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ABSTRACT

Serine proteinase inhibitors are present in leaves, flowers, seeds and tubers of many

plants as theirdefensive agent against insect pests. Many plant serine proteinase inhibitors have

been purified and characterized particularly from the seeds of Leguminosae, Cucurbitaceae,

Solanaceae and Gramineae family. Among them, the Kunitz trypsin inhibitor super-family has

gained particular importance for its specific activity against trypsin-like serine proteinases.

These proteinase inhibitors have been shown to inhibit the proteolytic activity of several

lepidopteran pests which largely depends on presence of serine proteinases for protein digestion.

Their role in retarding growth and development of insect pests fed on diets containing inhibitor

has been demonstrated in many studies. However, insect pests overcome the effect of plant

proteinase inhibitors by expressing new proteinases which are either insensitive or can degrade

them. Due to adaptive strategy adopted by insect pest against host proteinase inhibitors, it is

important to identify effective and potent inhibitors of insect proteinases from unrelated non-

host plants. One of the major focuses of plant biotechnology is to develop crops resistant to

particular insect pests. One of the strategies could be to express effective proteinase inhibitors

against insect gut proteinases from non-host plants in affected crops.

A Kunitz-type trypsin inhibitor from the seeds of Murraya koenigii belonging to

Rutaceae family has been purified earlier in our lab. Biochemical characterization of Murraya

koenigii trypsin inhibitor (MKTI) has shown that it is highly resistant to proteolytic degradation

by selected proteinases and is a major seed storage protein. In the present work, in vitro and in

vivo effects of MKTI on two lepidopteran insect pests namely Helicoverpa armigera and

Spodoptera litura were studied. Both are polyphagous lepidopteran insect pests and affects

many important crops causing severe economic losses. This work demonstrated the inhibitory



potential of MKTI against gut proteinases and their effect on growth and development of the

two pests. Also, the cloning, sequencing, expression and homology modeling of MKTI were

performed. The MKTI gene was cloned form both genomic and cDNA. This work also includes

the cloning, sequencing and homology modeling of another Kunitz-type trysin inhibitor from

the plant Murraya paniculata belonging to Rutaceae family.

The thesis is divided into six chapters. Chapter 1 reviews the literature in the area of

plant proteinase inhibitors particularly serine proteinase inhibitors.

Chapter 2 assesses the in vitro and in vivo effects of Murraya koenigii trypsin inhibitor

on Helicoverpa armigera, a polyphagous lepidopteran insect pest. MKTI inhibited the trypsin-

like and total proteinases activity of H. armigera gut proteinases (HGP) by 78.5% and 40%

respectively. In feeding experiments, MKTI was found to adversely affect the growth and

development of larvae, pupae and adult in dose dependent manner. A reduction of 69% in larval

weight after 10 days of feeding and 40% larval mortality was observed in larvae fed with diets

containing 200 uM inhibitor. Likewise, pupation, pupal weight, adult survival, adult emergence,

fertility and fecundity were adversely affected. Also, malformed pupae and adults were

observed because of abnormal development. The effect of MKTI feeding on endogenous levels

of proteinases showed a substantial decrease in trypsin-like activity and similar increase in

chymotrypsin-like activity after being fed with inhibitor supplemented diet. The MKTI was

found to be completely stable against proteolysis by HGP up to 72 h with inhibitory activity

intact. The results clearly demonstrated the efficacy of MKTI as a plant defense agent against H.

armigera.

Chapter 3 evaluates the effect of Murraya koenigii trypsin inhibitor (MKTI) on digestive

proteinases and growth of Spodoptera litura. MKTI inhibited the trypsin-like and total



proteinases activity of S. litura gut proteinases (SGP) by over 81% and 48% respectively. The

effect of MKTI feeding on endogenous levels of proteinases showed an 8-fold decrease in

trypsin-like activity and approximately 4-fold increase in chymotrypsin-like activity in fifth

instar larvae after being fed with inhibitor supplemented diet. MKTI was found to be

remarkably stable against proteolysis by SGP even after 72 h of incubation with total gut

proteinases. Incorporation of MKTI in artificial diet adversely affected the growth and

development of larvae, pupae and adult in dose dependent manner. Larval feeding studies

showed a reduction of 44.8% in larval weight after 10 days of feeding and larval mortality

increased to 43.3% when fed with diets containing 200 uM inhibitor. These results showed that

MKTI can be an effective plant defense agent against S. litura.

Chapter 4 describes cloning, sequencing, expression and homology modeling of

Murraya koenigii trypsin inhibitor. A 648 base pair open reading frame was obtained after

sequencing of the MKTI PCR product. DNA sequence analysis of both cDNA and genomic

DNA showed same nucleotide sequence in the coding region, implying thatgenomic clone lacks

intervening sequences. The deduced amino acid sequence of MKTI comprises a polypeptide of

215 amino acid residues of which first 25 N-terminal residues form a signal peptide and

remaining 190 residues form mature protein. The open reading frame of mature protein was

overexpressed as the glutathione S-transferase (GST)-fusion protein in E. coli TGI cells after

subcloning it in-frame in pGEX-5X-3. The recombinant MKTI was obtained from GST-MKTI

fusion protein after treatment with factor Xa. Both, the fusion protein and isolated reMKTI

showed identical trypsin inhibitory activity.

