increasing concentrations. The protease

inhibitory activity of lysine modified inhibitor was only 9% with a residual

inhibitory activity of 91% compared to control. On increase in the

concentrations of succinic anhydride, there was a gradual decline in protease

inhibitory activity, and at higher concentration the protease inhibitor was

totally inactive.
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Fig 4.21 Effect of Chemical modifiers on the activity of Protease Inhibitor

Infra red spectrum of native and modified protease inhibitor were

analyzed to know whether the enhancement in protease inhibitory activity

was due to the structural changes in the protein (Fig 4.22). The results

illustrate a change in spectrum of modified protease inhibitor due to the

change in the carbon- hydrogen bond present in the functional group present.

in the reactive site of the inhibitor.
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Table 4.6 Effect of chemical modification on the activity of protease
inhibitor

,....

Chemical Modifier Amino acid Concentration Effect on
modified mM protease

inhibition
5 No Effect
10 No Effect

N-Ethyl maleimide Cysteine 15 No Effect
20 +
25 +
5 -
10 -

Succinic anhydride Lysine 15 -
20 -
25 -
5 +
10 +

N- Bromosuccinamide Tryptophan 15 +
20 +
25 +
5 No Effect
10 +

Diethylpyrocarbonate Histidine 15 +
20 +
25 +
5 +
10 +

Phenyl methyl sulphonyl Serine ]5 +
fluoride 20 +

'-- 25 +
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Fig 4.22 (A, B & C) FT-IR Spectrum of native Protease Inhibitor, tryptophan
modified Protease Inhibitor and serine modified Protease Inhibitor

(A)

100

IlO

110

eo

i 50

1 40
~

JO

20

10

0

.10

0000 3500 JOOO 2500 2000
W..-..mt>e~ (an-1)

1500 1000 soo



,DO

(B)

30

10

e

(C)

10

.0

o



4.4.18 Effect of acid treatment on protease inhibitor

Impact of acid treatment, up to 0.02 M HCl, on protease inhibitor did

not significantly reduce the inhibitory activity (Fig 4.23). There was a

gradual decrease in the activity of protease inhibitor along with increase in

the concentration of HCl, and the inhibitor showed a residual inhibitory

activity of 68% at O.lM Hel.
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Fig 4.23 Effect of Increasing concentrations of Hel on the activity of
Protease Inhibitor



4.4.19 Effect of protease treatment on protease inhibitor

The pretreatment of inhibitor with different concentrations of

protease significantly reduced the protease inhibitory activity (Fig 4.24).

The result suggests that the residual protease inhibitory activity decreased to

25% on pretreatment with 1% trypsin. It was observed that increase in

concentration of trypsin resulted in gradual decline in residual inhibitory

activity.
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Fig 4.24 Effect of protease treatment on Protease lnh ibitory Activity
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4.4.20 Stoichiometry of protease-protease inhibitor interaction

The data obtained for the studies conducted on protease-protease

inhibitor interaction is depicted in Fig.4.25. Extrapolation to zero protease

activity corresponds to 1.5 nM of inhibitor. It is predicted that the

stoichiometry of trypsin-protease inhibitor interaction is 1:1.5 and 35.4 J.tg

of protease inhibitor is necessary to completely inactivate 23.8 ug oftrypsin.

The amount of inhibitor needed for 50% inhibition (ICso) of trypsin

calculated from the graph was found to be 0.6nM.
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Fig 4.25 Stoichiometry of Protease-Protease Inhibitor Interaction
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4.4.21 Kinetic studies of inhibition of trypsin by protease inhibitor

Kinetics of inhibition oftrypsin by protease inhibitor revealed that it

has a reversible mechanism of action. The same fixed concentration (1.0

nM) of trypsin, preincubated with enzyme buffer alone and different

concentrations of inhibitor (4, 6 and 8 nM), yielded different slopes for plots

I/v versus l/[S] for nine different [S] values (Fig 4.26). Inhibition of

substrate hydrolysis occured at very low concentration of protease inhibitor

and the K, was calculated by plotting a Line Weaver-Burk plot, which was

found to be 1.5 nM under the assay conditions. The low K, value implies

that it is a powerful inhibitor of serine proteases.

10.,----------------------,

8

[SJ

1.5

____ Trypsin

--0- PI (4nM)
-.- PI (6nM)
--sv--' I (8nM)

2.0 25

Fig 4.26 Michaelis-Menten plot showing the effect of Protease Inhibitor on trypsin
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4.5 APPLICATION STUDIES

".5.1 Specifleiry with different pharmaceuticalty important prcteases

The inhibitory activity assessed with different pharmaceutically
important proteases revealed that it is highly specific towards serine

proteases like chymotrypsin, elastase and thrombin. The inhibitor also has

affinity towards cysteine proteases like papain and Cathepsin B (Fig 4.27).

Protease inhibitor showed stronger inhibition towards elastase and thrombin

with 92 & 93 % inhibition respectively. It has higher percentage of

inhibition towards Cathepsin B (79%) than towards papain (54%). There

was no significant inhibition forMortnga oleifera protease inhibitor towards

collagenase.

120 .,------- - - --------,

rzZZI l:Ylib!:cry Activity

il.-
0 .1--

Prolease s
Fig 4.27 Inhibitory act;vrty of Moringa oleifera Prctease Inhibitor towardS
pharmaceutically important proteases
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4.5.2 Activity spect rum of protease inhibitor towards commercially

important proteases

Results presented in Fig 4.28 evidence the activity spectrum of

protease inhibito r towards different commercia lly availab le industria lly

important proteases. The protease inhib itor has 100% inhibition towards the

proteases isola ted from Bacillus sp.• Bacillus Iichenifonnis and Aspergillus

oryza. It showed 76% inhibition towards the protease iso lated from

Engl'(ldonlillnl a/hum. Affinity of inhib itor towards subti lisin. esperase,

pronase E and proteinase K is neg lig ible compared to other prctcases. T he

inhibitory activ ity of Moringa oteitera protease inhib itor towards subtilis in

was 3.7% co mpa red to other neutral proteases . From the resu lts it is inferred

that the protease inhibitor iso lated fro m Moringa otefero has more affinity

cowards neutra l protcases .
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Fig 4.28 Ac tivity spec tra of Protease Inhibitor with different indusbially impo rtant Prcteases



B) Treated Peneaus nlOnOllon

4.5.3 Protease inhibitor as seafood preservative

The activity of protea se inhibitor towards seafood preservation was

evaluated by treat ing the shrimp. Poneans monodon with protease inhibitor

and incubating at different storage temperatures. It was found that protease

inhibitor influenced the total viable microbial flor a present on the Peneaus

monodon. The result showed that there is a reduction in microbial

population in the sample treated with protease inhibitor compared 10 the

untreated sample (Fig 4.29).

(A) Untreated Peneaus monodon

Fig 4.29 Compa rison of the microbial flora of the Protease Inhibitor

treated and untreated Peneaus monodon

The protein degradation of both contro l and test samples. were

mon itored by est imating the total prote in concentration of each sample.

From the result obta ined. it is clear that. there is a 4 1% reduction in protein

degradation of the untreated sample compared to control at room

temperature after ~ hours of incubation (Table 4.6). But at 4°(" & · 20°C

there was 110 considerable decrease in protein content compared to initial



untreated sample. Whereas. in protease inhibitor treated sample there was no

loss in protein content and there was no detectable protein degradation at

each storage temperature studied compared to control. They remain

unchanged after incubation in each condition. The protein content of both

treated and untreated sample are illustrated in Fig 4.30.

Tab le 4.6 Effect of protease inbibitor OD th e protein degradation of
Peneaus monodon

Protein conten t (mg/ml)
Sa mple Initial 28± 2'C 4'C _20°C

Obr a fter 8brs afte r 24hn after 168bn
Untreated

Peneaus monodon 24.00 17.00 22.00 22.56
peeled and undeveined

Treated
Peneaus monodon 25.28 24.56 24 .50 25.09

peeled and undeveined

30

ee

"€
20

r 15c

~
c,

10

S

0

Storage Temperature

Fig 4.30 Effect of Protease Inhibitor on the Protein degradat ion
of Peneaus monodon
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DISCUSSION

5.1 SCREENING OF PLANTS FOR PROTEASE INHIBITOR

Most of the natural protease inhibitors are proteinaceous in nature

and are located mainly in seeds, leaves and tubers, which act as specific

defense and regulatory proteins. Many reports are available on the isolation,

purification and characterization of protease inhibitor from seeds of legume

plants (Ryan, 1990). Hence, few plants belonging to different families of

Leguminosae, Malvaceae, Rutaceae, Graminae and Moringaceae were

screened for protease inhibitor. The screening revealed that most of the

plants belonging to Leguminosae store molecules that have highest

inhibitoryproperty towards trypsin.

In the present study, potential source for protease inhibitor was

selected based on the activity of the protease inhibitor. The plants with more

than 60% protease inhibitory activity were further screened after partial

purification of the molecules using ammonium sulphate precipitation in

order to select the potential proteinaceous protease inhibitor. Among the

five plants selected, Moringa oleifera, belonging to the family Moringaceae

of 16 species, was selected as the potential source for protease inhibitor

since those samples recorded high level of protease inhibitory activity after

ammonium sulphate fractionation. Although Moringa oleifera is known for

Containing several low molecular weight bioactive constituents with
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pharmaceutical and industrial applications (Kalogo et al., 2000), the

presence of any protein inhibitors in the Moringaceae family is not reported

so far.

Moringa oleifera is a panotropical multipurpose tree with high

biomass yield and can tolerate unfavorable environmental conditions (Foidl

et al., 2001). Since it can withstand many environmental unfavorable

conditions, the presence of some important molecules like enzymes and

enzyme inhibitors are involved in the physiology and biochemistry of the

plant. Among them, protease inhibitors have a major role in regulation of

plant metabolic processes. In plants the presence of protease inhibitors are

mainly considered as storage proteins and as defense tools (Azzouz et al.,

2005). Results obtained in the present investigation indicate that Moringa

oleifera is a potential source for protease inhibitor since it recorded 76%

protease inhibitory activity. The production of these molecules will depend

on many factors. Mainly it is a regulatory and storage protein for the plant.

In some cases, the distribution and accumulation of these proteins may vary

upon wounding or due to some insect or pest attack (Ryan, 1990). On

evaluation of the distribution of protease inhibitor in different plant tissues

of the mature Moringa oleifera plant, it was observed that the mature leaves

had maximum percent of protease inhibition with maximum specific

inhibitory activity followed by the seeds. Further, the distribution of

inhibitor in flowers, roots and bark were negligible when compared to the

leaves and seeds. Since leaves are the major tissues attacked by pest and

pathogens, the accumulation of this protease inhibitor is maximum in

leaves, compared to other parts, indicating a tissue specific expression of

these proteins. In winged bean plant, western blot analysis of the expression



of the protease inhibitor in different tissues suggested that the expression of

the protease inhibitor is tissue specific and species specific (Datta et al.,

2001). Hence, it may be presumed that leaves and seeds ofMoringa oleifera

are the rich source of protease inhibitor, which is mostly directed towards

serine proteases such as trypsin and chymotrypsin.

The extraction medium has a major role in the complete extraction

of the protein from any desired source. Hence different solvents were used

for extracting proteinaceous protease inhibitors from the leaves. Phosphate

buffer was selected as the potent extraction medium for maximal extraction

of protease inhibitor from the leaves without any loss in activity. The

protein concentration and the protease inhibitory activity were highest in the

extract prepared with phosphate buffer. Phosphate buffer facilitated the

complete release of proteins from the leaves into the solvent with maximum

inhibitory activity. The protease inhibitory activity in the extracts prepared

with sodium hydroxide and sodium chloride was very less compared to the

other extracts prepared in phosphate buffer, distilled water and sodium

chloride. Infact O.lM phosphate buffer of pH 7.6 was reported to be a good

extractant for the maximal extraction of proteins from Cajanus cajan seeds

with high amount of trypsin inhibitory activity and protein concentration

(Pichare and Kachole, 1996).

5.2 PURIFICATION AND CHARACTERIZATION OF

PROTEASE INHIBITOR

Protease inhibitor, isolated from Moringa oleifera was purified by

ammonium sulfate precipitation followed by ion exchange chromatography,

and preparative polyacrylamide gel electrophoresis. Ion exchange



ChapterS

chromatography yielded a single fraction with maximum protease inhibitory

activity, which was further analyzed by polyacrylamide gel electrophoresis

to check its purity and homogeneity. A 2.5 fold purification with a 16.3%

protein recovery obtained after ion exchange chromatography, was

enhanced up to 41.4 fold with a protein recovery of 0.013% after preparative

PAGE. It is clear that an increase in fold and recovery of protein yield can

be obtained by repetitive purifications using combinations of many

advanced purification methods.

Purification of protease inhibitor isolated from Indian tasar silk

worm, Antheraea mylitta by ammonium sulphate fractionation showed a

1.56 fold purification. After ion exchange chromatography the fold of

protein purification was increased up to 49.9 and increased to 200 fold by

FPLC (Isel et al., 2004; Shrivastava and Ghosh, 2003). This suggests that

the fold and recovery of protein can be increased by using different

advanced combination of purification methods.

The purity and homogeneity of the single fraction with maximum

inhibitory activity obtained after ion exchange chromatography were

analyzed by SDS-PAGE. The results of SDS-PAGE analysis undoubtedly

evidenced the homogeneity of protease inhibitor. An apparent molecular

weight of 23.6 kDa was obtained in SDS-PAGE under non-reducing

conditions. But under reducing conditions, in the presence of ~­

mercaptoethanol the protein was visualized as two-polypeptide band, one

having molecular weight of 22 kDa and another protein with low molecular

weight of 14 kDa. This result indicates that Moringa oleifera protease

inhibitor is probably composed of two polypeptide chains linked by one or
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more disulphide bonds. This type of two chain structure have been reported

previously for a 20 kDa Kunitz type protease inhibitor found in seeds of

Adenanthera pavonia, Acacia elata, Albizia julibrissin and Prosopsis

julijlora (Andrea et aI., 2001; Korrt and Jermyn, 1981; Richardson, 1991).

The protease inhibitory activity of each band was confirmed by reverse

zymography method on gelatin-incorporated polyacrylamide gel and by

Dot-Blot assay method. The results obtained evidence that both the peptide

bands inhibited gelatin hydrolysis to a greater extent. When the two peptide

bands obtained after SDS-PAGE under reducing conditions were eluted out

and rechecked for the protease inhibitory property of each band, it was

observed that the protein band with a molecular weight of 22 kDa had the

maximal protease inhibitory activity compared to the low molecular weight

protein band. It is hence inferred that the larger protein is the major subunit

responsible for the protease inhibitory activity.

The molecular mass obtained by gel filtration chromatography was

approximately 29 kDa, which was in agreement to the molecular mass

estimated by SDS-PAGE analysis. The molecular mass and the disulphide

content ofthe polypeptide indicated that Moringa oleifera protease inhibitor

has high homology with Kunitz type of inhibitors. It was reported earlier

that the molecular mass of Kunitz type inhibitors are in the range of

18-26 kDa and are mostly monomeric or dimeric members, in which

subunits are linked by a disulphide bridge (Ligia et aI., 2003; Richardson,

1991). They are proteins with 170-190 amino acids, which usually contain

four cysteine residues that form two disulphide bridges. Hence it is

concluded that the protease inhibitor isolated from Moringa oleifera is a



small protein with a molecular weight of 23.6 kDa and belongs to the

Kunitz type of serine protease inhibitor family.

Most of these inhibitors are small molecules with relative molecular

masses ranging from 5-25 kDa, with compact structures and many cases

with a high content of disulphide bridges, characteristics that might

contribute to their high thermal stability (Singh and Rao, 2002). According

to Mcmanus et aI., (1994) a protease inhibitor isolated from potato tuber

(PI-2) is a dimeric protein with two subunits that differ in size as determined

by SDS-PAGE (15 kDa for larger subunit and 6 kDa for smaller subunit)

belongs to Kunitz family of serine protease inhibitor. The molecular mass of

Peltophorum dubium trypsin inhibitor (PDTI) by gel filtration and SDS­

PAGE was - 20 kDa, which agreed with the amino acid composition of 185

residues, including four cysteine residues. The molecular mass, low

disulphide content and N-tenninal sequence indicated that PDTI is a Kunitz

type inhibitor that shared high homology with soybean trypsin inhibitor and

Kunitz inhibitors from the seeds of Mung bean, and Brazilian Carolina tree

(Richardson, 1991). So based on the molecular nature of the novel protease

inhibitor from Moringa oleifera, it is inferred that it could be placed under

the family of Kunitz type in serine protease inhibitor class.

The protease inhibitor from Moringa oleifera has an optimum pH at

7.0 for its maximal activity, was active in the pH range of6.0-1O.0, and was

totally inactive in the extreme acidic and basic pH. The extreme pH

conditions could have totally altered the structure of the inhibitor making

them completely inactive to bind with the enzymes or with their substrates.