Chapter 5 describes amino acid sequence analysis which showed that MKTI forms a

distinct cluster with miraculin-like proteins, a Kunitz family member, in phylogenetic analyses.

in



It showed maximum homology (57% identity & 74% similarity) with miraculin-like proteins.

The amino acid sequence of reactive loop of MKTI showed major differences from other

Kunitz-type inhibitors. The MKTI sequence showed existence of possible glycosylation,

phosphorylation and myristoylation sites. The structure prediction by homology modeling

showed significant differences between MKTI and other soyabean Kunitz family inhibitor

structures despite similar overall fold. The major differences were observed in intermolecular

contacts between MKTI reactive loop and trypsin when compared to soyabean Kunitz inhibitor.

The present study explores the unique features of MKTI structure based on the amino acid

sequence and homology modeling.

Chapter 6 describes the cloning, sequencing and homology modeling of a trypsin

inhibitor from Murraya paniculata. In comparative protein profiling, a corresponding band

similar to MKTI was observed in Murraya paniculata seed extract. But weak trypsin inhibitory

activity has been observed in the M. paniculata seeds extract compared to MKTI crude extract.

A PCR fragment of 570 bp was obtained from genomic DNA amplification. Sequence analysis

has shown that it belongs to kunitz family of trypsin inhibitor. Murraya paniculata trysin

inhibitor (MPTI) shares 96% homology matching with the amino acid sequence of MKTI.

MPTI also forms a distinct cluster with miraculin like protein and distantly related with kunitz

type trypsin inhibitor. Structure prediction by homology modeling revealed that it has overall

three fold internal symmetry with (3- trefoil fold. MPTI is a weak trypsin inhibitor as compared

to MKTI. This study analyses its differences with MKTI based on the amino acid sequence and

homology modeling.

IV
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INTRODUCTION



INTRODUCTION

Serine proteinase inhibitors are widely distributed in nature and have been isolated from

many sources including animals, plants and microorganisms. Plant seeds are rich source of

inhibitors. Many plant serine proteinase inhibitors have been purified and characterized

particularly from the seeds of Leguminosae, Cucurbitaceae, Solanaceae and Gramineae family.

These proteinase inhibitors have been classified usually according to their sequence homology

and structure of disulfide bridges and include Kunitz-type, Bowman-Birk type, potato I, potato

II, squash, and cereal superfamily (Laskowski and Kato, 1980).

The Kunitz type inhibitors of serine proteinases are divided into two subfamilies; the

Kunitz bovine pancreatic trypsin inhibitor (BPTI), with molecular mass of about 6.5 kDa and

three disulfide bridges and the Kunitz soybean trypsin inhibitor (STI), with molecular mass of

about 20 kDa containing two disulfide bridges (Wlodawer et al., 1987). The crystallographic

and circular dichroism studies have shown that Kunitz soybean trypsin inhibitor (STI) family

members are predominantly P-sheet proteins with little or no a-helical structure. It consists of 12

crisscrossed antiparallel P-strands largely stabilized by hydrophobic side chains, random coil

and turn structure which is known as P-trefoil fold, a distinct folding pattern which is common

to the kunitz family of protease inhibitors (Murzin et al., 1992). The spectroscopic and

biochemical studies have shown that the Kunitz type inhibitors are highly stable over a broad

range of temperature and pH and are remarkably resistant to proteolytic degradation (Sweet et

al., 1974; Onesti et al., 1991; Roychadhuri et al., 2003, 2004; Azarkan et al., 2006).

These plant proteinase inhibitors are one of the natural defense molecules against many

insect pests (Gracia-olmedo et al., 1987; Ryan, 1990; Boulter, 1993; Yeh et al., 1997). It has



been shown that wounding of plant tissues by insects pests or microbial infection significantly

enhances the level of proteinase inhibitors (Pis) in tissues (Green and Ryan, 1972; Schaller and

Ryan, 1995). Among them, serine Pis and particularly Kunitz trypsin inhibitor super-family has

been shown to inhibit the proteolytic activity of several lepidopteran pests which largely

depends on presence of trypsin-like serine proteinases for protein digestion (Broadway and

Duffey, 1986; Richardson, 1991; Giri et al., 2003). Their role in retarding growth and

development of insect pest fed on diets containing inhibitor has been demonstrated in many

studies (Harsulkar et al., 1999; Murdock and Shade, 2002; Telang et al., 2003; Srinivasan et al.,

2005; Bhattacharyya et al., 2007). Soyabean Kunitz, Archidendron ellipticum and bitter gourd

trypsin inhibitors (SKTI, AeTI and BGTI) showed inhibition of gut proteinases and adverse

effect on growth and development of Spodoptera litura (McManus and Burgess, 1995;

Bhattacharyya et al., 2007; Telang et al., 2003).

Murraya koenigii (L) Spreng. (Rutaceae) is an aromatic more or less deciduous shrub or

a small tree, commonly used as a spice throughout India for its aromatic value. Apart from this

it is well-known from ancient time for its stimulant, stomachache, antidysenteric and

carminative activities (Pruthi, 1998, Yusuf et al., 1994, Satyavaty et al., 1987). Traditionally this

plant is also consumed by diabetics in southern part of India (Yadava et al., 2002). Previous

biochemical studies on M. koenigii (Curry leaf) have revealed the occurrences of alkaloids

(Reisch et al., 1994; Bhattacharyya et al., 1994; Chakraborty et al., 1997), quinones (Saha and

Chowdhury, 1998), terpenoids (Kureel et al., 1969). The plant also reported to have

hypoglycemic (Khan et al., 1995), antihyperglycemic (Yadava et al., 2002), antidiabetic

(Arulselvan et al., 2006)and anti-fungal effects (Das et al., 1965).