Under strong acidic or alkaline conditions, the proteinaceous inhibitors get



denatured and as a consequence they loose their activity partially or

completely. In general, all the protease inhibitors isolated from plants have a

wide pH range of2.0-1O.0. Many enzyme inhibitors in seeds are present in

multiple molecular forms, which may differ considerably in their pI values.

Most inhibitors in the Kunitz family are acidic and some are very sensitive

to acidic pH and stable in the alkaline pH (Mello et al., 2002).

The intra molecular disulphide bridges are presumably responsible

for the functional stability of Kunitz type protease inhibitors in the presence

of physical and chemical denaturants such as temperature, pH and reducing

agents (Kridric et al., 2002). The data obtained for the pH stability studies of

the protease inhibitor from Moringa oleifera evidence that the protease

inhibitor was stable over a wide range of pH from 5.0-10.0. However, the

activity got decreased at extreme pH conditions of acidic and basic. The

stability of protease inhibitor in a wide range of pH signifies its use as

biopesticides, which can withstand highly alkaline conditions of insects' gut

flora. Insects that feed on plant material possess alkaline guts and depend

predominantly on serine proteases for digestion of food material. The

majority of the protease inhibitors exhibiting anti-feedent properties

reported so far are active against the neutral serine proteases such as trypsin

and chymotrypsin (Ryan, 1990).

The conformational changes accompanying thermal denaturation

under neutral, acidic and reducing conditions of Cajanus cajan proteinase

inhibitor were investigated using near and far ultraviolet circular dichroism

(CD) spectroscopy. The protein inhibitor shows a reversible N<-->D

transition at neutral pH with a Tm approximately equal to 63°C. The effect
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is more pronounced at low pH and in the presence of dithiothreitol. Only

partial reversibility is observed under acidic conditions. Significant changes

in the near as well as far-ultraviolet CD spectrum are observed in the

presence of dithiothreitol suggestive of the importance of disulphide

linkages in maintaining the structure of Cajanus cajan proteinase inhibitor

(Haq and Khan, 2005).

Highest optimal temperature recorded for maximal activity of

protease inhibitor isolated from Moringa oleifera was in the range of 30­

40°C. Most of the inhibitors of Kunitz family plant protease inhibitors are

active at temperatures up to 50ne (Hamato et al., 1995). However, the

protease inhibitory activity declined at temperatures above sooe and the

protease inhibitor was totally inactive a(80°C. Whereas it was active at 10°

and 20°C. The activity increased along with increase in the temperature and

was maximum at 40°C.

Thermal inactivation of protease inhibitor at different temperatures

resulted in a progressive loss of activity at temperatures above 40°C. The

inhibitor is moderately stable up to two hours at 300 e and 40°C with 50 %

protease inhibitory activity. These observations indicate that the protease

inhibitor has high intrinsic stability in its native state, which gives a high

degree of thermal stability. This property of protease inhibitor is typical of

all trypsin inhibitor family. Soybean trypsin inhibitor, purified by gel

permeation chromatography, had much thermal stability and the presence of

a protein substance accelerated the thermal inactivation of the inhibitor

(Ellenreider et aI., 1980). The high thermal and pH stability of protease

inhibitor testifies its applications in various industries. The thermal
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inactivation was due to folding and unfolding of proteins due to heat,

resulting from the disturbance of covalent and non-covalent interactions

(lames and Shawn, 1998). The Schizolobium parahyba chymotrypsin

inhibitor, a Kunitz type inhibitor, lost its activity to 40% at 70°C after one

hour of incubation and the thermal inactivation was due to the partial

unfolding of protein structure, which resulted in a disturbance in covalent

and non-covalent interactions (Souza et al., 1995). The thermal stability of

the Schizolobium parahvba chymotrypsin inhibitor as a function of pI I has

been investigated by fluorescence and CD spcctroscopy and the stud ies

suggested its high thermal stability in a wide range of pH. The low histidine

content (-1.7°1c)) and the high acidic residue content (-22.5%) of the

inhibitor suggested a flat pH dependence of thermal stability in the region

2.0-8.8 and that the decrease in thermal stability at low pH can be due to the

differences in pK values of the aeidic groups (Telcs et al., 2005). A number

of protease inhibitor from plants has been reported to have high optimal

temperatures up to 70°C and arc stable at temperatures in the range of 50­

700 e (Huang et aI., 1981).

Enhancement of thermal stability IS desirable for most of the

biotechnological applications of proteins. Naturally occurring osrnolytes

such as amino acids, polyols and salts are known to protect proteins against

thermal inactivation by stabilizing the therma lIy unfo Idcd proteins (Yancy et

al., 1982). Thermal stability increases the efficiency of proteins and is one

of the essential features for their commercial exploitation (.Jui et al., 2002).

Effect of stabilizers on the thermal stability of protease inhibitor was studied

. by the addition of different stabilizers and incubating the inhibitor at 50 &

6QoC where it lost its activity. Among the stabilizers tested almost all of the
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stabilizers gave stability at 50°C and promoted the inhibitory activity

compared to the control. Maximal stability was provided by calcium

chloride (73%) followed by BSA (70%). At 60°C the stabilizers such as

sucrose and starch, which supported the stability at 50°C, did not promote

the inhibitory activity. BSA promoted protease inhibitory activity at 60°C

with maximal inhibitory activity than calcium chloride.

The role of electrostatic interactions also plays a major role in

thermal stability of protease inhibitors. Calcium chloride provided a

significant increase in the stability of protease inhibitors at higher

temperatures. Calcium ions stabilize the protein through specific and non­

specific binding sites, and may also allow for additional binding within the

protein molecule preventing the unfolding at higher temperatures. High

content of charged residucs present in the protease inhibitors may contribute

considerably towards maintaining stability by electrostatic interaction in

neutral pH (Souza et al., 1995). These interactions also play important roles

in maintaining the structural stability of enzymes of thennophiI ic organisms.

Hydrophobic protein interactions are intensified in the presence of sugars

and polyhydric alcohols. Glycerol and some carbohydrates stabilize intra

molecular interactions by preferential hydration of the polypeptide chain

(Timasheff and Arakawa, 1989). Protein stability is related to the increase of

hydrophobic forces inside these molecules (Yutani et al., 1980). Solvents

with a low dielectric constant strengthen the hydrophobic interactions

among non-polar residues (Gekko and Ito, 1990). In the presence of such

solvents, several proteins show a greater resistance to thermal denaturation

processes (Cordt et al., 1994; Geanfrcda and Scarfi, 1991).



The improvement ofthermal stability ofprotease inhibitor by protein

engineering might be a valuable tool for various industrial applications. The

use of protease inhibitor as thermal stabilizers for protease enzyme is a

novel tool developed in modern biotechnology industries. It is reported that

a protease inhibitor (API-1) isolated from actinomycete has improved the

thermal stability of protease enzyme used for detergent industries. The

fungus Conidiobolus macrosporous produced high yield of extracellular

alkaline protease that has potential biotechnological applications in both

detergent and leather industries. The alkaline protease was stable only up to

40°C and lost its activity on increasing the temperature. It was found that

the binding of API-l enhanced the stability of enzyme at 50°C up to one

hour (Jui et al., 2002). Thus thermal inactivation of detergent proteases can

be prevented by binding of protease inhibitor. Consequently there is a scope

for a novel strategy for stabilization of proteases through the formation of

reversible enzyme-inhibitor complexes.

Detergents are used extensively for solubilizing protein from lipid

membranes and other biological materials and for maintaining the solubility

of certain proteins in the solution. Protease inhibitors and detergents are

routinely used together in cell lysis buffers to inhibit unwanted proteolysis

and facilitate membrane protein solubilization in protein purification

procedures. Hence the effect of detergents on the actrvrty of protease

inhibitor from Moringa oleifera was also studied. From the results it is

inferred that all the detergents studied except SDS have inhibitory effect on

protease inhibitory activity. SDS enhanced 62% protease inhibitory activity

compared to control and hence it is concluded that SDS can act as stabilizer

for the protease inhibitor under unfavorable conditions like thermal

147



denaturation. The reduction in the protease inhibitory activity in the

presence of detergents may be attributed to the combined effect of factors

such as reduction in the hydrophobic interactions that play a crucial role in

holding together the protein tertiary structure and the direct interaction with

the protein molecule. The hydrophobic nature of SDS apparently caused

rearrangement of peptide backbone conformation leading to helix-formation

with more hydrophobic residues exposed and consequently available to

associate with the detergent (Bressollier et aI., ]999).

Earlier studies on the effect of SDS on soybean Kunitz inhibitor

showed that the protein was highly sensitive to this detergent, with respect

to its conformation (Jirgensons, 1973). Absence of characteristic features in

the far-ultraviolet region (190-250 run) representative of hydrogen bonded

a- helical or ~-structures in soybean Kunitz inhibitor leads to the conclusion

that the inhibitor is stabilized chiefly by hydrophobic interactions and the

major conformation in this protein is the loop and bend structure. CD

spectroscopic analysis of the Kunitz-type pigeon pea inhibitor has revealed

the absence of any a-helix and the CD spectrum is representative of the ~-II

class of polypeptides (Haq and Khan, 2003; Wu et aI., 1992). Upon binding

with their target proteases, most serpins form complexes that are stable to

denaturation in SDS. This stability indicates the presence of covalent bond

between enzyme and inhibitor.

From the studies reported, three distinct modes of interaction of

detergents with proteins has been proposed (Nozaki et al., 1974):

(a) association with specific binding sites of native proteins (b) cooperative

association between protein and a large number of detergent molecules



without major conformational change (c) cooperative association with

confonnational changes in the protein such that the native structure is

destroyed and replaced by an extended rod-like conformation with a

moderately high content of c helix, in which most of the hydrophobic

residues are presumably exposed for association with the detergent. Loss of

activity (function) without a concomitant loss or change in structure

suggests that certain key amino acids required for inhibiting enzyme activity

and the reactive site residues are affected.

Addition of metal ions such as Ca2+, Mg2+, Hg2+, Na2
+, Ba2+, Ne+,

Cd2
+, M06

+ and A13
+ on the activity of protease inhibitor from Moringa

oIeifera was studied. The results illustrate that addition ofdivalent ions such

as Zn2
+ at a concentration of 1mM enhanced the protease inhibitory activity

up to 31% and Hg2
+ at a concentration of 10mM enhanced up to 64% of

protease inhibitory activity compared to that of control. Ca2
+ and Mg2

+ at

higher concentration (1omM) enhanced the protease inhibitory activity only

to a marginal level. Metal ions have a major role in maintaining the

structural integrity of protease inhibitor. The side chain carboxylates of

glutamate and aspartate residues can participate in binding of divalent

cations to metalloproteins. The presence and role of metal ions in the

protease inhibitor was studied by chelating the protease inhibitor with

EDTA. The metal ion concentration of both native and demetallized protein

was estimated using inductively coupled atomic emission spectroscopy and

revealed the presence of Zn2
+, Ca2+ and Mg2

+ in the protease inhibitor. The

removal of these ions resulted in the loss of protease inhibitory activity.

There was a 53% loss in protease inhibitory activity compared to control.

Removal of Zn2
+ ion from Pearl millet cysteine protease inhibitor resulted in



the loss of protease inhibitory activity and antifungal activity (loshi et al.,

1998). Disruption in the secondary structure of the demetallized inhibitor

implied the role of Zn2
+ in maintaining the structural integrity of protein.

Demetallization results in the amino acid modifications and thus make the

inhibitor unable to bind with the active site of the enzyme. Thus the metal

ions are important in maintaining the biologically active conformation of

protease inhibitor to bind with enzyme or substrate to exhibit the anti

protease activity.

The removal of metal ions not only decreases the biological activity

of the proteins but also enhance the biological activity. Soybean Bowman

Birk inhibitor is a metalloprotein and removal of metal bound to BBI

enhances BBI inhibitory activity against matrix metalloproteases-I (MMP­

1). The potential metal binding capability of BBI as well as the ability of

BBI to inhibit the activation of Pro MMP-l will providenew insights into

the potential use of BBI in food products and the potential in vivo health

enhancing abilities of BBI in degenerative angiogenic diseases onset and/or

progression. The presence of Ca2+and Mg2
+ ions are detectable in native

BBI and the removal of these ions enhanced the protease inhibitory activity

of soybean Bowman Birk inhibitor (Jack et al., 2004).

Additional supplementation of Zn2+, Ca2
+ and Mg2+ ions to the

demetallized protein increased the protease inhibitory activity at higher

concentrations. The addition of Zn2
+and Mg2

+ enhanced the activity to 27 &

46% respectively. Ca2
-r at lOmM concentration enhanced the protease

inhibitory activity to a marginal level. This observation implies the presence

and role of metal ions in the activity of protease inhibitor from Moringa
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oleifera. The metal ions will bind to the protein in a reversible mechanism

and they retain their conformational stability for their biological activity.

Results obtained for the effect of various oxidizing agents on

protease inhibitor activity, showed that the protease inhibitory activity

decreased along with an increase in the concentration of oxidizing agents.

At I% dimethyl sulphoxide, the protease inhibitor lost 72% of inhibitory

activity and at 5% the residual inhibitory activity was only 12<Yo compared

to control. Whereas, in the presence of H202 the Moringa oleifera protease

inhibitor retained 52~~) at 1% H202 and 32% at 5%) H202 concentration. The

loss in activity was due to the oxidation of methionine residue present at the

reactive site of the inhibitor.

lt is reported that oxidation of methionine residues has been shown

to cause a decrease in the biological activity of the protein. Thus c-l

protease inhibitor, a serine protease inhibitor can be oxidized on two of its

eight methionine residues and oxidation of one 'Met-'5!<" located in the

reactive site causes an almost complete loss of inhibitory activity towards its

primary target elastase. It was proposed that methionine oxidation is a

general means for regulating the activity of proteins. Thus oxidation could

be a major factor for the regulation of protease inhibitory activity (Johnson

and Travis, 1979).

The effect of reducing agents on the activity of protease inhibitor

illustrates that the residual inhibitory activity increased along with increase

in concentrations ofreducing agents. The intra molecular disulphide bridges

are- presumably responsible for the functional stability of Kunitz type

protease inhibitor in the presence of reducing agents. Dithiothreitol at a
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concentration of 1mM had no effect on the activity or stability of

Peltophorum dubium protease inhibitor (Ligia et al., 2003). Erythrina ca.fJra

trypsin inhibitor, a Kunitz type trypsin inhibitor from Erythrina caffra

retained its inhibitory activity after reduction with dithiothreitol (Lchlc et

aI., 1996).

Acid treatment on protease inhibitor up to 0.02M Hel did not reduce

the inhibitory activity significantly. Whereas, increase in the concentration

of HCI led to a gradual decrease in protease inhibitory activity. The

pretreatment of protease inhibitor with digestive protease like trypsin

resulted in a gradual decrease in inhibitory activity on increasing the

concentration of trypsin. This suggests the sensitivity of protease inhibitor

isolated from Moringa oleifera towards higher concentrations of HCl and

digestive pro teases.

Results obtained for the effect of chemical modifiers on the activity

of protease inhibitor from Moringa oleifera testify that, modification of

amino acids, tryptophan, serine and cysteine enhanced the protease

inhibitory activity to a great extent. In contrast lysine modification by

succinic anhydride reduced the protease inhibitory activity at higher

concentrations. The IR spectrum obtained for native and modified protease

inhibitor evidence that some modification has occurred on the amino acid

present at the reactive site of protease inhibitor. The loss of activity after

modification of lysine may be due to the change in conformation of the

inhibitor molecule during binding of the modifying agents. Alternatively,

one of the modified residues, though not being involved in the reactive site

of the inhibitor, may disturb the interaction of the inhibitor with the target



Discussion

enzyme. There was a change in inhibitory activity of protease inhibitor from

buckwheat seeds on modifications of lysine and arginine residue present at

the reactive site of the inhibitor (Tsybina et al., 2001).

In proteins, the arrangement of functional groups ill a particular

manner is an essential requirement for their activity. Knowing the reactive

site and the functional group involved for the particular biological activity,

it will be a valuable tool for designing novel protease inhibitors as drugs for

blocking specific protease actions and thus aiming protease inhibitors as a

target for the pharmaceutical industry. The modification of amino acids by

chemicals is a valuable tool for knowing the reactive site and also to

understand the chemical group involved in specific protein-protein

interactions.

In chemical modification, a chemical reagent binds covalently to

specific amino acid side chains of a protein and may produce changes in the

properties/activity of a protein. Attempts to correlate these changes with

catalytic activity have been made previously (Jonossen and Svendson, 1982;

Yang et al., 1998). It is reported that chemical modification of Pearl millet

cysteine protease inhibitor provided evidence for the presence of two

distinct sites responsible for antifungal and antifeedant activities (Joshi et

al., 1998). Antifungal activity was lost after modification of cysteine,

arginine or aspartic/glutamic acid residues, whereas cysteine protease

inhibitory activity was selectively enhanced by modification of histidine or

arginine residues. In the majority of specific serine protease inhibitors, the

inhibitory action is localized to a specific reactive site situated within a loop

Closed by a disulphide bridge (Ozawa and Laskowski, 1966).