Previously, a 21A kDa Kunitz type trypsin inhibitor protein has been purified by ion

exchange chromatography, gel filtration chromatography on HPLC and affinity chromatography

on cibacron blue 3 GA (Shee et al., 2007, 2008). The kinetic study have shown that MKTI is a

competitive inhibitor having Ki 7 x 10"7 M. Solubility studies of Murraya koenigii trypsin

inhibitor (MKTI) have shown that the solubility decreases below pH 7.5. Protein profiling

shows that it is a major storage protein in the seed. MKTI was found stable in proteolysis

4- studies with five different proteinases, trypsin, papain, proteinase K, chymotrypsin and pepsin

(Shee et al., 2008).

In this work, we have extended the study on Murraya koenigii trypsin inhibitor. The in

vitro and in vivo effects of Murraya koenigii trypsin inhibitor has been evaluated on

polyphagous lepidopteron insect pests, Helicoverpa armigera and Spodoptera litura. MKTI

± inhibited the trypsin-like and total proteinases activity of both the insects gut proteinases.

MKTI was found to adversely affect the growth and development of larvae, pupae and adult in

dose dependent manner. Likewise, pupation, pupal weight, adult survival, adult emergence,

fertility and fecundity were adversely affected. In order to use MKTI as a potent insecticidal

candidate for the development of resistant transgenic crop, MKTI gene was cloned from both

^ cDNA and genomic DNA. Also the expression and purification of recombinant MKTI was

performed. Homology modeling of Murraya koenigii trypsin inhibitor has been done to

understand the inhibitory mechanism. The amino acid sequence of reactive loop of MKTI

showed major differences from other Kunitz-type inhibitors. MKTI forms a distinct cluster with

miraculin-like proteins, a Kunitz family member, in phylogenetic analyses. A homologous

trypsin inhibitor gene of MKTI has been cloned from Murraya paniculata genomic DNA.

Despite the overall 96% similarity in amino acid sequence with MKTI, it shows some key



structural differences from MKTI. MPTI also forms a distinct cluster with miraculin like protein

and distantly related with typical kunitz type trypsin inhibitor like MKTI. Structure prediction

by homology modeling revealed that it has overall three fold internal symmetry with P-trefoil

fold.
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CHAPTER 1

LITERATURE REVIEW



Literature Review

1.1. Introduction

Proteins are important functional elements of the cell, where in many cases their

structural or mechanical functions are just as important as their biochemical roles. The chief

characteristic of proteins that enables them to carry out their diverse cellular functions is their

ability to bind other molecules specifically and tightly. This binding ability is mediated by the

structure of the protein, by the chemical properties of the surrounding amino acids' side chains

and by the physiological conditions. Formation of specific complexes between antigen and

antibody, hormone and receptor, or enzyme and inhibitor/substrate in specific physiological

conditions are classic examples of highly complementary and specific interactionsvital to living

organisms. These interactions are completely dependent on their structural and functional

stability in different physicochemical conditions. The structural and functional stability of the

proteins can be examined both invitro and invivo conditions. In order to perform invitro

analysis, a protein must be purified away from other cellular components. This process usually

begins with cell lysis, centrifugation, various chromatographic methods and various

spectroscopic techniques. Purified protein can be characterized further biochemically by various

bioassays and biophysically by various biophysical techniques like UV-Visible, circular

dichroism, fluorescence spectroscopy and X-ray crystallography. The detailed characterization

of a protein generally helps in understanding the structure-function relationship and therefore,

can be controlled various cellular process in living organisms.

Proteolysis is a key process in all living organisms and must be carefully controlled in

order not to be hazardous to the organism itself. It is, therefore, not surprising that a large

number of naturally occurring proteinaceous proteinase inhibitors have been found in animals,



plants and microorganisms (Laskowski and Kato, 1980; Liener, 1979; Richardson, 1977;

Mosolov and Valueava, 1993). Proteinase inhibitors are molecules that reduce the bio

availability of proteinases, a catalytic enzyme that catalyzes the hydrolysis of proteins to form

smaller polypeptide units. Proteinases are mostly classified according to the main catalytic

amino acid residue in their active site: (1) serine proteinases, with a serine and a histidine; (2)

cysteine proteinases, with a cysteine; (3) aspartic proteinases, with an aspartate group and (4)

metalloproteinases, with a metallic ion (Zn2+, Ca2+, or Mn2+) (Neurath, 1984), in their active

site. They have evoked tremendous interest because of their pivotal role in the regulation of

various physiological and pathological processes. Due to the essential nature of proteinases,

proteinase inhibitors play a crucial role in developing therapeutics and as biocontrol agents.