It is reported that Peltophorum dubium protease inhibitor, a Kunitz

type serine protease inhibitor was inactivated by lysine and arginine

modification with tri-nitrobenzene-sulfonic acid and 1,2-cyclohexanedione

respectively (Ligia et aI., 2003). The inactivation was more with arginine

modification.

Chemical modification of actinomycete protease inhibitor (API) by a

tryptophan specific modifier NBS, resulted in the loss of its functions as a

consequence of its inability to form a functional enzyme-inhibitor complex.

Thus the tryptophan of API plays an essential role in maintaining the

hydrophobicity of the binding pocket and in its efficient binding to the

target enzyme (Jui et aI., 2002).

Protease inhibitors from plants and microorganisms are

characterized by either a reversible or irreversible mechanism (Polgar,

1989). Kinetic studies of trypsin by Moringa oleifera protease inhibitor

revealed that it has a reversible mechanism of action. It was observed that

the stoichiometry of trypsin and protease inhibitor interaction takes place in

a 1:1.5 molar ratio. The amount of protease inhibitor needed for the 50%

trypsin inhibition was 0.6 nM. Results of the kinetic studies of protease

inhibition indicate that trypsin inactivation occurs by uncompetitive

inhibition. The inhibition of substrate hydrolysis occurred at very low

concentrations of protease inhibitor and the K, was calculated to be

1.5 X 10-9 M under the assay conditions. The low K, value indicates a

relatively high affmity ofMoringa oleifera protease inhibitor for the trypsin.

The inhibitory activity of Kunitz type protease inhibitor varies. A

few members of this family are specific for chymotrypsin but do not inhibit



trypsin. Some are specific for both trypsin and chymotrypsin with high

affmity. Peltophorum dubium protease inhibitor inhibited bovine and

porcine trypsin stoichiometrically (K, of 4 X 10-10 M and 1.6 X 10-10 M

respectively) but affected bovine chymotrypsin only weakly (K, of2.6 X 10­

7M) (Ligia et aI., 2003).

Results of kinetic studies of inhibition of Coccidioides immitis

protease indicates the inhibition occurs through competitive inhibition with

a K,value of2.3 X 10-8 (Ling and Garry, 1989). The kinetics of inhibition of

papain by Pear millet cysteine protease inhibitor revealed that it has a

reversible mechanism of action with an uncompetitive mode of inhibition.

Inhibiton of casein degradation by papain occurred at a very low

concentration (6.5 X 10-9 M) which illustrated its high affmity towards

papain (loshi et al., 1998).

5.3 APPLICATION STUDIES

The high affinity of Moringa oleifera protease inhibitor with serine

protease inhibitor signifies its importance in various pharmaceutical and

agricultural industries. The results presented in this study depicts that the

protease inhibitor isolated from Moringa oleifera has high affinity towards

serine proteases like trypsin and chymotrypsin, elastase, and thrombin. It

showed an inhibitory activity of more than 90% towards thrombin and

elastase, two serine proteases, which has more importance in pharmaceutical

industry. The novel protease inhibitor also had affinity towards cysteine

protease like Cathepsin B with an inhibitory activity of 76% and papain

(54%).



The protease inhibitor isolated from Moringa oleifera has more than

90% inhibition towards elastase. Human leukocyte elastase (HLE) is

capable of degrading a variety of proteins. Under normal circumstances, its

natural inhibitors effectively control the proteolytic activity of HLE.

However, an imbalance between elastase and its endogenous inhibitors may

result in several pathophysiological states such as chronic inflammatory

diseases, cardiovascular disorders and chronic obstructive pulmonary

disease (including emphysema and chronic bronchitis). Hence there is a

scope for the use of this novel elastase inhbitor from Moringa oleifera as a

drug in pharmaceutical industries. It is reported that bitter gourd,

Momordica charantia contains both trypsin and elastase inhibitory protein

(Hamato et al., 1995). Similarly the high affinity towards thrombin also

signifies its use as anticoagulant agent for pharmaceutical industry. The

Moringa oleifera protease inhibitor also showed affinity towards cysteine

protease like Cathepsin B, the major virulent proteases present in many

protozoan diseases like Leishmaniasis. An attractive target for new

chemotherapy for Leishmaniasis is two cysteine proteases: Cathepsin B-like

and Cathepsin L-like, which are required for parasitic growth and virulence

(Mottram et al., 1998). It is reported that peptide based cysteine protease

inhibitors alter the Golgi complex ultra structures and function in

Trypanosoma cruzi (Juan et al., 1998).

Serine protease inhibitors modulates protease activities and control a

variety of the critical protease mediated processes like coagulation,

fibrinolysis and tissue remodeling (Laskowski and Kato, 1980), and also in

the neurobiology of aging (Higgins et al., 1990) and the development of

cancer (Koivunen et al., 1991). Earlier reports evidence that consumption of



seeds containing protease inhibitors lowers the incidence of breast, colon,

prostatic, oral and pharyngeal cancers (Correa, 1981). Several studies

performed indicated that soybean derived Bowman Birk inhibitor can

prevent carcinogenesis in vivo and malignant transformation in vitro

(Kennedy, 1998).

It has been suggested that a Cathepsin B-like protease, a secretory

form of lysosomal Cathepsin B, present in some cancer exudates, is

involved in the invasive process of cancer pathology. Cysteine protease

inhibitor present in the same fluid strongly inhibited the action of Cathepsin

B in the cancer cells. Thus the inhibitor could play a protective role in the

turnor invasion (Keppler et al., 1985).

It is reported that a Kunitz type trypsin inhibitor from Enterolobium

contortisiliquum seeds strongly inhibited Bovine trypsin and chymotrypsin

and also some serine proteases involved in the blood clotting cascade and

the fibrinogen proteolysis: human plasma kallikrein, Factor XIIa and

plasmin (Isabel et al., 1996).

Maria et al., (2004) reported protein hydrolysates isolated from

rapeseed as a source of HIV protease inhibitor. Thus the identification of

inhibitory peptides derived from natural proteins is a novel approach

towards the search for therapeutic drugs that is world while promising.

The inhibitor could be also explored for their potential applications

in biocontrol agents and also in food industry. Based on the ability to inhibit

proteases of insect digestive tracts, protease inhibitors have been shown to

have potential usefulness as antifeedent agents. Results obtained in the
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present study suggest that Moringa oleifera protease inhibitor can inhibit

major digestive protease like trypsin and chymotrypsin. Most of the insect

possesses trypsin or chymotrypsin as their digestive enzymes. Since the

novel inhibitor has high affinity towards trypsin and chymotrypsin, the

inhibitor can be used as a biocontrol agent for crop protection.

Insects that feed on plant material possess alkaline guts and depend

predominantly on serine proteases for digestion of food material. The

majority of the protease inhibitors exhibiting anti-feedent properties

reported so far are active against the neutral serine proteases such as trypsin

and chymotrypsin (Ryan, 1990). Studying plant defense responses and

devising newer and ecofriendly strategies for plant protection against pests

and pathogens is today's one of the most dynamic areas of research in plant

science. The insecticidal effect of protease inhibitors, especially serine and

cysteine protease inhibitors, have been studied by direct incorporation

assays or by in vitro inhibition studies. They induced delayed growth and

development, reduced fecundity and sometimes increased mortality

(Annadana et a!., 2002; Azzouz et aI., 2005; Oppert et aI., 1993; Oppert et

al.,2003).

Plant genetic transformation with exogenous genes encoding factors

of resistance to insects is a modern and attractive alternative to synthetic

chemical insecticides in the control of several aggressive plant pests and

pathogens. The antinutritive and antibiotic effect of protease inhibitors and

their consequences on the growth and development of insects and pests have

been recognized. So the genetic transformation encoding protease inhibitor
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genes is the different alternative in increasing the plant resistance to

herbivores and also to many fungal pathogens (Haq et aI., 2004).

Identification of novel proteins, which can confer sustained

resistance, is an essential prerequisite to the application of gene transfer

techniques for development of pest and pathogen resistance in crop plants.

There is a considerable interest in using the proteinase inhibitors as potential

defense proteins. The proteinase inhibitors used so far in developing insect­

resistant transgenic plants were active against the neutral proteinases such as

trypsin whereas mid gut proteinases of major Lepidopteron insects such as

Helicoverpa armigera have been shown to be highly active at pH 10.0

(Harsulkar et al., 1998). Several cysteine and serine protease inhibitors have

been expressed in transgenic plants belonging to different families to

enhance their resistance against Lepidoptera (Leo and Gallerani, 2002; Leo

et aI., 2002) and Coleoptera. The Moringa oleifera protease inhibitor

described in this study is most active at pH 7.0 and is active over a wide

range of pH 6.0-10.0. Its anti trypsin and chymotrypsin activity will make

Moringa oleifera protease inhibitor a novel bifunctional defense protein for

its potential use in the transgenic research.

The Moringa oleifera protease inhibitor is stable over a wide pH and

temperature range. Therefore, one can envision the direct application of

protease inhibitor as a biocontrol agent for the protection of plants against

phytopathogenic fungi and to insects by encapsulation for surface

application or can be sprayed directly. The seeds of plants can be protected

fromfungal pathogen attack during germination in soil by coating them with

a formulated preparation of protease inhibitor.
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The affinity of Moringa oleifera protease inhibitor with different

industrially important proteases is also evaluated. The novel protease

inhibitor has completely inactivated the protease from Bacillus sp. and also

a fungal protease isolated from Aspergillus oryzae. It has 76% inhibitory

activity towards a protease isolated from an entamopathogenic fungus

Engyodontium album. Antifungal proteases have captured the attention on

account of their economic implications associated with the protection of

crops against fungal attack. Plants are the richest source of antifungal

proteins. The potent antifungal protein isolated from broad bean is a trypsin­

chymotrypsin inhibitor (Banks et al., 2002; Marcela et aI., 2000).

The ability of Moringa oleifera protease inhibitor to bind reversibly

with all detergent proteases and also the stability of inhibitor in a wide range

of pH and temperature provide a new tool to use these inhibitors as thermal

stabilizers to enhance the thermal stability ofdetergent proteases.

The use of protease inhibitor from Moringa oleifera as a shrimp

preservative for long-term storage was evaluated. The results illustrate that

the microbial population present on the shrimp Peneaus monodon that is

protease inhibitor treated decreased compared to control, which is untreated.

The protein hydrolysis, a crucial factor for the seafood spoilage was also

analyzed for treated and untreated samples at various storage conditions. At

room temperature, the Moringa oleifera protease inhibitor could prevent the

protein degradation to a great extent with a 41% increase in protein content

compared to the untreated sample. There was no considerable effect at 4°C

on protein degradation. The protease-producing organisms are responsible

for the fish and shrimp muscle degradation during preservation



(Chandrasekaran, 1985). The protease inhibitor isolated from Moringa

oleifera could be used as a safe seafood preservative preventing proteolysis

and consequent spoilage. At present, chemical preservatives and antibiotics

are used, but the use of enzyme inhibitor, which is a part of edible plant,

could be the best alternative and safe preservative.

The protein hydrolysis in fish and shrimp muscle is generally an

undesirable process. The presence of proteases causes the softening of some

fish muscle and also causes gel weakening in 'Surimi'. So the use of

protease inhibitor will be important for the control of proteolysis. Many

legume protease inhibitors have been found to have inhibitory effects on the

extracts of fish enzymes (Soottawat et aI., 1999).

Moringa oleifera protease inhibitor together with its broad pH and

temperature stability make it an ideal candidate for its exploration in various

biotechnological applications especially in pharmaceutical, food industry

and also as a biocontrol defense protein for the protection of plants against

pest and pathogen infestations. Being of plant origin it can be conveniently

subjected to various recombinant techniques with minimum genetic

manipulations.



Chapter 6

SUMMARY AND CONCLUSION

Twenty-two plants belonging to different families and from different

localities of Kerala were screened for their protease inhibitory activity.

Many leguminous plants producing protease inhibitor was reported earlier.

Plant species with more than 60% protease inhibitor was further selected on

the basis of proteinaceous nature of protease inhibitor. Moringa oleifera, the

panotropical tree with high biomass yield which can withstand many

unfavorable environmental conditions was selected as the potential source

for protease inhibitor.

Protease inhibitor content was maximum in the leaves (77 %) in

mature Moringa oleifera plant followed by the seed extract (63 %). The

plant parts like flowers, bark and roots were having negligible amount of

trypsin inhibitor.

Phosphate buffer was the efficient extracting medium for the

complete extraction of the protease inhibitor with a protease inhibitory

activity of 79% from mature leaves with maximum protein concentration.

Distilled water as extractant showed maximum specific inhibitory activity.

The trypsin inhibition was very less in the extract prepared in sodium

chloride and sodium hydroxide compared to that prepared in phosphate

buffer and distilled water.
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Protease inhibitor from Moringa oleifera was purified using standard

protein purification methods, which included ammonium sulphate

precipitation, followed by dialysis, ion exchange chromatography and

preparative polyacrylamide gel electrophoresis (PAGE). It was observed

that 30-90% saturation of ammonium sulphate is needed for the complete

precipitation of plant protease inhibitor. On further purification by ion

exchange chromatography, a single peak with maximum protease inhibitory

activity was obtained with a 2.5 fold of purification. The purity of the

fraction was further analyzed by electrophoresis, which furnished a single

peptide band with 41.4 fold ofpurification.

The purity and homogeneity was confirmed by polyacrylamide gel

electrophoresis. The protein eluted from 0.2M NaCl yielded a single protein

band under Native-PAGE. In SDS-PAGE under non-reduoing conditions,

the protein yielded a single polypeptide band with a molecular weight of

23.6 kDa. But under reducing conditions, it yielded two bands with

molecular weight of22 kDa and 14 kDa. This signifies the dimeric nature of

the polypeptide. The protease inhibitory activity of the protein band was

confirmed by reverse zymography on gelatin incorporated gel and also by

doing the in vitro inhibitor assay. It was observed that the protease

inhibitory activity was highest in the larger fragment compared to the

smaller one.

The molecular weight of the protease inhibitor was also confirmed

by gel filtration chromatography on Sephadex G75. From the graph

obtained for Kav versus log molecular weight of standard proteins, it was
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found that the molecular weight of protease inhibitor was approximately

29 kDa.

Based on the amino acid composition, it was inferred that the

purified protease inhibitor contained highest amount of glycine (27.29 %/g

sample) and the lowest one was lysine (0.22 %/g sample).

Moringa oleifera protease inhibitor had an optimum pH 7.0 for its

activity and they were active over a pH range of 6.0-10.0. The stability of

the protease inhibitor at different pH testifies that it is stable over a pH range

of 5.0-11.0. The protease inhibitor was active over a temperature up to 50°C

and the maximum activity was obtained in a temperature range of 30-40°C.

The protease inhibitor was inactive at temperatures above 50°C. It showed

stability at 30 & 40°C for two hours with more than 50% protease inhibitory

activity.

All the stabilizers promoted the thermal stability and inhibitory

activity compared to control at 50°C. 10mM calcium chloride, 1% BSA and

1% sucrose offered complete protection for thermal denaturation of protease

inhibitors at 50°C. Two polycls, glycerol and sorbitol enhanced the protease

inhibitory activity compared to control. Whereas at 60°C, BSA followed by

calcium chloride, casein, cysteine hydrochloride and glycine alone

supported stability compared to controL Sucrose and starch, which

supported stability at 50°C, did not promote stability at 60°C.

Higher concentration 0 f Zn2
+ and Hg2

-t enhanced the protease

inhibitory activity to 31% and 64% respectively compared to controL Ca2
+

and Mg2
-t at a concentration of 10mM enhanced the protease inhibitory
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activity to a marginal level. Presence of Na2+, Ba2+, Ne+, Cd2
+, M06

+ and

A13
+ did not support protease inhibitory activity when compared to control

and instead they had a negative effect of protease inhibitory activity. The

metal chelation of Moringa oleifera protease inhibitor led to a loss in

protease inhibitory activity to 53% compared to control. The presence of

4.26, 0.31 and 0.33ppm of Ca2
+, Mg2

+ and Zn2
+ was detected in the native

protease inhibitor. The additional supplementation of Mg2
+ and Zn2

+ on the

demetallized protease inhibitor enhanced the protease inhibitory activity to

27 & 47% respectively compared to demetalIized protease inhibitor. The

additional supplementation of Ca2
+ enhanced the protease inhibitory activity

to a marginal increase at 10mM concentration.

The protease inhibitor retained 62% inhibitory activity m the

presence of SDS compared to control. All the other detergents like Tween

80, Tween 20, Triton X 100 and Brij 20 had negative effect on protease

inhibitory activity.

In the presence of oxidizing agents, protease inhibitory activity

decreased on increasing the concentrations of oxidizing agents. But the

reducing agents had a positive effect on the protease inhibitory activity. The

residual activity of protease inhibitor increased on increasing the

concentrations of oxidizing agents. DTT and p-mercaptoethanol up to a

concentration of 1% enhanced the protease inhibitory activity to 49 & 41%

respectively.

The modification of tryptophan residue by N-bromosuccinamide

resulted in the activation ofprotease inhibitor to a great extent. Modification

of serine residue by PMSF also enhanced the protease inhibitory activity
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with a residual inhibitory activity of 280% at 25mM compared to control.

Modification of cysteine by N-ethylmaleimide resulted an enhancement in

protease inhibitory activity only to a marginal level. The higher

concentration of DEPC, which resulted in the modification of histidine

residue, also enhanced the protease inhibitory activity to a 10% compared to

control. Modification of lysine by succinic anhydride resulted in a loss of

protease inhibitory activity on increasing the concentration. Lysine

modification resulted in a 91% residual inhibitory activity compared to

control.

The impact of HCl on protease inhibitor up to O.02M did not

decrease the protease inhibitor activity. But there was a gradual decrease on

increasing the concentration of HCl. The pretreatment of protease inhibitor

with digestive protease also reduced the protease inhibitory activity on

increasing the concentration of trypsin.

The complete inactivation of trypsin by protease inhibitor is in the

ratio 1:1.5. At 1.5 nM concentration of protease inhibitor, there was

complete inactivation of 1nM trypsin. It is calculated that 35.4 ug of

protease inhibitor was necessary to completely inactivate 23.8f-lg of trypsin.

The concentration of protease inhibitor required for the 50% trypsin

inhibition was O.6nM. The kinetics of trypsin inhibition by protease

inhibitor from Moringa oleifera revealed a reversible mode of

uncompetitive protease inhibition. The K, value was found to be 1.5 X 10-9

M and the very less K, value reports the high affinity of Moringa oleifera

protease inhibitor to trypsin.
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The protease inhibitor showed high affinity towards most of the

serine proteases such as trypsin, chymotrypsin, elastase and thrombin. This

illustrates the use of protease inhibitor in both pharmaceutical and

agricultural industries. The protease inhibitor also had affinity towards

cysteine proteases like Cathepsin B and papain and the inhibitor did not

show any affinity towards collagenase.

Moringa oleifera protease inhibitor possessed a high activity

spectrum towards many commercially available industrially important

proteases. The protease inhibitor completely inactivated proteases isolated

from Bacillus sps. and Aspergillus oryzae. It also showed 76% inhibitory

activity towards the protease isolated from Engyodontium album. The

activity towards subtilisin was very less (3.7%) compared to the other

proteases.

The use of protease inhibitor towards seafood preservation was also

demonstrated. The Moringa oleifera protease inhibitor could be able to

regulate the microbial growth present on the shrimp Peneaus monodon

during the preservation at various conditions compared to the control. The

protease inhibitor could prevent the protein degradation to a greater extent.

They retained the total protein of the sample throughout their storage time

on comparing with control. Thus protease inhibitor could be used as

preservative to prevent proteolytic degradation of shrimp during storage.
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Conclusion

Protease inhibitors are one of the most important tools of nature for

regulating the proteolytic activity of their target proteases. They are

synthesized in biological systems and they play a critical role in controlling

a number of diverse physiological functions. The current investigation

focused on the isolation, purification and characterization of a novel

protease inhibitor from Moringa oleifera. The results obtained during the

course of study opens new perspectives for the utilization of protease

inhibitor from Moringa oleifera for various pharmaceutical, agricultural and

food industries. The biological and physicochemical properties exhibited by

the novel protease inhibitor from Moringa oleifera clearly testify its

suitability for the development as a drug for application in pharmaceutical

industries such as anticoagulant agent or biocontrol agent in agriculture and

even as a food preservant. There is a scope for further research on the

structure elucidation and protein engineering towards a wide range of

further applications. Detailed structure/function analysis of these proteins is

important to facilitate their use in genetic engineering for various

applications.



Chapter 7

REFERENCES

Abe, K., and Arai, S. (1985): Purification of a cysteine proteinase inhibitor
from rice, Oryza sativa 1. japonica. Agri Bioi Chem 49,3349-3350.

Abe, K., Emori, Y., Kondo, H., Suziki, K, and Arai, S. (1987): Molecular
cloning of a cysteine proteinase inhibitor of rice (Oryza cystatin).
Homology with animal cystatins and transient expression in the
ripening process of rice seeds. J Bioi Chem 262, 16793-16797.

Abe, M., Abe, K, Kuroda, M., and Arai, S. (1992): Corn kernel cysteine
proteinase inhibitor as a novel cystatin superfamily member of plant
origin Molecular cloning and statement studies. Eur J Biochem 209,
933-937.

Ahn, 1. E., Salzman, R. A, Braunagel, S. C, Koiwa, H., and Zhu-Salzman,
K (2004): Functional roles of specific bruchid protease isoforrns in
adaptation to a soybean protease inhibitor. Insect Mol Bioi 13, 649­
657.

Alfonso, C, Jennife, M. G., Ian, T. L, Donald, A M., and Claire, D. (2005):
Pea (Pisum sativum L) protease inhibitors from the Bowman-Birk
class influence the growth of human colorectal adenocarcinoma
HT29 cells invitro. J Agric Food Chem 53, 8979-8986.

Alinda, N., Maria, T., and Laszlo, P. (2003): Expression, purification and
characterization ofthe second Kunitz-type protease inhibitor domain
of the human WFIKKN protein. Eur J Biochem 270, 2101 -2107.

Al-Khunaizi, M., Luke, C. r., Askew, Y. S., Pak, S. C, Askew, D. r.,
Cataltepe, S., Miller, D., Mills, D. R., Tsu, C, and Brornme, D.
(2002): The serpin SQN-5 is a dual mechanistic-class inhibitor of
serine and cysteine proteinases. Biochem 41, 3189-3199.

Alpteter, F., Diaz, 1., McAuslane, H., Gaddour, K, Carbonaro, P., and Vasil,
1. K (1999): Increased insect resistance in transgenic wheat stably
expressing trypsin inhibitor CMe. Mol Breeding 5,53-63.

Alvarez-Fernandez, M., Barrett, A. L Gerhartz, 8., Dando, P. M., Ni, 1. A,
and Abrahamson, M. (1999): Inhibition of mammalian legumain by
some cystatins is due to a novel second reactive site. J Bioi Chem
274,19195-19203.



Chapter 7

Ammu, K, Maiti, T. K, and Bhattacharrya, B. C. (2001): Retension of
amino acids in the carcass of fish protein fed rats. Fish Technol31,
29-35.

Ana, C. S. M., Magnus, A, Ana, P. C. A L., Marcos, A V.-S., and
Scharfstein, J. (2001): Identification, characterization and
localization of chagasin, a tight-binding cysteine protease inhibitor
in Trypanosoma cruzi. J Cell Sci 114,3933-3942.

Anastasi, A, Brown, M. A, Kembhavi, A A, Nicklin, M. J. H., Sayers, C.
A, Sunter, S. C., and Barrett, A 1. (1983): Cystatin, a protein
inhibitor of cysteine proteinases. Improved purification from egg
white, characterization, and detection in chicken serum. Biochem J
211, 129.

Andras, P., Sumaira, A, Zulfiquar, M., Aprad, B., Jozsef, K, Bence, A,
and Laszlo, G. (2002): Remarkable phylum selectivity of a
Schistocerca gregaria trypsin inhibitor: The possible role of
enzyme-inhibitor flexibility. Arch Biochem Biophys 398, 179-187.

Andrea, N. M. N., Marta, M. c., Xavier, F. 1., Aejandro, B.-L., Peter, R. S.,
and Michael, R. (2001): The complete amino acid sequence of the
major Kunitz trypsin inhibitor from the seeds of Prosopsis juliflora.
Phytochem 30, 2829-2833.

Anna, A S. S., Daishi, S. S., Soares, T. R. J., Renato, A, Eliane, A, and
Sadae, T. A (2003): Rhipicephalus sanguine us trypsin inhibitors
present in the tick larvae: Isolation, characterization, and partial
primary structure determination. Arch Biochem Biophys 417,
176-182.

Annadana, S., Peters, 1., Gruden, K, Schipper, A, Outchkourov, N. S.,
Beekwilder, M. J., Udayakumar, M., and Jongsma, M. A (2002):
Effects of cysteine protease inhibitors on oviposition rate of the
western flower thrips, Frankliniella occidentalis. J Insect Physiol 48,
701 -706.

Annedi, S., Biabani, F., Poduch, E., Mannargudi, B., Majumder, K., Wei,
L., Khayat, R., Tong, L., and Kotra, L. (2006): Engineering D-amino
acid containing novel protease inhibitors using catalytic site
architecture. Bioorg Med Chem Lett 14, 214-236.

Aoshima, H. (1976): Inactivation of Streptomyces subtilisin inhibitor by
chemical modifications. Biochim Biophys Acta 453, 139-150.

Apostoluk, W., and Otlewski, 1. (1998): Variability of the canonical loop
conformations in serine proteinase inhibitors and other proteins.
Proteins Stru Fun Gene 32, 459-474.



References

Arakawa, T., and Horan, T. P. (1990): Thermal denaturation of subtilisin­
SSI complex analyzed by SDS-PAGE. Agric Bioi Chem 54,
563-565.

Argos, P. (1987): A sensitive procedure to compare amino acid sequences.
J Mol Bioi 193, 385-396.

Arindam, B., Suman, M., Sudeshna, M. L., and Cherukuri, R. B. (2006): A
Kunitz proteinase inhibitor from Archidendron ellipticum seeds:
Purification, characterization and kinetic properties. Phytochem 67,
232 -241.

Azzouz, H., Cherqui, A, Campan, E. D. M., Rahbe, Y., Duport, G.,
Jouanin, L., Kaiser, L., and Giordanengo, P. (2005): Effects of plant
protease inhibitors, Oryzacystatin I and soybean Bowman-Birk
inhibitor, on the aphid Macrosiphum euphorbiae (Homoptera,
Aphididae) and its parasitoid Aphelinus abdominalis (Hymenoptera,
Aphelinidae). J Insect Physiol51, 75 -86.

Baird-Parker, T. C. (2003): The production of microbiologically safe and
stable foods, pp. 3-18. In B. M. Lund, T. C. Baird-Parker, G. W.
Gould, and Gaithersburg (Eds): In the Microbiological Safety and
Quality ofFood, Aspen Publishers, Inc.

Banks, W., Niehoff, M., Brown, R., Chen, Z., and Cleveland, T. (2002):
Transport of an antifungal trypsin inhibitor isolated from corn across
the blood-brain barrier. Anti microb Age Chemother 46,2633-2635.

Barrett, A 1. (1981a): Alpha 2-Macroglobulin. Methods Enzymol 80,
737-754.

Barrett, A J. (1981b): Proteolytic enzymes. Methods Enzymol80, 561-565.
Barrett, A. 1. (1986): The classes ofproteolytic enzymes. CRC Press. Boca

Raton, FL.
Barrett, A 1., and Salve san, G. (1986): Proteinase inhibitors. Academic

press. New York.
Barrett, A 1., Rawlings, N. D., and Woessner, 1. 1. F. (1998): Hand book of

proteolytic enzymes. Academic Press. London.
Barrett, A J., Rawlings, N. D., and O'Brien, E. A. (2001): The MEROPS

database as a protease information system. J Struct Bioi 134,
95-102.

Basak:, A, Koch, P., Dupelle, M., Fricker, L. D., Devi, L. A, Chretien, M.,
and Seidah, N. G. (2001): Inhibitory specificity and potency of
proSAAS-derived peptides toward proprotein convertase. J Biol
Chem 276,32720-32728.

Belorgey (1996): Inhibition of human pancreatic proteinases by mucus
proteinase inhibitor, Eglin c and Aprotinin. Biochem J 313,555-60.



Chapter 7

Bergey, D. R, Orozco-Cardenas, M., Moura, D. S. D., and Ryan, C. A.
(1999): A wound and systemin-inducible polygalacturonase in
tomato leaves. Pro Nat Aea Sei USA 96, 1756-1760.

Bernard, V. D., and Peanasky, R. 1. (1993): The serine protease inhibitor
family from Ascaris suum: Chemical determination of the five
disulphide bridges. Arch Bioehem Biophys 303,367-376.

Billing, P. c., Aarew, C., Keller-Mcfiandy, C., Goldberg, A, and Kennedy,
A (1987): A serine protease activity in C3H11 OT{ 1/2 } Cells that is
inhibited by anticarcincgenic protease inhibitors. Proc Natl Aead Sei
84, 4801-4805.

Bimba, N. J., Mohini, N. S., Kulbhushan, R R, Vasanti, V. D., Vidya, S.
G., and Prabhakar, K. R (1999): Pearl millet cysteine protease
inhibitor evidence for the presence of two distinct sites responsible
for anti-fungal and anti-feedent activities. Eur J Bioehem 265,
556-563.

Birkenmeir, G. F., and Ryan, C. A (1998): Wound signaling in tomato
plants: Evidence that ABA is not a primary signal for defense gene
activation. Plant Physiol117, 687-693. ~

BjoErck, L., Grubb, A, and Kjellen, L. (1990): Cystatin C, a human CPI,
the purified inhibitors have also been used to produce proteinase
inhibitor, blocks replication of Herpes simplex virus, J Virol 64,
941-943.

Bode, W., and Huber, R (1992): Natural protein proteinase inhibitors and
their interaction with proteinases. Eur J Biochem 204, 433 -451.

Bode, W., and Huber, R. (2000): Structural basis of the endoproteinase­
protein inhibitor interaction. Biochim Biophys Acta 1477, 241-52.

Bode, W.. Engh, R., Musil, D., Thiele, D., Huber, R, Karshikov, A, Brzin,
1., Kos, 1., and Turk, V. (1988): The 2.0 AX-ray crystal structure of
chicken egg white cystatin and its possible mode of interaction with
cysteine proteinases. EMBO J 7,2593-9.

Bown, D. P., Wikinson, H. S., and Gatehouse, J. A. (1998): Mid gut
carboxy peptidase from Helicoverpa armigera larvae: Enzyme
characterization, c DNA cloning and expression. Insect Biochem Mol
BioI 28, 739-749.

Bressollier, P., Letourneau, F., Drdaci, M., and Vemeuil, B. (1999):
Purification and characterization of keratinolytic serine protease
from Streptomyces albidoflavous. Appl Env Microbiol 65,
2570-2576.



Broadway, R. M., Duffy, S. S., Pearce, G., and Ryan, C. A. (1986): Plant
protease inhibitors: A defense against herbivorous insects? Entomol
Exp App141, 33-38.

Broadway, R. M. (1995): Are insects resistant to plant proteinase inhibitors?
J Insect Physiol41, 107-116.

Broin, M., Santaella, c., Cuine, S., Kokou, K., Peltier, G., and Joet, T.
(2002): Flocculent activity of a recombinant protein from Moringa
oleifera Lam. seeds. Appl Microbiol Biotechnol60, 114-119.

Bruun, A. W., Svendsen, I., Sorensen, S. 0., Kielland-Brandt, M. c., and
Winther, 1. R. (1998): A high-affinity inhibitor of yeast
carboxypeptidase Y is encoded by TFS1and shows homology to a
family of lipid-binding proteins. Biochem 37,3351-3357.

Bryant, 1., Green, T. R., Gurusaddaihah, T., and Ryan, C. A. (1976):
Proteinase inhibitor II from potatoes: Isolation and characterization
of its promoter components. Biochem 15,3418-3424.

Brzin, 1., RogeIj, B., Popovi], C. T., Strukelj, B., and Ritonja, A. (2000):
Clitocypin, a new type of cysteine proteinase inhibitor from fruit
bodies of mushroom Clitocybe nebularis. J Bioi Chem 275,
20104-20109.

Burgess, E. P., Steven, P. S., Keen, G. K., Laing, W. A., and Christeller, J.
T. (1991): Effects of protease inhibitors and dietary protein level on
the black field cricket Teleogryllus commodus. Exp Appl Entomol
61, 123-130.

Caceres, A., Cabrera, 0., Morales, 0., Mollinedo, P., and Mendia, P.
(1991): Pharmacological properites of Moringa oleifera1:
Priliminary screening for antimicrobial activity. J Ethnopharmacol
33,213-216.

Campos, F. A. P., Xavier-Filho, 1., Silva, C. P., and Ary, M. B. (1989):
Resolution and partial characterization ofproteinases and a-amylases
from midguts of larvae of the bruchid beetle Callosobruchus
maculatus. Comp Biochem Physiol92, 51-57.

Carbonero, P., Royo, 1., Diaz, I., FGarcia-Maroto, Gonzalez-Hidalgo, E.,
Gutierrez, C., and Casanera, P. (1993): Cereal inhibitors of insect
hydrolases (a-amylases and trypsin): Genetic control, transgenic
expression and insect pests. Workshop on engineering plants against
pests and pathogens.

Cesar, A., Silvia, V.-R., Guillermo, M.-H., Arturo, R.-D., and Alejandro, 8.­
L. (2004): A novel 8.7 kDa protease inhibitor from chan seeds
(Hyptis suaveolens 1.) inhibits proteases from the larger grain borer



Chapter 7

Prostephanus truncatus (Coleoptera:Bostrichidae ). Comp Biochem
Physiol Part B 138, 81 -89.

Chambers, R. C., and Laurent, G. 1. (2001): Coagulation cascade protease
and tissue fibrosis. Biochem Soc Trans 30, 194-200.