Proteinases are essential in the life cycles of organisms that cause mortal diseases such as

malaria, cancer and AIDS (Billings et al., 1987; Seelmeir et al., 1988). Specific inhibition of

these proteinases can be used as a strategy for drug design for the prevention of propagation of

many causative agents and many proteinase inhibitors therefore, act as anti-cancer and anti-HIV

agents. Proteinase inhibitors can be divided into two classes: small molecules and

macromolecules (Stoop and Craik, 2003). Small molecule inhibitors use the chemical nature of

the active site and extended substrate-binding pockets to bind and inhibit the proteinase.

Because of their small size and limited recognition determinants, these inhibitors often cannot

discriminate sufficiently between closely related serine proteinases (Sanderson, 1999; Leung et

al., 2000).

1.2. Serine proteinases and inhibitors

The serine proteinases are a large family of enzymes involved in a wide variety of vital

biological processes. The crucial physiological functions of these enzymes in metabolism, blood
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coagulation, fibrinolysis, complement pathways, viral maturation, apoptosis and cancer make

them important targets for efforts to isolate, design and engineer potent and specific inhibitors.

Macromolecular proteinase inhibitors bind to the target proteinase through a single loop that

indicates the critical PI residue. This residue fits into the binding pocket of the target proteinase

in a substrate-like conformationto lock the enzyme in a complex formed between the proteinase

and inhibitor (Yang and Craik, 1998).

1.2.1. Catalytic mechanism ofserine proteinases

The three serine proteinases have been studied in greater detail are trypsin, chymotrypsin

and elastase. Trypsin and chymotrypsin are structurally very similar, although they recognise

different substrates. Trypsin acts on lysine and arginine residues, while chymotrypsin acts on

large hydrophobic residues such as tryptophan, tyrosine and phenylalanine, both with

extraordinary catalytic efficiency. Both enzymes have a catalytic triad of serine (Ser 195; hence

the name serine proteinase), histidine (His 57) and aspartate (Asp 102) located near the heart of

the enzyme and these three key amino acids each play an essential role in the cleaving ability of

the proteinases.

As the polypeptide enters, the serine -OH group attacks the carbonyl carbon, the nitrogen

of the histidine accepts the hydrogen from the -OH of the serine and a pair of electrons from the

double bond of the carbonyl oxygen moves to the oxygen. Asa result, a tetrahedral intermediate

is generated.

The bond joining the nitrogen and the carbon in the peptide bond is now broken. The

covalent electrons creating this bond move to attack the hydrogen of the histidine, breaking the

connection. The electrons that previously moved from the carbonyl oxygen double bond move



back from the negative oxygen to recreate the bond, generating an acyl-enzyme intermediate.

Now, water comes in to the reaction. Water replaces the N-terminus of the cleaved peptide, and

attacks the carbonyl carbon. Once again, the electrons from the double bond move to the oxygen

making it negative, as the bond between the oxygen of the water and the carbon is formed. This

is coordinated by the nitrogen of the histidine, which accepts a proton from the water. Overall,

this generates another tetrahedral intermediate.

In a final reaction, the bond formed in the first step between the serine and the carbonyl

carbon moves to attack the hydrogen that the histidine just acquired. The now electron-deficient

carbonyl carbon re-forms the double bond with the oxygen. As a result, the C-terminus of the

peptide is now ejected.

1.2.2. Mechanism ofserine proteinase inhibition

The binding of an inhibitor can stop a substrate from entering the enzyme's active site

and/or hinder the enzyme from catalyzing its reaction. Inhibitor binding is either reversible or

irreversible. Irreversible inhibitors usually react with the enzyme and change it chemically.

These inhibitors modify key amino acid residues needed for enzymatic activity. In contrast,

reversible inhibitors bind non-covalently and different types of inhibition are produced

depending on whether these inhibitors bind the enzyme, the enzyme-substrate complex, or both.

Protein inhibitors of serine proteinases such as soybean trypsin inhibitor undergo the

reaction, including formation of an acyl-enzyme, but have many interactions with the

proteinase, so that the first product does not diffuse away and water has no room to attack the

acyl-enzyme (Figure 1.1). A classical peptide inhibitor of serine proteinases that is hydrolyzed

~ 107 times more slowly than a good substrate is shown to form an acyl-enzyme intermediate
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rapidly. Despite this quick first step, further reaction is slowed dramatically because of tightand

oriented binding of the cleaved peptide, the leaving group amine is poised for nucleophilic

attack on the acyl-enzyme and preventing acyl-enzyme hydrolysis and favoring the reverse

reaction (Longstaff et al., 1990 and Shaw et al., 1995). The clogged gutter mechanism for

proteinase inhibitor suggested that the combination of a hydrogen bond network, an acyl-

enzyme, and the correct orientation of the religating amide can arrest the catalytic reaction of

serine proteinases (Radisky and Koshland, 2002).