Chandrasekaran, M. (1985): Studies on Microbial spoilage of Penaeus
indicus: (Ph. D Thesis) School of Marine Sciences, Cochin
University of Science and Technology, Cochin.

Changhui, Y., Vasant, H., and Drena, D. (2004): Identification of interface
residues in protease inhibitor and antigen-antibody complexes: A
support vector machine approach. Neural Comput Applic 13,
123 -129.

Charity, J. A., Anderson, M. A., Bittinsh, D. J., Whitecross, M., and
Higgins, T. V. (1999): Transgenic tobacco and peas expressing a
proteinase inhibitor from Nicotiana alata have increased insect
resistance. Mo! Breeding 5,357-365.

Charles, R. S., Padmanabhan, K., Ami, R. V., Padmanabhan, K. P., and
Tulinsky, A. (2000): Structure of tick anticoagulant peptide at 1.6 A0

resolution complexed with bovine pancreatic trypsin inhibitor.
Protein Sci 9, 265-272.

Chen, M. S., Johnson, 8., Wen, L., Muthukrishnan, S., Kramer, K. 1.,
Morgan, T., and Reeck, G. R. (1992): Rice cystatin: Bacterial
expression, purification, cysteine proteinase inhibitory activity, and
insect growth suppressing activity of a truncated form of the protein.
Protein Exp Purification 3,41-49.

Chiaki, I. (2004): Enzyme inhibitors of marine microbial origin with
pharmaceutical importance. Mar Biotechnol b, 193-198.

Christeller,1. T., Farley, P. C, Ramsay, R. L, Sullivan, P. A., and Laing, W.
A. (1998): Purification, characterization and cloning of an aspartic
proteinase inhibitor from squash phloem exudate. Eur J Biochem
254, 160-167.

Chung, C. H., Ives, H. E., Almeda, S., and Goldberg, A. L. (1983):
Purification from Escherichia coli of a periplasmic protein that is a
potent inhibitor of pancreatic proteases. J Biol Chem 258,
11032-11038.

Clayton, Z. 0., Victor, A. M., MarcussiSilvana, Carolina, D. S., Ana, H. 1.,
Miriam, V. L., Suely, V. S., Suzelei, C. F., Paulo, S. P., and
Andreimar, M. S. (2005): Anticoagulant and antifibrinogenolytic
properties of the aqueous extract from Bauhinia forcata against
snake venoms. J Ethnopharmaco!98, 213-216.



Colman, R. F., and Chu, R. (1970): The role of sulfahydryl groups in
catalytic function of isocitrate dehydrogenase. J Bioi Chem 245,
601-607.

Cordt, S., Hendrickx, M., Maesmans, G., and Tobback, P. (1994):
Mechanism of enzyme stabilization in Enzyme Engineering, pp. 59­
62. In A 1. Laskin, K Mosbach, and L. B. W. Jr (Eds): Biotechnol
Bioeng.

Cornwall, G. A, Cameron, A, Lindberg, 1., Hardy, D. M., Cormier, N., and
Hsia, N. (2003): The cystatin-related epididymal spermatogenic
protein inhibits the serine protease pro hormone convertase 2.
Endocrinol144,901-908.

Correa, P. (1981): Epidemiological correlations between diet and cancer
frequency. Cancer Res 28, 3685-3690.

Cyran, R. (2002): C-202R New developments in therapeutic enzyme
inhibitors and blockers. BCC Research. Norwalk.

Daniel, c., Richard, D. B. 1., Maureen, 1., Lisa, M. H., Eva, C., Brian, F. J.,
Juliusz, M., Petr, K, and Michael, C. (2004): Molecular
Characterization of Ancylostoma ceylanicum Kunitz-type serine
protease inhibitor: Evidence for a role in hookworm-associated
growth delay. Infect Immun 72, 2214-2221.

Datta, K, Usha, R., Dutta, S. K, and Singh, M. (2001): A comparative
study of the winged bean protease inhibitors and their interactions
with proteases. Plant Physiol Biochem 39, 949-959.

Demuth, H. U. (1990): Recent developments in inhibiting cysteine and
serine proteases. J Enz Inhib 3,249-278.

Dixon, M. (1953): The determination of enzyme inhibitor constants.
Biochem J 55, 170 -171.

Dohmae, N., Takio, K, Tsumuraya, Y., and Hashimoto, Y. (1995): The
complete amino acid sequences of two serine proteinase inhibitors
from the fruiting bodies of a basidiomycete, Pleurotus ostreatus.
Arch Biochem Biophys 316, 498-506.

Duan, X., Li, x., Xue, Q., Abo-Ei-Saad, M., Xu, D., and Wu, R. (1996):
Transgenic rice plants harboring an introduced potato proteinase
inhibitor II gene are insect resistant. Nature Biotechnol14, 494-498.

Dufour, E. K., Denault, 1. B., Hopkins, P. C. R., and Leduc, R. (1998):
Serpin-like properties of alphal-antitrypsin Portland towards furin
convertase. FEBS Left 426. 41--46.

Dunaevsky, Y. E., Pavlukova, E. B., Beliakova, G. A., Tsybina, T. A.,
Gruban, T. N., and Belozersky, M. A. (1998): Protease inhibitors in



buckwheat seeds: Comparison of anionic and cationic inhibitors. J
Plant Physiol152, 696- 708.

Dunaveski, Y. E., Gladysheva, 1. P., Pavlukova, E. B., Beliakova, G. A.,
Gladyshev, D. P., Papisova, A 1., Larinova, N. 1., and Belozersky,
M. A (1997): The anionic protease inhibitor BBWI - 1 from
buckwheat seeds. Kinetic properties and possible biological role.
Physiol Plantarum 100, 483-488.

Edmonds, H. S., Gatehouse, L. N., Hilder, V., and Gatehouse, 1. A (1996):
The inhibitory effects of the cysteine protease inhibitor,
oryzacystatin, on digestive proteases and on larval survival and
development of the southern corn rootworm (Diabrotica
undecimpunctata howardi). Entomol Exp Appl 78, 83-94.

Eguchi, M., Itoh, M., Nishino, K, Shibata, R, Tanaka, T., Kamei-Hayashi,
K, and Hara, S. (1994): Amino acid sequence of an inhibitor from
the silkworm ( Bombyx mori) hemolymph against fungal protease. J
Biochem 115, 881-884.

Ellenreider, E., Geronazzo, H., and Bojarski, A R (1980): Thermal
inactivation of trypsin inhibitors in aqueous extracts of soybeans,
peanuts and kidney beans: Presence of substances that accelerate
inactivation. Cereal Chem 57, 25-26.

Englard, S., and Seifter, S. (1990): Precipitation Techniques, pp. 285-300:
Methods Enzymol, Academic Press.Inc.

Erklund, H. V. R, Johansson, T., and Rinne, A. (1997): Rhabdovirus
induced apoptosis in a fish cell line is inhibited by human
endogenous acid cysteine proteinase inhibitor. J Virol 71,
5658-5662.

Erlanger, B. F., Kokowsky, N. N., and Cohen, W. (1961): The preparation
and properties of two new chromogenic substrates of trypsin. Arch
Biochem Biophys 238, 206-212.

Faisal, M., MacIntyre, E. A, Adam, K G., Tall, RD., Kothary, M. H., and
Peyre, 1. F. L. (1998): Evidence for the presence of protease
inhibitors in eastern (Crassostrea virginicay and Pacific (Crassostrea
gigas) oysters. Comp Biochem Physiol Part B 121, 161-168.

FeIicioli, R, Garzelli, R, Vaccari, L., Melfi, D., and Balestreri. E. (1997):
Activity staining of protein inhibitors on proteases on Gelatin­
containing polyacrylamide gel electrophoresis. Anal Biochem 244,
176-179.

Feltzer, R. E .. Trent, 1. 0., and Gray, R. D. (2003): Alkaline proteinase
inhibitor of Pseudomonas aeruginosa: a mutational and molecular



dynamics study of the role ofN-terminal residues in the inhibition of
Pseudomonas alkaline proteinase. J Bioi Chem 278, 25952-25957.

Fernando, L. G.-C., Haejung, A., and Norman, F. H. (2000): Protease
inhibitors in food processing, pp. 209. In M. Dominique (Ed.):
Recombinant Protease Inhibitors in Plants, Landes Bioscience,
Georgetown.

Fitzpatrick, F. (2004): Cyclooxygenase enzymes: Regulation and function.
Curr Pharma Des 10, 577-588.

Foidl, N., Makkar, H. P. S., and Becker, K. (2001): The potential of
Moringa oleifera for agricultual and industrial uses, pp. 45-76. In L.
J. fuglie (Ed.): The Miracle tree, Technical Centre for Agricultural
and Rural Cooperation, Senegal Food Product Safety, State Institute
for Quality Control of Agricultural Products (RIKILT), The
Netherlands.

Frazao, c., Bento, 1., Costa, 1., Soares, Claudio, M., Verissiorno, P., Faro,
C., Pires, E., Cooper, 1., and Carrondo, M. A. (1999): Crystal
structure of cardosin A, a glycosylated and Arg-Gly-Asp- containing
aspartic proteinase from the flowers of Cyanara cardunculus L. J
Bioi Chem 274,27694-27701.

Fritz, H., Hartwich, G., Hoppe, E. W., and Seylers, Z. (1966): On protease
inhibitors. I. Isolation and characterization of trypsin inhibitors from
dog pancreas tissue and pancreas secretion. Physiol Chem 345,
150-165.

Fuentes-Prior, P., Noeske-Jungblut, C., Donner, P., Schleuning, W. D.,
Huber, R, and Bode, W. (1997): Structure of the thrombin complex
with triabin, a lipocalin-like exosite-binding inhibitor derived from a
triatornine bug. Proe Natl Aead Sei USA 94, 11845-11850.

Garcia-Oimedeo, F., Salcedo, G., Sanchez-Monge, R., Gomez, L., Royo, L,
and Carbonero, P. (1987): Plant proteinaceous inhibitors of
proteinases and alpha amylases. Ox! Surv Plant Mol Cell Bioi 4,
275-334.

Gardiner, H. (2004): Price of AIDS drug intensifies debate on legal imports:
The Newyork Times.

Gatehouse, A. M. R, and Gatehouse, 1. A. (1998): Identifying proteins with
insecticidal activity: Use of encoding genes to produce insect
resistant transgenic crops. Pest Set 52, 165-175.

Geanfreda, L., and Scarfi, M. R (1991): Enzyme stabilization: State of the
art. Mol Cell Biochem 100. 97-128.



Chapter 7

Gekko, K., and Ito, H. (1990): Competing solvent effects of polyols and
guanidine hydrochloride on protein stability. J Biochem 107,
527-577.

Gennis, L., and Cantor, C. (1976): Double-headed protease inhibitors from
black-eyed peas. I. Purification of two new protease inhibitors and
the endogenous protease by affinity chromatography. J Biol chem
251, 734-40.

Gold, A. M., and Farney, D. (1964): Sulfonyl fluorides as inhibitors of
esterase 11. Formation and reaction of phenyl methane sulfonyl alpha
chymotrypsin. Biochem 3, 783-791.

Gomis-Ruth, F. x., Maskos, K., Betz, M., Bergner, A., Huber, R., Suzuki,
K., Yoshida, N., Nagase, H., Brew, K., Bourenkov, G. P., Bartunik,
H., and Bode, W. (1997): Mechanism of inhibition of the human
matrix metalIoproteinase strornelysin-I by TIMP-1. Nature 389,
77-81.

Gordana, B., Stojanovi, I., Goran, B. B., Pavlov'Dusica, Gordana, K., and
Angelina, D. M. (2002): Competitive inhibitors of enzymes and their
therapeutic application. Facta Universitiatis 9, 201 - 206.

Gounaris, A., Brown, M., and Barrett, A. (1984): Human plasma alpha­
cysteine proteinase inhibitor. Purification by affinity
chromatography, characterization and isolation of :an active
fragment. Biochem J 221, 445-52.

Graham, 1. S., and Ryan, C. A. (1997): Accumulation of metallocarboxy­
peptidase inhibitor in leaves of wounded potato plants. Biochem
Biophys Res Commun 101, 1164-1170.

Green, G. D. 1., Kembhavi, A. A., Davies, M. E., and Barrett, A. 1. (1984):
Cystatin-like cysteine proteinase inhibitors from human liver.
Biochem J 218,939-946.

Green, T., and Ryan, C. (1972): Wound-induced proteinase inhibitor in
plant leaves a possible defense mechanism against insects. Science
175, 776-777.

Greenblat, H. M., Ryan, C. A., and lames, M. N. G. (1989): Structure of the
complex Streptomyces griseus proteinase B and polypeptide
chymotrypsin inhibitor-I at 2.1 A resolution. J Mo! Biol 205,
201-228.

Gregg, T. N., de, 1.-B. M., Sherry, D. P., and Ka, W. L. (2001): Structure,
localization and potential role of a novel molluscan trypsin inhibitor
in Lymnaea. EurJ Biochem 268,1213-1221.

Griesch, 1., Wedde, M., and Vilcinskas, A. (2000): Recogn~'jon and
regulation of metalloproteinase activity in the haemolymph of



Galleria mellonella: a new pathway mediating induction of humoral
immune responses. Insect Biochem Mol BioI 30, 461--472.

Guay, 1., Falgueyret, 1. P., Ducret, A., Percival, M. D., and Mancini, 1. A.
(2000): Potency and selectivity of inhibition of cathepsin K, Land S
by their respective propeptides. Eur J Biochem 267, 6311-6318.

Guncar, G., Punger, G., Klemenci, I., Turk, V., and Turk, D. (1999): Crystal
structure of MHC class JI-associated p41 Ii fragment bound to
cathepsin L reveals the structural basis for differentiation between
cathepsins Land S. EMBO J 18, 793-803.

Gupta, M. N. (1991): Thermostabilization of proteins. Biotechnol Appln
Biochem 14, 1-11.

Habeeb, A F. S. A, Cossidy, H. G., and Singer, S. J. (1958): Molecular
structural effects produced in protein by reaction with succinic
anhydride. Biochem Biophys Acta 29,587-593.

Hall, A., Hakansson, K., Mason, R., Grubb, A, and Abrahamson, M.
(1995): Structural basis of the biological specificity of cystatin C. J
BioI Chem 270,5115-21.

Hamato, N., Koshiba, T., Pham, T.-N., Tatsumi, Y., Nakamura, D., Takano,
R., Hayashi, K., Hong, Y.-M., and Hara, S. (1995): Trypsin and
elastase inhibitors from bitter gourd (Momordica charantia LINN.)
Seeds: Purification, amino acid sequences, and inhibitory activities
of four new inhibitors. J Biochem 117,432-437.

Hanson, K, and Hicks, C. (2006): New antiretroviral drugs. Curr HIVIAIDS
Rep 3,93-101.

Haq, S. K, and Khan, R. H. (2003): Characterization of a proteinase
inhibitor from Cajanus cajan. J Prot Chem 22,543.

Haq, S., Atif, S., and Khan, R. (2004): Protein proteinase inhibitor genes in
combat against insects, pests, and pathogens: Natural and engineered
phytoprotection. Arch Biochem Biophys 431, 145-159.

Haq, S. K., and Khan, R. H. (2005): Spectroscopic analysis of thermal
denaturation of Cajanus cajan proteinase inhibitor at neutral and
acidic pH by circular dichroism. Int J Bioi Macromol 35, 111-116.

Harsulkar, A. M., Giri, A P., Gupta, V. S., Sainani, M. N., Deshpande, V.
V., Patankar, A G., and Ranjekar, P. K (1998): Characterization of
Helicoverpa armigera gut proteinases and their interaction with
proteinase inhibitors using gel-X-ray film contact print technique.
Electrophoresis 19. 1397-1402.

Hartley, B. S. (l960);.Proteolytic enzymes. Annu Rev Biochem 29, 45-72.
Hartwell, J. L. (1971): Plants used against cancer. A survey, pp. 30-34,

Lloydia,



cnupze, 1 -

Hatano, K., Kojima, M., Tanokura, M., and Takahashi, K. (1996): Solution
structure of bromelain inhibitor VI from pineapple stem: structural
similarity with Bowman-Birk trypsin/chymotrypsin inhibitor from
soybean. Biochemistry 35, 5379~5384.

Havkioja, E., and Neuvonen, L. (1985): Induced long-term resistance to
birch foliage against defoliators: defense or incidental. Ecology 66,
1303-1308.

Health, R. G., Mcdonald, 1. T., Christeller, M., Lee, K., Baternan, 1., West,
R., Van, H., and Anderson, M. A (1997): Proteinase inhibitors from
Nicotiana alata enhance plant resistance to insect pests. J Insect
Physiol9, 833-842.

Hearn, M. T. W. (1982): High performance liquid chromatography and its
application to protein chemistry. Adv. Chromatogr 20, 7-17.

Heinz, D. W., Priestle, 1. P., Rahuel, 1., Wilson, K S., and Grutter, M. G.
(1991): Refined crystal structures of subtilisin novo in complex with
wild-type and two mutant eglins. Comparison with other serine
proteinase inhibitor complexes. J'Mol Biol217, 353-371.

Hershko, A, and Ciechanover, A (1982): Mechanisms of intracellular
protein breakdown. Annu Rev Biochem 51. 335-64.

Hideaki, N., and Guy, S. S. (2001): Finding, purification and
characterization of natural protease inhibitors. In B. Robert, and S.
B. Judith (Eds): Proteolytic Enzymes Second Edition A Practical
Approach, Oxford University Press, New york.

Hideko, 1., Kobayashill, Yoshiaki, K., Chisa, A-Y., Kazuhiro, 1., and
Akoto, K (2001): Protein engineering of novel proteinase inhibitors
and their effects on growth of Spodoptera exigua larvae. Biosci
Biotechnol Biochem 65, 2259-2264.

Higgins, G., Oyler, G., Neve, R., Chen, K, and Gage, F. H. (1990): Altered
levels of amyloid protein precursor transcripts in the basal forebrain
of behaviorally impaired aged rats. Pro Nat Aea Sci USA 87,
3032-3036.

Hilder, V. A, Gatehouse, A M. R., Sharman, S. F., Barker, R. F., and
Boulter, D. (1987): A novel mechanism of insect resistance
engineered into tobacco. Nature 30, 160-163.

Hilliard, J. 1., Simon, L. D., Melderen, L. V., and Maurizi, M. R. (1998):
PinA inhibits AIP hydrolysis and energy-dependent protein
degradation by Lon protease. J Biol Chem 273,524-527.

Hiraga, K, Seeram, S. S., Tate, S., Tanaka, N., Kainosho, M., and Oda, K.
(1999): Mutational analysis of the reactive-site loop of Streptomyces
metalloproteinase inhibitor-SMPI. J Biochem 125, 202-209.



R.,jm;UH

Hobday, S. M., Thuramen, D. A., and Barber, D. J. (1973): Proteolytic and
trypsin inhibitory activities in extracts of germinating Pisum sativum
seeds. Phytochem 12, 1041-1046.

Hojima, Y., Pierce, 1. V., and Pisano, 1. J. (1980): Hageman factor fragment
inhibitor in corn seeds: Purification and characterization. Thromb
Res 20, 149-162.

Hollander-Czytko, H., Anedrsen, 1. L., and Ryan, C. A. (1985): Vacuolar
localization of wound-induced carboxy peptidase inhibitor in potato
leaves. Plant Physiol78, 76-79.

Homandberg, G. A., LitwiIler, R. D., and Peanasky, R. 1. (1989):
Carboxypeptidase inhibitors from Ascaris suum: The pnmary
structure. Arch Biochem Biophys 270, 153-161.

Hsu, J., Wang, H., Chen, G., and Shih, S. (2006): Antiviral drug discovery
targeting to viral proteases. Curr Pharm Des 12, 1301-1314.

Huang, D. Y., Swanson, B. G., and Ryan, C. A. (1981): Stability of
proteinase inhibitors in potato tubers during cooking. J Food Sci 46,
287-290.

Huber, R., and Carrell, R. W. (1989): Implications of the three dimensional
structure of alpha-I antitrypsin for structure and function of serpins.
Biochem 28,8951-8966.

Huntington, 1. A., Read, R. J., and Carrell, R. W. (2000): Structure of a
serpin-protease complex shows inhibition through deformation.
Nature 407, 923-926.

Ian, M. C. (2001): Matrix Metallo proteinases Protocols, pp. 392. In M. W.
John (Ed.): Methods Mol Biol, Hurnanapress Inc, UK.

lmada, c., Simidu, U., and Taga, N. (1985): Isolation and characterization
of marine bacteria producing alkaline protease inhibitor. Bull Jpn
Soc Sci Fish 51, 799-80.

Imada, C. (2005): Enzyme inhibitors and other bioactive compounds from
marine actinomycetes. Antonie van Leeuwenhoek 87,59 -63.

Isabel, F. C. B., Luiza, V. O. M., Mariana, S. A., Misako, U. S., Michael,
R., Hanz, F., and Claudio, A. M. S. (1996): Primary structure of a
Kunitz type trypsin inhibitor from Enterolobium contortisiliquum
seeds. Phytochem 41, 1017-1022.

Isel, P., Shirley, G., Cisneros, M., Lage, 1., Diaz, 1., Bravo, J. L. C. P. .1., and
A, C. M. (2004): Isolation and purification of HcPI, a natural
inhibitor of Pyroglutamil aminopeptidase II (TRH-degrading

. ectoenzyme) from extracts of Hermodice carunculata
(Annelide:Polychaeta). Revista Biologia 18, 38-49.



ChIlpfer7

Ishikawa, A, Yoshihara, T., and Nakamura, K. A. (1994): Jasmonate
inducible expression of a potato cathepsin-D inhibitor-GUS gene
fusion in tobacco cells. Plant Mol Bioi 26, 403-414.

Jack, N. L., Cate, N. M., Rishipal, R. B., and Hiba, A. B. (2004): Inhibition
of matrix metalloproteinase-I activity by the soybean Bowman-Birk
inhibitor. Biotech Lett 26, 901-905.

Jackson, A. 0., and Tailor, C. B. (1996): Plant-microbe interactions: Life
and death at the interface. Plant Cell 8, 1651-1668.

James, M. L., and Shawn, D. (1998): Thermal inactivation and chaperonin­
mediated renaturation of mitochondrial aspartate aminotransferase.
Biochem J334, 219-224.

Jirgensons, B. (1973): The sensitivity of some nonhelical proteins to
structural modification by sodium dodecy1 sulfate and its
homologues. Circular dichroism studies on Bence-Jones protein,
concanavalin A, soybean trypsin inhibitor and trypsin. Biochem
Biophys Acta 328, 314.

Johnson, D., and Travis, J. (1979): The oxidative inactivation of human
alpha-J-proteinase inhibitor. Further evidence for methionine at the
reactive center. J Bioi Chem 254, 4022--4026.

Johnson, R., Narrez, 1., An, G., and Ryan, C. A (1989): Expression of
proteinase inhibitors I and 11 in transgenic tobacco plants: Effects on
natural defense against Manduca sexta larvae. Proc Nat Acad Sci V
SA 86, 9871-9875.

Johnson, S., and Pellecchia, M. (2006): Structure- and fragment based
approaches to protease inhibition. Curl' Top Med Chem 6, 317-329.

Johnston, K. A, Gatehouse, 1. A., and Anstee, 1. H. (1993): Effects of
soybean protease inhibitors on the growth and development of larval
Helicoverpa armigera. J Insect Physiol39, 657-664.

Jonossen, 1. B., and Svendson, 1. B. (1982): Identification of the reactive
sites in two homologous serine proteinase inhibitors isolated from
barley. Corlsberg Res Commun 47, 199-203.

Joshi, B. N., Sainani, M. N., Bastawade, K. B., Dashpande, V. V., Gupta, V.
S., and Ranjekar, P. K. (1999): Role of inhibitors of proteolytic
enzymes in plant defense against phytopathogenic fungus. Eur J
Bioehem 265. 556-563.

Joshi, B., Sainani, M., Bastawad, E. K., Gupta, V. S., and Ranjekar, P. K.
(1998): Cysteine protease inhibitor from pearl millet: A new class of
antifungal protein. Biochem Biophys Res Commun 246,382-387.

Jounain, L., Bonde-Bottino, M., Girard, C, morrot, G., and Gib.md, M.
(1998): Transgenic plants for insect resistance. Plant Sei 131,1-11.



References

Juan, C. E., Patricia, S. D., James, P., lvi, H., Dorothy, F. B., and
McKerrowo, H. (1998): Cysteine protease inhibitor alter Golgi
complex ultra structure and function in Trypanosoma cruzi. J Cell
Sci 111, 597-606.

Jui, P., Kavita, Z., and Vasanti, V. D. (2002): Differential stabilities of
alkaline protease inhibitors from actinomycetes: Effect of various
additives on thermostability. Biores Technol84, 165-169.

Kalogo, Y., Rosillon, F., Hammes, F., and Verstraete, W. (2000): Effect of
water extract of Moringa oleifera seeds on the hydrolytic microbial
species diversity of a DASB reactor treating domestic waste water.
Lett Appl Microbiol31, 259-264.

Kalogo, Y., Seka, A M. B., and Verstraete, W. (2001): Enhancing the start­
up of a UASB reactor treating domestic wastewater by adding a
water extract of Moringa oleifera seeds. Appl Microbiol Biotechnol
55,644-651.

Kassel, B. (1970): Bovine Pepsinogen and Pepsin. Methods Enzmol 19,
839-932.

Keilova, H., and Tomasek, V. (1976): Isolation and properties of cathespin
D inhibitor from potatoes. Coil Czechoslovak Chem Commun 41,
489-497.

Kennedy, A (1998): The Bowman-Birk inhibitor from soybeans as an
anticarcinogenic agent. Am J Clin Nutr 68, 1406-1412.

Kepp1er, D., Pagano, M., Da1et-Fumeron, V., and Engler, R. (1985):
Regulation of neoplasm-specific cathepsin B by cysteine-protease
inhibitors present in cancerous exudates. C R Acad Set !If 300,
471- 474.

Kervinen, J., Tobin, G. J., Costa, 1., Waugh, D. S., Wlodawer, A, and
Zdanov, A (1999): Crystal structure of plant aspartic proteinase
prophytepsin: Inactivation and vacuolar targeting. J Eur Mol Biol
Org 18, 3947-3955.

Kitch, L., and Mudrock, L. L. (1986): Partial characterization of a major gut
thiol proteinase from larvae of Callosobruchus maculatus. Arch
Insect Biochem Physiol3, 561-575.

Kleter, G.A, Noordarn, M.Y., Kok. E.J. and Kuiper, H.A 2000. New
developments in crop plant biotechnology and their possible
implications for food product safety, RIKILT report 2000.004,
http://www.rikilt.wageningen-ur.nIlNews/biotechnology.htrnl

Koivunen, E., Ristimaki, A, Itkonen, 0., Vuento, M., and Stenman, U.
(1991): Tumor associated trypsin participates in cancer cell-



Chapter 7

mediated degradation of extracellular matrix. Cancer Res 51,
2107-2112.

Koiwa, H., Bressan, R. A., and Hasega, P. M. (1997): Regulation of
protease inhibitors and plant defense. Trends Plant Sci Rev 2,
379-384.

Kojima, S., Kumagai, 1., and Miura, K. (1990): Effect on inhibitory activity
of mutation at reaction site P4 of the Streptomyces Subtilisin
inhibitor SSI. Protein Eng 3,527-530.

Korniyama, T., Ray, C. A., Pickup, D. 1., Howard, A. D., Thornberry, N. A.,
Peterson, E. P., and Salvesen, G. (1994): Inhibition of interleukin-I­
beta converting enzyme by the Cowpoxvirus serpin CrmA. An
example of cross-class inhibition. J Bioi Chem 269,19331-19337.

Kortt, A. A., and Jerrnyn, M. A. (1981): Acacia proteinase inhibitors.
Purification and properties of the trypsin inhibitors from Acacia
elata seed. EurJ Biochem 115, 551-557.

Kos, 1., and Lah, T. (1998): Cysteine proteinases and their endogenous
inhibitors: Target proteins for prognosis, diagnosis and therapy in
cancer. Oncol Reports 5, 1349-1361.

Kridric, M., Fabian, H., Brzin, 1., Popovic, T., and Pain, R. H. (2002):
Folding, stability and secondary structure of a new cysteine dimeric
proteinase inhibitor. Biochem Biophys Res Commun 297, 962-967.

Kumazaki, T., Ishii, S., and Yokosawa, H. (1994): Identification of the
reactive site of ascidian trypsin inhibitor. J Biochem 116, 787-793.

Kumazaki, T., Kajiwara, K., Kojima, S., Miura, K., and Ishii, S. (1993):
Interaction of Streptomyces subtilisin inhibitor (SSI) with
Streptomyces griseus metallo-endopeptidase- II (SGMPII). J
Biochem 114,570-575.

Kunitz, M. (1947): Crystalline soyabean trypsin inhibitor n. General
properties. J Gen Physiol30, 291-310.

LaemelIi, U. K. (1970): Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature 227, 680-685.

Landis (2001): The antithrombotic and anti-inflammatory mechanisms of
action ofaprotinin. Ann Thorac Surg 72, 2169-75.

Laskowski, M. 1., and Kato, 1. (1980): Protein inhibitors of protienase. Ann
Rev Biochem 49, 593-626.

Lawrence, P. K., and Koundal, K. R. (2002): Plant protease inhibitors in
control of polyphagous insects. ElecJ Biotech 1, 93-109.

Lawrence, Paulraj, K., Koundal, K. R., and Ram, K. (2001): Agrobacterium
tumefaciens mediated transformation of pigeon pea (Cqjanu~ cajan



References

(L.) Millsp) and molecular analysis of regenerated plants. Curr Sci
80, 1428-1432.

Lee, M. H., Dodds, P., Verma, V., Maskos, K., Knauper, V., and Murphy,
G. (2003): Tailoring tissue inhibitor of metalloproteinases-J to
overcome the weakening effects of the cysteine-rich domains of
tumour necrosis factor-HA converting enzyme. Biochem J 371,
369-376.

Lee, S. 1., Lee, S. H., Koo, 1. C., Chun, H. J., Lim, C. 0., Mun, J. H., Song,
y. H., and Cho, M. 1. (1999): Soybean Kunitz trypsin inhibitor
(SKTI) confers resistance to the brown plant hopper (Nilaparvata
lugens Stal) in transgenic rice. Mol Breeding 5, 1-9.

Lee, Y. (1992): Food-processing approaches to altering allergenic potential
of milk-based formula. J Pediatr 121, 47-50.

Lehle, K., Konert, u., Stem, A, Propp, A, and Jaenicke, R. (1996): Effect
of disulphide bonds on the structure, function and stability of
trypsin/tP A inhibitor from Erythrina cajJra: Site directed
mutagenesis, expression and physiochemical characterization. Nat
BiotechnoI14,476-480.

Lemos, F. A., Xavier-Filno, 1., and Campos, F. A P. (1987): Proteinases of
the midgut ofSavrotes subfasciatos larvae. Agri Biol Tecnol 80, 46.

Leo, F. D., and Gallerani, R. (2002): The mustard trypsin inhibitor 2 affects
the fertility of Spodoptera littoralis larvae fed on transgenic plants.
Insect Biochem and Mol Biol 32, 489-496.

Leo, F. D., and Gallerani, R. (2005): Protease inhibitor gene transfer as a
tool for an ecological and sustainable plant defense strategy. 9th
International Conference on Agricultural Biotechnology: Ten Years
After.

Leo, F. D., Volpicella, M., Licciulli, F., Liuni, S., Gallerani, R., and Ceci, L.
(2002): PLANT-PIs: A database for plant protease inhibitors and
their genes. Nucl. Acids Res 30,347-348.

Leopoldo, G. G., Federico, U. C., Ana. L. S., Noelia, 1. B., Faivovich, 1.,
Lavilla, E., and Mario, R. E. (2004): A Kazal prolyl endopeptidase
inhibitor isolated from the skin of Phyllomedusa sauvagii. Eur J
Biochem 271, 2117-2126.

Leple, 1. c., Bonade-Bottino, M., Augustin, S., Pilate, G., Letan, V. D.,
Delplanque, A, Cornu, D., and Jouanin, L. (1995): Toxicity to
Chrysomela tremulae (Coleoptera: Chrysomelidae) of transgenic

'poplars expressing a cysteine proteinase inhibitor. Mol Breeding 1,
319-328.



Li, F. N., ASeymor, T., Bradford, C. S., Morrissey, M. T., Bailey, G. S.,
Helmrich, A, and Barnes, D. W. (1998): Molecular cloning,
sequence analysis and expression distribution of rainbow trout
(Oncorhynchus myktss) cystatin C. Comp Biochem Physiol 121,
135-143.

Ligia, R-M. M., Gracas, M. F. M. D., Cristina, C. E., Marcos, H. T.,
Novella, 1. c., and Sergio, M. (2003): A Trypsin inhibitor from
Pletophorum dubium seeds active against pest protease and its affect
on the survival ofAnagasta kuehniella. Biochem Biophys Acta 1621,
170-182.

Lindberg, 1., Hurk, W. H. V. D., Bui, c. and Batie, C. 1. (1995): Enzymatic
characterization of immunopurified prohormone convertase 2:
Potent inhibition by a 7B2 peptide fragment. Biochem 34,
5486-5493.

Ling, Y, and Garry, T. C. (1989): Characterization of proteinase inhibitor
isolated from the fungal pathogen Coccidioides immitis. Biochem J
257, 729-736.

Lipke, H., Frankel, G. S., and Liener, 1. E. 0.954): Effects of soybean
inhibitors on growth of Tribolium confusum. J Sci Food Agri 2,
410-415.

Lopes, A R, Juliano, M. A, Juliano, L., and Terra, W. R (2004): Co­
evolution of insect trypsins and inhibitors. Arch Insect Biochem
Physiol 55, 140-152.