Cys 39

I
P4 P3 P2 Pi' P2'

Ser Pro Tyr Arg He Arg Cys

Virgin Inhibitor

^

P4 P3 P2 Pi Pi' P2'
.Cys 39 Ser Pro Tyr Arg O" +H2 He Arg .Cys

Modified Inhibitor

86

Figure 1.1: Schematic diagram of the reactive site ofKunitz's soybean trypsin inhibitor. Virgin

inhibitor has all its peptide bonds intact. Modified inhibitor has the reactive site peptide bond

hydrolyzed



1.3. Plant proteinase inhibitors

Proteinaceous proteinase inhibitors are ubiquitously abundant in tubers and plant seeds

(Ryan, 1977). In higher plants, several gene families of these proteinase inhibitors have been

characterised, particularly the serine proteinase inhibitors from Leguminosae, Cucurbitaceae,

Solanaceae and Graminae (Garcia-Olmeda et al., 1987). The classification of proteinaceous

proteinase inhibitors (Pis) remains, however, unclear. The confusion in classification is

resulting from the fact that Pis are often named after their first discovered biological origin (e.g: >

Potato Inhibitor II), the last name of the discoverer (e.g. Kunitz inhibitor from soybean) and/or

the enzyme they inhibit (e.g. Serpins) (Birk, 2003a) and the type(s) of enzyme they inhibit (e.g.

serine proteinase inhibitors) (Ryan, 1990; Bod^ and Huber, 2000). However, the serine

proteinase inhibitors have been classified usually according to their sequence homology and

structure of disulfide bridges and include Bowman-Birk type, squash inhibitor family, cereal ^

superfamily, potato I, potato II and Kunitz-type inhibitors family (Laskowski and Kato, 1980).

1.3.1. The Bowman-Birk family

The Bowman-Birk inhibitor from soybeans (BBI) serves as the prototype for a family of

inhibitors that are predominant in legume seeds (Birk, 1961; Birk et al., 1963; Birk, 1985). BBI ^

has a molecular mass of about 8,000 Da with a high content of half cystines forming seven

disulfide bridges. The inhibitor consists of two tandem homology regions on the same

polypeptide chain, each with a reactive, inhibitory, site (Odani and Ikenaka, 1973a). In aqueous

solutions, the inhibitor undergoes self-association, which is concentration dependent. BBI

inhibits human, bovine, porcine, dog and avian trypsin and chymotrypsin, at a 1:1 enzyme-

inhibitor ratio (Birk, 1985). It inhibits carp trypsin and chymotrypsin with a 1:2 stoichiometry of

10
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inhibition, indicating the binding of two molecules of either trypsin or chymotrypsin to one

molecule of inhibitor (Cohen et al., 1981a,b). BBI is also a potent inhibitor of trypsin and

chymotrypsin from the digestive tracts of insects, such as Tenebrio molitor (Levinsky et al.,

1977), Locusta migratoria (Sakal et al., 1988, 1989). Most of the members of the BBI family

exhibit numerous isoinhibitor forms. Homologous inhibitors have been found in lima beans,

garden beans, adzuki beans, mung beans, ground nuts, chickpeas, peas, cowpeas and also in

plant sources other than legume seeds such as wheat germ, rice and barley (Odani et al., 1986;

Lyons et al., 1987; Tashiro et al., 1987; Greagg et al., 1994). They are double-headed, binding

simultaneously to two serine proteinases, such as trypsin and a-chymotrypsin (Bode and Huber,

1992).

1.3.2. The squash inhibitor (Cucurbit)family

This family was named following the discovery of Momordica charantia inhibitor 3

(MCI-3), a trypsin inhibitor from a Cucurbitaceae (Zeng et al., 1988). After that a series of

inhibitors have been reported from the members of Cucurbitaceae family (Hamato et al., 1992;

Hayashi et al., 1994; Lee and Lin, 1995; Haldar et al., 1996; Huang et al., 1999). The striking

characteristic of this family is that its member inhibitors are very small, molecular mass is about

3,000 Da (Wieczorek et al., 1985). They consist of 27-33 amino acid residues and are cross-

linked by three disulfide bridges. The reactive site peptide bond (Pi-P'i) is between residue 5

(Lys, Argor Leu) and 6 (always He), and they inhibit proteinases via the standard mechanism.

1.3.3. The "Cereal superfamify"family

This is a small group of Pis extracted from cereals such as barley, rye, wheat, maize, rice
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and ragi (Kashlan and Richardson, 1981; Campos and Richardson, 1983). They are proteins of

single polypeptide chain and molecular mass of about 12-13 kDa containing 4-5 S-S bridges

(Odani et al., 1983). The highly homologous trypsin inhibitors from barley, rye and maize, as

well as the bifunctional amylase-trypsin inhibitor from seeds of ragi, contain an Arg-Leu

reactive site peptide bond in positions corresponding to the Arg33-Leu34 in the sequence of the

barley inhibitor (Lyons et al., 1987).

1.3.4. The Potato inhibitor I (PI-1) family

Potato inhibitor I family was first described by Ryan and Balls (1962), is a multimeric

protein with a molecular mass of 40-45 kDa (Melville and Ryan, 1972). This inhibitor family

also referred to as chymotrypsin inhibitor I because its specificity is directed most strongly

towards chymotrypsin than trypsin, subtilisin, pronase and alkaline microbial proteinases. The ^

inhibitors belonging to this family are noncovalent tetramers of four different subunits. Each

subunit (10,000 Da) comprised of a single chain with a single intra-chain disulfide bridge. One

mole of tetramer inhibits 4 moles of chymotrypsin, which suggest that each of the subunits

possesses a chymotrypsin-binding site.