Louise, F., David, B., Guiliano, Yelena, 0., Asim, K., Debnath, Jing, L.,
Steven, A, Williams, Mark, L., Blaxter, and Sara, L. (2005):
Characterisation of a novel filarial serine protease inhibitor, Ov-SPI­
1, from Onchocerca volvulus, with potential multifunctional role
during the parasites development. J Biol Chem 280, 49.

Lowry, O. H., Rosenbrough, N. 1., Farr, A L., and Randal, R J. (1951):
Protein measurment with Folin phenol reagent. J Biol Chem 193,
265.

Macintosh, S. C., Kishore, G. M., Perlak, F., Marrone, P. G., Stone, T. B.,
Sims, S. R., and Fuchs, R. L. (1990): Potentiation of Bacillus
thuringiensis insecticidal activity by serine protease inhibitors. J
Agri Food Chem 38,50-58.

Macphalen, C. N., and James. M. N. G. (1987): Crystal and molecular
structure of the serine proteinase inhibitor CI-2 from barley seeds.
Biochem 26, 261-269.

Malek, K., and Dietrich, R. A (1999): Defense on multiple fronts: How do
plants cope with diverse enemies? Trends Plant Set 4, 215-219.



Malone, M., and Alarcone, 1. 1. (1995): Only xylem-borne factors can
account for systemic wound signalling in the tomato plant. Planta
196, 740-746.

Manasi, T., Ajay, S., Aparna, P., Abhay, H., Vijay, 1., Archana, D., Vasanti,
D., Mohini, S., Prabhakar, R., G, G., Ashok, G., and Vidya, G.
(2003): Bitter gourd protease inhibitors: Potential growth inhibitors
of Helieoverpa armigera and Spodoptura litura. Phytochem 63,
643-652.

Marcela, G. A, Clelia, R. M., and la, C. 1. d. (2000): A potent antifungal
protein from Helianthus annuus flowers is a trypsin inhibitor. Plant
Physiol Biochem 38,881-888.

Mares, M., Melou, B., Pavlik, M., Kostika, N., and Baudys, M. (1989):
Primary structure of Cathepsin-D inhibitor from potatoes and its
structural relationship to trypsin inhibitor family. FEBS Lett 251,
94-98.

Maria, D. M. Y., Justo, P., Cristina, M. Y., Julio, G. C., Manuel, A,
Francisco, M. A, and Javier, V. (2004): Rapeseed protein
hydrolysates: A source of HIV protease peptide inhibitors. Food
Chem 87, 387 ~392.

Markaryan, A, BeaU, C. r., and Kolattukudy, P. E. (1996): Inhibition of
Aspergillus serine proteinase by Streptomyces subtilisin inhibitor and
high-level expression of this inhibitor in Pichia pastoris. Biochem
Biophys Res Commun 220, 372-376.

Mason, R. W., Solchurch, K., and Abrahamson, M. (1998): Amino acid
substitutions in the N-terminal segment of cystatin C create selective
protein inhibitors of lysosomal cysteine proteinases. Biochem J 330,
833-8.

McGurl, B., Orozco-Cardneas, M., Pearce, G., and Ryan, C. A (1994):
Overexpression of the prosystemin gene in transgenic tomato plants
generates a systemic signal that constitutively induces proteinase
inhibitor synthesis. Proe Nat Aea Sci USA 91, 9799-9802.

Mcmanus, M., and Burgess, E. P. (1995): Effects of the soybean (Kunitz)
trypsin inhibitor on growth and digestive proteases of larvae of
Spodoptera litura. Transgenic Res 8,383-395.

Mcmanus, M., White, D. W. R., and Mcgregor, P. (1994): Accumulation of
chymotrypsin inhibitor in transgenic tobacco can affect the growth
of insect pests. Transgenic Res 3, 50-58.

McPhalen, C. A, and lames, M. N. G. (1988): Structural comparison of two
. serine proteinase-protein inhibitor complexes: Eglin-c-subtilisin

Carlsberg and CI-2-subtilisin Novo. Biochem 27, 6582-6598.



Chapter 7

Mello, G. c., Oliva, M. L. V., Sumikava, 1. T., Machado, O. L. T.,
Marangoni, S., and Matos, D. G. G. (2002): Purification and
characterization of new trypsin inhibitor from Dimorphandra mollis.
J Protein Chem 20, 625-632.

Melville, J. C., and Ryan, C. (1973): Chymotrypsin inhibitor I from potato:
Large scale preparation and the characterization of its subunit
components. J Bio! Chem 247, 3415-3453.

Menegatti, E., Tedeschi, G., Ronchi, S., Bortolotti, F., Ascenzi, P., Thomas,
R. M., Bolognesi, M., and Palmieri, S. (1992): Purification,
inhibitory properties and amino acid sequence of a new serine
proteinase inhibitor from white mustard (Sinapis alba L.) seed.
FEBS Left 301, 10-14.

Menon, A. S., and Goldberg, A. L. (1987): Protein substrates activate the
ATP-dependent protease La by promoting nucleotide binding and
release of bound ADP. J Bio! Chem 262, 14929-14934.

Michaud, D. (2000): Recombinant protease inhibitors in plants.: Eurekah,
Georgetown.

Michaud, D., Cant in, L., and Vrain, T. C. (1995): Carboxy terminal
truncation of oryzacystatin II by oryzacystatin insensitive insect
digestive proteinases. Arch Biochem Biophys 322, 469-474.

Mitsui, Y., Satow, Y., Watanable, Y., Hirono, S., and Litaka, Y. (1979):
Crystal structures of Streptomyces subtilisin inhibitor and its
complex with subtilisin BPN. Nature 277,447-452.

Monteiro, A C. S., Abrahamson, M., Lima, A P. C. A, Vannier-Santos, M.
A, and Scharfstein, 1. (2001): Identification, characterization and
localization of chagasin, a tight-binding cysteine protease inhibitor
in Trypanosoma cruzi. J Cell Sci 114, 3933~3942.

Morrissey, M., Wu, J. W., Lin, D., and An, H. (1993): Effect of food grade
protease inhibitors on autolysis and gel strength of surimi. 1FT Ann
Mt Tech Prog Abst, pp. 89.

Mosolov, V. v., and Valueva, T. A. (1993): Plant protein inhibitors of
proteolytic enzymes. In G. Ellman (Ed.), VINITI Publishers,
Moscow.

Mottram, 1. C., Brooks, D. R., and Coomps, G. H. (1998): Roles of cysteine
proteinases of Trypanosomes and Leishmania in host-parasite
interactions. Curr Opin Microbiol L, 455-460.

Murachi, T. (1970): Bromelain enzymes. Methods Enzymoll9, 274-283.
Murao, S., Oda, K., and Koyama, T. (1978): New metallo proteinase

inhibitor produced by Streptomyces nigrescens TK-23: S-MP1.. Agric
Biol Chem 42, 899-900.



Murthy, H., Judge, K., DeLucas, L., and Padmanabhan, R. (2000): Crystal
structure ofDengue virus NS3 protease in complex with a Bowman­
Birk inhibitor: Implications for flaviviral polyprotein processing and
drug design. J 11,101 Biol 301, 759-767.

Neurath, H. (1984): Evolution of proteolytic enzymes. Science 224,
350-357.

Neurath, H. (1989): Proteolytic processing and physiological regulations.
Trends Biochem Sci 14, 268-271.

Neves-Ferreira, A G. c., Perales, J., Fox, 1. W., Shannon, 1. D., Makino, D.
L., Garratt, R. C., and Domont, G. B. (2002): Structural and
functional analyses of DM43, a snake venom metalloproteinase
inhibitor from Didelphis marsupialis serum. J Biol Chem 277,
13129-13137.

Newell, C. A, Lowe, 1. M., Merryweather, A, and Hamilton, W. D. O.
(1995): Transformation of sweet potato (Ipomea batatas (L.). Lam)
with Agrobacterium tumefaciens and regeneration of plants
expressing cowpea trypsin inhibitor and Snowdrop lectin. Plant Sci
107,215-227.

Ng, K. K. S., Petersen, 1. F. W., Cherney, M. M., Garen, C., Zalatoris, J. 1.,
Rao-Naik, c., Dunn, M. N., Martzen, M. R., Peanasky, R. 1., and
lames, M. N. G. (2000): Structural basis for the inhibition ofporcine
pepsin by Ascaris pepsin inhibitor-3. Nat Struct Bioi 7, 653-657.

Normant, E., Martres, M. P., Schwartz, 1. c., and Gros, C. (1995):
Purification, cDNA cloning, functional expression and
characterization of a 26-kDa endogenous mammalian
carboxypeptidase inhibitor. Proc Natl Acad Sci USA 92,
12225-12229.

Nozaki, Y., Reynolds, 1. A, and Tanford, C. (1974): The interaction of a
cationic detergent with bovine serum albumin and other proteins. J
Bioi Chem 249, 4452-4459.

Odani, S., and Ikenaka, T. (1973): Scission of soybean Bowman-Birk
proteinase inhibitor into two small fragments having either trypsin or
chymotrypsin inhibitor activity. J Biochem 74, 857-860.

Ohri, S., Parratt, R., White, T., Becket, 1., Brannan, J., Hunt, B., and Taylor,
K. (2001): A genetically engineered human Kunitz protease inhibitor
with increased kallikrein inhibition in an ovine model of
cardiopulmonary bypass. Perfusion 16, 199-206.

Oliveira, C. D., Santana, L. A, Carrnona, A K., HCezari, M., Sampaio, M.
D., Sampaio, C. A. M., and Oliva, M. L. (2001): Structure of



Chapter 7

cruzipain/cruzain inhibitors isolated from Bauhinia hauhinioides
seeds. Biol Chem 382,847-852.

Oppert, B., Morgan, T. D., Culbertson, C., and Kramer, K. 1. (1993):
Dietary mixtures of cysteine and serine proteinase inhibitors exhibit
synergistic toxicity toward the red flour beetle, Tribolium
castaneum. Comp Biochem PhysioI105, 379-385.

Oppert, B., Morgan, T. D., Hartzer, K, Lenarcic, B., Galesa, K., Brzin, 1.,
Turk, v. Yoza, K, Ohtsubo, K, and Kramer, K. 1. (2003): Effects
of proteinase inhibitors on digestive proteinases and growth of the
red flour beetle, Tribolium castaneum (Herbst) (Coleoptera:
Tenebrionidae ). Comp Biochem PhysioI Part C 134, 481 -490.

Orr, G. L., Strickland, J. A., and Walsh, T. (1994): Inhibition of Diabrotica
larval growth by a multicystatin from potato tubers. J Insect Physiol
40, 893-900.

Ovaldi, J., Libor, S., and Elodi, P. (1967): Spectrophotometric determination
of Histidine in protein with diethyl pyrocarbonate. Acta Biochem
Biophys (Budapest) 2,455-458. .

Ozawa, K., and Laskowski, M. 1. (1966): The reactive site of trypsin
inhibitors. J BioI Chem 241, 3955-3961.

Pannetier, c., Giband, M., Cousi, P., Letan, V., Mazier, M., Tournier, 1.,
and Hau, B. (1997): Introduction of new traits into cotton through
genetic engineering: Insect resistance as example. Euphytica 96,
163-166.

Park, H., Yamanaka, N., Mikkonen, A., Kusakabe, 1., and Kobayashi, H.
(2000): Purification and characterization of aspartic proteinase from
sunflower seeds. Biosci Biotech Biochem 64, 931-939.

Parker, T. C. B. (2003): The production ofmicrobiologically safe and stable
foods In the Microbiological Safety and Quality of Food. Aspen
Publishers Inc.

Paul, M. S., Sabine, P., Ivy, H., Bernhard, D., Victor, 1. c., Juan, C. E.,
Matthew, B., David, G. R., Judy, A. S., and James, H. M. (1999):
Cysteine protease inhibitors as chemotherapy: Lessons from a
parasite target. Proc NatI Acad Set USA 96, l1015~11022.

Pernas, M., Lopez-Solanilla, E., Sanchez-Monge, R., Salcedo, G., and
Rodriguez-Palenzuela, P. (1999): Antifungal activity of a plant
Cystatin. Mol Plant Microbe Interact 12,624-627.

Pham, T. N., Hayashi, K, Takano, R., Itoh, M., Eguchi, M., Shibata, H.,
Tanaka, T., and Hara, S. (1996): A new family of serine protease
inhibitors (Bornbyx family) as established from the unique



](IYBZhu&

topological relation between the positions of disulphide bridges and
reactive site. J Biochem 119,428-434.

Philip, 1. G., Mark, D. B., Yiping, S., Angela, M. F., Raymond, A. G., Paul,
E. c, Michael, L. 1., and Charles, W. S. (2004): Stabilized variant of
Streptomyces subtilisin inhibitor and its use in stabilizing subtilisin
BPN. Protein Engineering, Design & Selection 17,333-339.

Philip, 1. R. (1998): Proteases of malaria parasites: New targets for
chemotherapy. Emerging Infectious Diseases 4, 49-57.

Phylip, L. H., Lees, W. E., Brownsey, B. G., Bur, D., Dunn, B. M., Winther,
1. R., Gustchina, A., Li, M., Copeland, T., Wlodawer, A., and J, K.
(2001): The potency and specificity of the interaction between the
IA3 inhibitor and its target aspartic proteinase from Saccharomyces
cerevisiae. J Bioi Chem 276, 2023-2030.

Pichare, M. M., and Kachole, M. S. (1996): Protease inhibitors of Pigeon
pea (Cajanus cajan) and its wild derivatives. Physiol plantarum 98,
845-851.

Pierre, P., and Mcllman.L (1998): Developmental regulation of invariant
chain proteolysis controls MHC class II trafficking in mouse
dendritic cells. Cell 93, 1135-1145.

Polgar, L. (1989): Mechanism of protease action. In L. Polgar (Ed.), CRC
Press, Boca Raton, FL.

Pulliamt, D. A., Williams, D. 1., Broadway, R. M., and Stewart, C. N.
(2001): Isolation and characterization ofa serine proteinase inhibitor
cDNA from cabbage and its antibiosis in transgenic tobacco plants.
Plant Cell Biotechnol Mol Bioi 2, 19-32.

Rancour, 1. M., and Ryan, C. A. (1968): Isolation of a carboxypeptidase B
inhibitor from potatoes. Arch Biochem Biophys 125, 380-382.

Rao, M. B., Tanksale, A. M., Ghatge, M. S., and Deshpande, V. V. (1998):
Molecular and biotechnological aspects of microbial proteases.
Microbial Mol Bioi Rev 62,597-635.

Rawlings, D. N., Tol1e, P. D., and Barrett, A. J. (2004): Evolutionary
families ofpeptidase inhibitors. BiochemJ378, 705-716.

Rawlings, N. D., and Barrett, A. 1. (1993): Evolutionary families of
peptidases. Biochem J 290, 205-218.

Rawlings, K, and Barrett, A. (1999): MEROPS: The peptidase database.
Nucleic Acids Res 27,325-31.

Reppond, K. D., and Babbitt, 1. K. (1993): Protease inhibitors affect
physical properties of arrowtooth flounder and walleye pollack
surimi. J Food Sci 58, 96-98.



Chapter 7

Rester, D., Bode, W., Moser, M., Parry, M. A., Huber, R., and Auerswald,
E. (1999): Structure of the complex of the antistasin-type inhibitor
bdellastasin with trypsin and modeling of the bdellastasin­
microplasmin system. J Mol Bioi 293, 93-106.

Reverter, D., Fernandez-Catalan, c., Baumgartner, R., Pfander, R., Huber,
R., Bode, W., Vendrell, 1., Holak, T. A., and Aviles, F. X. (2000):
Structure of a novel leech carboxypeptidase inhibitor determined
free in solution and in complex with human carboxypeptidase A2.
Na! Struct Bioi 7, 322-328.

Richardson, M. (1980): Protein inhibitors of enzymes. J Food Chem 6,
235-253.

Richardson, M. (1991): Seed storage proteins: The enzyme inhibitors.
Methods Plant Biochem 5,295-305.

Riedl, S. J., Renatus, M., Schwarzenbacher, R., Zhou, Q., Sun, C. H., Fesik,
S. W., Liddington, R. C., and Salvesen, G. S. (2001): Structural basis
for the inhibition ofcaspase-3 by XIAP. Cell 104, 791-800.

Robert, A. C. (2005): Evaluation of enzyme inhibitors in drug discovery: A
guide for medicinal chemists and pharmacologists, Wiley, Germany.

Rossomando, E. F. (1990): Ion-exchange chromatography: Methods
Enzymol, Academic Press, Inc.

Roston, D. (1996): Development of non-toxic protease inhibitors extracted
from invertebrates for in vivo application. Int J Cardio 53, 11-37.

Ryan, C. A. (1973): Proteolytic enzymes and their inhibitors in plants. Ann
Rev Plant Physiol 24, 173-196.

Ryan, C. A. (1990): Protease inhibitors in plants: Genes for improving
defenses against insects and pathogens. Ann Rev Phytopathol 28,
425-449.