.^

1.3.5. The Potato inhibitor II (PI-2) family

Members of the potato proteinase inhibitor II (PI-2) family have been shown to inhibit

serine proteinases, such as trypsin, chymotrypsin, subtilisin, oryzin and elastase (Pearce et al.,

1982 and Plunkett et al., 1982). Inhibitor II has a molecular mass of 20,000 Da and is composed

of dimmers of four distinctly different protomers, containing 16 cysteine residues per subunit, of
-4.

which only 6 form intramolecular disulfide bridges. Each dimmer inhibits two molecules of

12 -
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proteinases, indicating that each of the subunits has a binding site for proteinases (Iwasaki et al.,

1974).

1.3.6. TheKunitz-typefamily

This is a large group of proteins sharing common criteria. Kunitz-type inhibitors are

mostly monomeric. Dimeric members, in which the subunits are linked by a disulfide bridge,

have also been described (Richardson, 1991). Kunitz-type inhibitors are proteins with 170-190

amino acids, which usually contain 4 cysteine residues that form two disulfide bridges. Kunitz-

type inhibitors mostly contain one active site (single headed) that is located in the loop formed

by the S-S bridge close to the N-terminus (Richardson, 1991).

1.3.6.1. Isolation, purification and generalproperties

The first plant proteinase inhibitor to be isolated and characterized was Kunitz soybean

trypsin inhibitor (STI). STI is primarily an inhibitor of trypsin, but also weakly inhibits

chymotrypsin. It is inactivated by heat and by gastric juice. The purification, crystallization,

kinetics of the interaction and complex formation of STI with trypsin comprise a major

landmark in the study of protein proteinase inhibitors (Kunitz, 1947a, b). The numerous studies

on STI concerning specificity, stability, physical, kinetic and other properties have been

compiled and summarized by Kassell (1970) and Birk (1976). STI consists of 181 amino acid

residues and includes two disulfide bridges. The precursor for STI has a molecular mass of

-24,000 Da and the mature STI has a molecular mass of-20,000 Da (Kim et al., 1989).

The Kunitz type inhibitors from other than soybean, the Erythrina seeds received the

greatest amount of attention. The inhibitors have similar molecular mass (-20,000 Da) and share

13



many other chemical characteristics. They are divided into three groups on the basis of their

relative abilities to inhibit chymotrypsin, trypsin and tissue plasminogen activator (tPA). Group

(a) inhibitors were relatively specific for chymotrypsin; they were poor inhibitors of trypsin and

had no apparent effect on tPA. Group (b) proteins inhibited trypsin strongly and chymotrypsin

slightly less effectively. They had no effect upon tPA. Group (c) inhibitors inhibited trypsin,

chymotrypsin and tPA. The sequence of these inhibitors shows a high degree of homology to

those of Kunitz-type trypsin inhibitors from soybean and winged bean seeds (Joubert et al.,

1985; Joubert and Dowdle, 1987). Onesti et al. (1992) also investigated the effects of pH and

temperature on kinetic and thermodynamic parameters for the binding of ETI to different serine

proteinases and defined their perspective affinities.

Studies on Erythrina variegata trypsin and chymotrypsin inhibitors were reported by

Kouzuma et al. (1992). The stoichiometry of trypsin inhibitors with trypsin was 1:1, while that

of the chymotrypsin inhibitor with chymotrypsin was 1:2 molar ratio. According to Kouzuma et

al. (1992) the inhibitors show structural features characteristic of the Kunitz-type soybean

trypsin inhibitor and exhibit a significant homology to the storage proteins, sporamin in sweet

potato and the taste-modifying protein, miraculin, in miracle fruit.

Caldwell et al. (1990) determined the primary structure of a Kunitz-type trypsin inhibitor

from winged bean seeds (Psophocarpus tetragonolobus). It consists of a single polypeptide

chain of 182 amino acids, including four half-cystine residues and an N-terminal residue of

pyroglutamic acid. The sequence comparisons to other Kunitz-type proteinase inhibitors

indicate that the winged bean and Erythrina inhibitors are more closely related to each other

than to other members of the Kunitz inhibitor family.
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Negreiros et al. (1991) studied the activity and amino acid sequence of the major Kunitz

type trypsin inhibitor from the seeds of Prosopisjuliflora. The inhibitor has a molecular mass of

-20,000 Da, it consists of two polypeptide chains, of 137 residues and 38 residues, linked

together by a single disulfide bond. The protein inhibited trypsin in the stoichiometric ratio of

1:1, but had only weak activity against chymotrypsin.

Lin et al. (1991) and Wu and Lin (1993) isolated and sequenced a trypsin inhibitor from

seeds of small Philippine acacia {Acacia confuse). The inhibitor consists of 175 amino acid

residues in two chains, 136 residues and 39 residues, linked by a disulfide bridge. The molecular

mass of the inhibitor was found to be -21,000 Da.

A proteinase inhibitor from Enterolobium contortisiliquum seeds was isolated,

characterized and sequenced by Batista et al. (1996). The inhibitor contains 174 amino acid

residues in two polypeptide chains, an alpha-chain consisting of 134 residues and a beta-chain

made up of 40 residues, linked by a disulfide bridge. The inhibitor displays a high degree of

sequence identity with other Kunitz-type proteinase inhibitors isolated from the Mimosoideae

subfamily.

Di-Ciero et al. (1998) isolated, characterized and sequenced trypsin inhibitors from two

varieties of Bauhinia variegata seeds: B. variegate Candida and B. variegate lilac. In both

varieties, three isoforms with molecular mass of -20,000 Da were detected. Homology studies

with other trypsin inhibitors show that B. variegate trypsin inhibitors belong to the Kunitz-type

family, with active sites at Arg63-Ile64.
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Polikarpov et al. (1999) reported the purification, crystallization and preliminary

crystallographic study of a Kunitz-type trypsin inhibitor from Delonix regia seeds. Pando et al.

(1999) isolated and characterized a Kunitz-type trypsin inhibitor from Crotalaria paulina seeds.

The inhibitor has a molecular mass of-20,000 Da and it comprises 177 amino acid residues.

A trypsin inhibitor from Dimorphandra mollis seeds was isolated to apparent

homogeneity by a combination of ammonium sulfate precipitation, gel filtration, ion-exchange

and affinity chromatographic techniques. SDS-PAGE analysis gave an apparent molecular mass

of20 kDa. This inhibitor, which inhibited trypsin activity with a Ki of 5.3 x 10"10 M, is formed

by a single polypeptide chain (Macedo et al., 2000).

Silva et al. (2001) purified, analyzed and characterized two trypsin inhibitors from seeds

of the native Brazilian tree Copaifera langsdorffti. There was no inhibitory effect on

chymotrypsin. The molecular mass of the inhibitors was -24,000 Da. The molecular masses of

the two inhibitors under reducing conditions were 11,456 and 10,008 Da. Based on their N-

terminal sequences, one of them belongs to the Kunitz family of trypsin inhibitors, whereas the

second one showed no homology to known inhibitors.

A novel trypsin inhibitor was purified from the seeds of Peltophorum dubium (Spreng.).

P. dubium trypsin inhibitor (PDTI) was purified by extraction in 100mM phosphate buffer (pH

7.6), ammonium sulfate precipitation (30-60% saturation), gel filtration on Sephadex G-75, ion-

exchange chromatography on DEAE-Sepharose and affinity chromatography on trypsin-

Sepharose. SDS-PAGE under reducing conditions showed that the inhibitor consisted of a single

polypeptide chain (20 kDa). The dissociation constants of 4 x 10"10 and 1.6 x 10"10 M were

obtained with bovine and porcine trypsin, respectively (Rodrigues Macedo et al., 2003).
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A novel trypsin inhibitor (PPTI) was purified from the seeds of the native Brazilian tree

Poecilanthe parviflora (Benth) (Papilioinodeae, Leguminosae) by gel filtration chromatography

on a Sephadex G-100 followed by Superdex G75 chromatography (FPLC), Sepharose 4B-

Trypsin column, and fractionated by reversed-phase HPLC on a C-18 column. SDS-PAGE

showed that PPTI consisted of a single polypeptide chain with molecular mass of about 16 kDa.

Thedissociation constant of 1.0 x 10"7 M wasobtained with bovine trypsin (Garcia et al., 2004).

Leguminous plants in the tropical rainforests are a rich source of proteinase inhibitors

and this work illustrates isolation of a serine proteinase inhibitor from the seeds of

Archidendron ellipticum (AeTI), inhabiting Great Nicobar Island, India. AeTI was purified to

homogeneity by acetone and ammonium sulfate fractionation, and ion exchange, size exclusion

and reverse phase chromatography (HPLC). SDS-PAGE of AeTI revealed that it is constituted

by two polypeptide chains (a-chain, Mr 15,000 and P-chain, Mr 5000), the molecular mass being

~20 kDa. N-terminal sequence showed high homology with other serine proteinase inhibitors

belonging to the Mimosoideae subfamily. Both Native-PAGE as well as isoelectric focussing

showed four isoinhibitors (pi values of 4.1, 4.55, 5.27 and 5.65). Inhibitory activity of AeTI

remained unchanged over a wide range of temperatures (0-60°C) and pH (1-10). The protein

inhibited trypsin in the stoichiometric ratio of 1:1, but lacked similar stoichiometry against

chymotrypsin. Also, AeTI-trypsin complex was stable to SDS unlike the SDS unstable AeTI-

chymotrypsin complex. AeTI, possess inhibition constants (Xj) of 2.46 x 10 and

0.5 x 10~10M against trypsin and chymotrypsin activity, respectively (Bhattacharyya et al.,

2006).
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A trypsin/chymotrypsin inhibitor (JSTI) was isolated from jack fruit seeds (Artocarpus

integrifolia Hook f) by ammonium sulphate fractionation and chromatography on DEAE-

cellulose and Sephadex G-100 (Sai Annapurnaand Siva Prasad, 2006).

Shee and Sharma (2007) reported the purification and characterization of trypsin

inhibitor from seeds of Murraya koenigii. Murraya koenigii trypsin inhibitor was a single

polypeptide chain with 21.4 kDa molecular weight. It has an inhibitor constant of 7 nM. It has

shown unusal solubility properties below pH 7.5. Comparative protein protein profiling during

developmental stages have shown that this inhibitor is a major seed storage protein and has been

consumed during the development of seed (Shee et al., 2008). CD studies showed that MKTI is

a-P protein and on higher temperature it lost its trypsin inhibitory activity (Shee et al., 2007b).

Priliminary crystallographic study has also been done on Murraya koenigii trypsin inhibitor

(Shee et al. 2007b).