Ryan, C. A. (2000): The systernin signaling pathway: Differential activation
of plant defensive genes. Biochim Biophys Acta 1477, 112-121.

Ryoung, K D., Young, K D.. Thu, C. T. T., KYung-Hwan, 1., and Kyu, K.
K (2004): Crystallization and preliminary X-ray crystallographic
study of the leech protease inhibitor Guamerin and its complex with
bovine pancreatic chymotrypsin. Biochim Biophys Acta 1699 (1-2),
285-287.

Rzychon, M., Sabat, A., Kosowska, K, Potempa, 1., and Dubin, A. (2003):
Staphostatins: an expanding new group of proteinase inhibitors with
a unique specificity for the regulation of staphopains,
Staphylococcus spp. cysteine proteinase. Mol Microbiol 49,
1051-1066.



Rzychon, M., Chrniel, D., and Stec-Niemczyk, 1., (2004): Modes of
inhibition of cysteine proteases. Acta Biochim Polonica 51 (4),
861-873.

Sakai, M., Odani, S., and Ikenaka, T. (1980): Importance of the Carboxyl­
terminal four amino acid residues in the inhibitory activity of
Streptomyces subtilisin inhibitor (With a revision of its carboxyl­
terminal sequence). J Biochem 87,891-898.

Samac, D. A, and Smigocki, A C. (2003): Expression of oryzacystatin I
and II in alfalfa increases resistance to the root-lesion nematode.
Phytopathol93, 799-804.

Sane, V., Nath, P., Aminuddin, and Sane, P. V. (1997): Development of
insect-resistant transgenic plants using plant genes: Expression of
Cowpea trypsin inhibitor in transgenic tobacco plants. Curr Sci 72,
741-747.

Sardana, R. K, Ganz, P. R., DudaniI, A K., Tackaberry, E. S., Cheng, X.,
and Altosar, I. (1998): Synthesis of recombinant human cytokine
GMCSF in the seeds of transgenic tobacco plants, pp. 77-87. In C.
Cunningham, and A J. R. Porter (Eds): Recombinant proteins from
plants. Production and isolation of clinically useful compounds,
Humana Press, Totowa N1.

Schechter, and Berger (1967): On the size of the active site in proteases. I.
Papain. Biochem Biophys Res Commun 27, 157-162.

Seelmeir, S., Schmidt, H., Turk, V., and Helm, K V. (1988): Human
immunodeficiency virus has an Aspartic-type protease that can be
inhibited by Pepstatin A Proc Natl Acad Sci 85,6612-6616.

Shoji, 0., Kei, T., Satomi, K., Hiroshi, H., Takehiko, K, Saburo, H.,
Mamoru, I., and Susumu, T. (1999): The inhibitory properties and
primary structure of a novel serine proteinase inhibitor from the
fruiting body of the basidiomycete, Lentinus edodes. Eur J Biochem
262,915-923.

Shrivastava, B., and Ghosh, A. K. (2003): Protein purification, cDNA
cloning and characterization of a protease inhibitor from the Indian
tasar silkworm, Antheraea mylitta. Insect Biochem Mol Biol 33,
1025-1033.

Silverman, G. A., Bird. P. I., Carrell, R. W., Church, F. c., Coughlin, P. B.,
Gettins, P. G., Irving, J. A, Lomas, D. A, Luke, C. 1., Moyer, R.
W., Pemberton, P., Remold-O'Donnell, E., Salvesen, G. S., Travis,
J., and Whisstock, 1. C. (2001): Evolution, mechanism of inhibition,
novel functions and a revised nomenclature. J Biol Chem 276,
33293-33296.



Chapter 7

Singh, R. R., and Rao, A. G. (2002): Reductive unfolding and oxidative
refolding of a Bowman-Birk inhibitor from horsegram seeds
(Dolichos biflorus ): Evidence for 'hyperreactive' disulfide bonds
and rate-limiting nature of disulfide isomerization in folding.
Biochem Biophys Acta 1597,280 -291.

Sivakumar, S., Franco, O. L., Tagliari, P. D., Jr, C. B., Mohan, M., and
Thayumanavan, R (2005): Screening and purification of a novel
Trypsin inhibitor from Prosopis juliflora seeds with activity toward
pest digestive enzymes. Protein Peptide Left 12, 561-565.

Snipas, S. 1., Stennicke, H. R., Riedl, S., Poternpa, 1., Travis, 1., Barrett, A.
L, and Salvesen, G. S. (2001): Inhibition of distant caspase
homologues by natural caspase inhibitors. Biochem J 357,575-580.

Song, H., and Sub, S. (1998): Kunitz-type soybean trypsin inhibitor
revisited: Refined structure of its complex with porcine trypsin
reveals an insight into the interaction between a homologous
inhibitor from Erythrina cafJra and tissue-type plasminogen
activator. J Mol Bioi 275, 347-363.

Soottawat, R, Somkid, K, and Angkana, S. (1999): Inhibitory effects of
legume seed extracts on fish proteinases. J Sci Food Agric 79,
1875-1881.

Souza, E. M. T., Sampaio, M., Mizuta, K, and Sampaio, C. A M. (1995):
Purification and partial characterization of a Sehizolobium parahyba
chymotrypsin inhibitor. Phytochem 39,52]-525.

Spande, T. F., and Witkop, B. (1967): Determination of the tryptophan
content of proteins with N-bromosuccinimide. Methods Enzymolll,
498-506.

Staratman, J. W., Scheer, L, and Ryan, C. A. (2000): Suramin inhibits
initiation of defense signaling by systemin, chitosan, and a beta­
glucan elicitor in suspension-cultured Lycopersicon peruvianum
cells. Proc Nat Aea Sci USA 97, 8862-8867.

Stephen, R. M., and Judy, A. S. (1994): Characterization of the serine
protease and serine protease inhibitor from the tissue-penetrating
nematode Anisakis simplex. J Biochem 269,27650-27656.

Stotz, H. U., Kroymann, 1., and Mitchell-Olds, T. (1999): Plant-insect
interactions. Curl' Opin Plant Bioi 2. 268-272.

Strukelj, B., Lenarcic, B., Gruden, K, Pungercar, l., Rogelj, B., Turk, V.,
Bosch, D., and Jongsma, M. A. (2000): Equistatin, a protease
inhibitor from the sea anemone Actinia equina, is composed of three
structural and functional domains. Biochem Biophys Re: Commun
269, 732-736.



Stubbs, M. T., Laber, B., Bode, W., Huber, R., Jerala, R., and Lenarcic, B.
(1990): The refined 2.4 A X-ray crystal structure of recombinant
human stefm B in complex with the cysteine proteinase papain: A
novel type of proteinase inhibitor interaction. EMBO J 9,
1939-1947.

Suh, Y., and Benedik, M. 1. (1992): Production of active Serratia
marcescens metalloprotease from Escherichia coli by a hemollysin
HlyB and HlyD. J Bacteriol174, 2261-2266.

Szyperski, T., Guntert, P., Stone, S. R., and Wuthrich, K. (1992): Nuclear
magnetic resonance solution structure of hirudin. J Mol Bioi 228,
1193-1205.

Taguchi, S., Yamada, S., Kojima, S., and Momose, H. (1998): An
endogenous target protease, SAM-P26, of Streptomyces protease
inhibitor (SSI): Primary structure, enzymatic characterization and its
interaction with SSI. J Biochem 124, 804-810.

Takano, R., Imada, C., Kamei, K., and Hara, S. (1991): The reactive site of
marinostatin, a proteinase inhibitor from marine Alteromonas sp. B­
10-31. J Biochem 110, 856-858.

Takeshi, K., Chiaki, 1., Akira, H., Hiroshi, T., Katsushiro, M., Yoshihiko, 1.,
Naoko, H., and Etsuo, W. (2003): Pseudoalteromonas sagamiensis
sp. a novel marine bacterium that produces protease inhibitors. lnte J
Syst Evol Microbiol53, 1807-1811.

Tamir, S., Bell, 1., Finlay, T. H., Sakal, E., Smirnoff, S., Gaur, S., and Birk,
Y. (1996): Isolation, characterization and properties of a trypsin­
chymotrypsin inhibitor from Amaranth seeds. J Prot Chem 15,
219-229.

Tamura, A., Kimura, K., Takahara, H., and Akasaka, K. (1991): Cold
denaturation and heat denaturation of Streptomyces subtilisin
inhibitor. 1. CD and DSC studies. Biochem 30, 11307-11313.

Tawde, S. (1961): Isolation and partial characterisation of red gram
(Cajanus cajan) trypsin inhibitor. Ann Biochem Exp Med 21,
359-366.

Teles, C. L. R., de, A. C., Leonardo, M., Francisco, 1., and Barbosa, A. R.
G. 1. (2005): pH dependence thermal stability of a chymotrypsin
inhibitor from Schizolobium parahyba seeds. Biophysic J 88,
3509-3517.

Terashita, T., Kono, M., and Murao, S. (1980): Promoting effect of S-PI on
fruiting ofLentinus edodes. Trans Mycol Soc Jpn 21, 137-140.

Thomas, J. C., Adarns, D. G., Keppenne, V. D., Wasmann, C. c., Brown, J.
K., Kanosh, M. R., and Bohnert, H. 1. (1995): Proteinase inhibitors



Chapter 7

of Manduca sexta expressed in transgenic cotton. Plant Cell Rep 14,
758-762.

Thomas, J. c., Wasmann, C. C., Echt, C., Dunn, R. L., Bohnert, H. 1., and J,
M. T. (1994): Introduction and expression of an insect proteinase
inhibitor in alfalfa (Medicago sativa L.). Plant Cell Rep 14,31-36.

Timasheff, S. N., and Arakawa, T. (1989): In Protein Structure: A Practical
Approach. In T. E. Creighton (Ed.), JRL Press, Oxford.

Titarenko, E., Rojo, E., Leon, 1., and Sanchez-Serrano, 1. 1. (1997):
Jasmonic acid-dependent and -independent signaling pathways
control wound-induced gene activation in Arabidopsis thaliana.
Plant Physiol115, 817-826.

Todd, B., Moore, D., Deivanayagam, C. C. S., Lin, G., Chattopadhyay, D.,
and Maki, M. (2003): A structural model for the inhibition ofcalpain
by calpastatin: Crystal structures of the native domain VI of calpain
and its complexes with calpastatin peptide and a small molecule
inhibitor. J Mol Bioi 328, 131-146.

Travis, 1., and Salvesen, G. S. (1983): Human plasma proteinase inhibitor.
Ann Rev Biochem 52, 655-709.

Tsunemi, M., Matsuura, Y., Sakakibara, S., and Katsube, Y. (1993):
Crystallization of a complex between an elastase-specific inhibitor
elafin and porcine pancreatic elastase. J Mol Biol 232, 310-311.

Tsybina, T. A., Dunaevsky, Y. E., Musolymov, A. K., Egorov, T. A., and
Belozersky, M. A. (2001): Cationic inhibitors of serine proteases
from buckwheat seeds. Biochem 66, 941-947.

Ueda, Y., Kojima, S., Tsumoto, K., Takeda, S., Miura, K., and Kumagai, I.
(1992): A protease inhibitor produced by Streptomyces lividans 66
exhibits inhibitory activities toward both subtilisin BPN' and trypsin.
J Biochem 112, 204-11.

Uehara, Y., Tonomura, B., and Hiromi, K. (1980): Studies of alkaline
protease inhibitors from a Streptomyces sp. Arch Biochem Biophys
202, 250-258.

Uehara, Y., Tonomura, B., and Hiromi, K. (1983): Kinetic studies on acid
denaturation and renaturation of a protein proteinase inhibitor,
Streptomyces Subtilisin inhibitor. J Biochem 94,903-915.

Umezawa, H. (1982): Low molecular weight enzyme inhibitors of microbial
origin. Ann Rev Microbiol36, 75-99.

Urwin, P. E., Atkinson, H. 1., Waller, D. A., and Mcpherson, M. 1. (1995):
Engineered oryzacystatinl expressed in hairy roots confers resistance
to Globoderapallida. PlantJ8, 121-131.



References

Urwin, P. E., Lilley, C. 1., Mcphcrson, M. J., and Atkinson, H. J. (1997):
Resistance to both cyst and rootnot nematodes conferred by
transgenic Arabidopsis expressing a modified plant cystatin. Plant J
12,455-461.

Ussuf K. K.. Laxmi, N. H., and Mitra, R. (2001): Proteinase inhibitors:
Plant-derived genes of insecticidal protein for developing insect­
resistant transgenic plants. Curr Sci 80,847-853.

Vain, P., Worland, 8., Calrke, M. C; Richard, G., Beavis, M., Liu, H.,
Kohli, A., Leech, M., Snapc, .I., and Christo, P. (1998): Expression
of an engineered cysteine proteinase inhibitor (Oryzacystatin-I delta
086) for nematode resistance in transgcnic rice plants. Theor Appl
Gene 96. 266-271.

Valdar, W. S. J., and Thornton, J. M. (2001): Protein-protein interfaces:
Analysis of aminoacid conservation in hornodimers. Proteins Struc
FlIf1Ct Genet Al: l08-124.

Valentc, R. H., Dragulev,B., Pcralcs, .I., Fox, J. W., and Dornont, G. B.
(2001): BJ46a, a snake venom metalloproteinase inhibitor
isolation, characterization, cloning and insights into its mechanism
of action. ElIr.J Biochem 268, 3042-3052.

Valucva, T. A., Rcvina, T. A, Gvozdcva, E. L., Gerasimova, N. G., and
Ozcrctskovskaya, O. L. (2003): Role of proteinase inhibitors in
potato protection. Bioorg Khim 29, 499-504.

Vccrappa, H. M., Kulkarni, S., and Ashok, P. G. (2002): Detection of
legume protease inhibitors by the Gel-X-ray film contact print
technique. Biochem Mol BioI Edll 30, 40-44.

Wasternack. C., and Parthicr, 8. (1997): Jasrnonatc-signalled plant gene
expression. Trends Plant Sci Rev 2,302-307.

Wicczorck, M., Otlewski, 1., Cook, J., Parks, K., Lcluk, J., Wilimowska­
Pe1c, A., Polanowski, A., Wilusz, 1., and Laskowski, J. M. (1985):
The squash family of serine proteinase inhibitors. Amino acid
sequences and association equilibrium constants of inhibitors from
squash, summer squash, zucchini and cucumber seeds. Biochem
Biophys Res COf11f11un 126, 646652.

Williarnson, V. M., and Hussey, R. S. (1996): Nematode pathogenesis and
resistance in plants. Plant Cell 8, 1735- J745.

Wolfson, J. L., and Murdock, L. L. (1987): Suppression of larval Colorado
beetle growth and development by digestive proteinase inhibitors.
Entomol Erp App144. 235-240. ~



Chapter 7

Wu, C, and Whitaker, J. R. (1990): Purification and partial characterization
of four trypsin/chymotrypsin inhibitors from red kidney beans
tPhaseolus vulgaris var.Linden). J Agric Food Chem 38, 1523-1529.

Wu, J., Yang, 1., and Wu, C S. (1992): I3-JI conformation of all-13 proteins
can be distinguished from unordered form by circular dichroism.
Anal Biochem 200,359.

Xu, D. P., Xuc, Q. Z., Mcelroy, D., MawaL Y., Hilder, V., and Wu, R.
(1996): Constitutive expression of a cowpea trypsin inhibitor gene,
CpTi, in transgenic rice plants confers resistance to two major rice
insect pests. Mol Breeding 2, 167-173.

Xu, G., Rich, R. L., Stccgborn, c., Min. T., Huang, Y., Myszka, D. G., and
Wu, H. (2003): Mutational analyses of the p35-caspase interaction ­
a bowstring kinetic model of caspase inhibition by p35. J BioI Chem
278,5455-5461.

Yancy, P. H., Clark, M. E., Hand, S. c. Bowlus, R. D., and Sorncro, G. N.
(1982): Living with water stress: Evolution of osmolyte systems.
Science 217,1214-1222.

Yang, S. Q., Wang, C. L Gillmor, S. A., Flcttcrick, R. J., and Craik, C. s.
(1998): Ecotin: A serine protease inhibitor with two distinct and
interacting binding sites. J Mol BioI 279, 945-957.

Yeh, K. W., Lin, M. L., Tuan, S. r., Chcn, Y. M., Lin, C, and, Kao, S. S.
(1997): Sweet potato (Ipomea batatasi trypsin inhibitors expressed
in transgcnic tobacco plants confer resistance against Spodoptera
litura. Planl Cell Rep 16, 696-699.

Yutani, K., Ogasaha, K., Suzuki, M., and Sugino, Y. (1980): Effect of a
single amino acid substitution on the near-ultraviolet CD spectra of
tryptophan synthase -subunit. J Biochem 87, 117 121.

Zeng, F. Y., Qian, R. R., and Wang, Y. (1988): The amino acid sequence of
trypsin inhibitor from the seeds of Momordica charantia Linn,
Cucurbitaccac. FEBS Let! 234,35-38.


	TITLE
	CERTIFICATE
	DECLARATION
	ACKNOWLEDGEMENT
	ABBREVIATIONS
	CONTENTS
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7