A highly stable and potent trypsin inhibitor was purified to homogeneity from the seeds

of Putranjiva roxburghii belonging to Euphorbiaceae family by Chaudhary et al. (2008). SDS-

PAGE analysis, under reducing condition, showed that protein consists of a single polypeptide

chain with molecular mass of approximately 34 kDa. The purified inhibitor inhibited bovine

trypsin in 1:1 molar ratio. Kinetic studies showed that the protein is a competitive inhibitor with

an equilibrium dissociation constant of 1.4 x 10" .

1.3.6.2. Miraculin protein

The plant Richadella dulcifica bears fruits called miracle fruit, which have the unusual

property of being able to change a sour taste into a sweet taste. It elicits lemon a sweet taste
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after chewing the fruit. Itself pure miraculin has no taste. All the acids tested elicited a sweet

taste if tasted after miraculin had been held in the mouth for a few min. The sweetness induced

by 0. 1 M citric acid after tasting a 1 uM miraculin solution is equivalent to that of a 0.4 M

sucrose solution; thus, the sweetness of a miraculin solution induced by 0.1 M citric acid

solution is 40,0000 times that of a sucrose solution. The sweetness inducing activity of

miraculin lasts for 2 h after the application of miraculin to the mouth. Purified native miraculin

protein has an amino acid sequence of 191 residues with a molecular mass of 24,600 (Theerasilp

et al., 1988), and a cDNA encoding miraculin also has been cloned and sequenced (Igeta et al.,

1995). Miraculin in the fruit is present as a homodimer; but in the pure state, two miraculin

dimers aggregate to form a tetramer. Both the dimer and the tetramer have taste-modifying

activity. There are two substituent sugar chains, which are connected to the 42" and 186

asparagine residues.

Surprisingly, the amino acid sequence of miraculin has a high degree of homology

with that of soybean trypsin inhibitor; the N-terminal sequence has 36.4% homology and C-

terminal sequence has 51.1% homology. It is not known, why miraculin shows a high degree of

homology with soybean trypsin inhibitor.

1.3.6.3 Miraculin like proteins

One of several cDNAs (designated LeMir) derived from tomato induced by a root-knot

nematode (Meloidogyne javanica) showed sequence similarity to that of miraculin (Brenner et

al.). It rapidly induced and localized to tomato root tips by nematode infection and it ispredicted

to secreted from root into the surroundings (Brenner et al., 1998).
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Two full length cDNA encoding miraculin like proteins have been isolated from Citrus

jambhiri, the product of both the sequence contains soyabean trypsin inhibitor motif and

significant protease inhibitory activity. Nothing has been reported about the taste modifying

properties of miraculin like proteins but these proteins have been considered as key molecule in

the plant defense.

1.4. Structural analysis

Structural analysis is very important to understand the structure-function relationship

and mechanism of action of protein. The Kunitz-type soybean trypsin inhibitor (STI), an

archetypal member of its family, was characterized and crystallized as early as in 1947 (Kunitz,

1947a, b). The structural analysis have shown that Kunitz soyabean trypsin inhibitor (STI)

family members proteins are predominantly p-sheet proteins with little or no helical structures.

It consists of 12 criss-crossed antiparallel P-strands largely stabilized by hydrophobic side

chains random coil and turn structure. This conformational pattern is known as P-trefoil fold. Its

three- dimensional structure in complex was also determined (Sweet et al., 1974). The

predominant conformation found in STI has been demonstrated to be approximate P-sheet

structures, with a small amount of regular sheet (Sweet et al., 1974; Ventura, 1989). De-Meester

et al. (1998) studied the structure of STI in its free form, determined by molecular replacement

to 2.5A, using the coordinates of the homologous Erythrina trypsin inhibitor as a search modal.

Onesti et al. (1991) studied the structure and properties of a Kunitz- type inhibitor from

Erythrina cqffra seeds (ETI). This inhibitor consists of 172 amino acid residues with two

disulphide bridges. The three dimensional structure of ETI consists of 12 antiparallel P-strands

joined by long loops. Six of the strands form a short antiparallel p-barrel that is closed at one
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end by a "lid" consists of other six strands coupled inpairs termed as P-trefoil fold (Murzin et

al., 1992). The scissile bond (Arg63- Ser64) of ETI is located on an external loop that protrudes

from the suface the molecule. The overall structure of ETI is similar to the partial structure of

STI, but scissile bond loop is displaced by 4A.

Other Kunitz-type proteinase inhibitors from various sources show a high degree of

homology to STI. Among them, three-dimensional structures have been reported for proteinase

K/a-amylase inhibitor from wheat at 2.5A (Zemke et al., 1991), and Kunitz-type chymotrypsin

inhibitor from winged bean seeds (WCI) at 2.95A (Dattagupta et al., 1996), all in the free state.

Other homologous proteins include a trypsin inhibitor from winged bean seeds (Yamamoto et

al., 1983), potato cathepsin D inhibitor (MaresI et al., 1989), inhibitors of

subtilisin/endogeneous a-amylase from barley and wheat (Leah & Mundy, 1989), and winged

bean albumin-1 (Kortt et al., 1989).

Soyabean trypsin inhibitors (STI) partial structure in complex with porcine pancreatic

trypsin (PPT) was reported in 1974 (Blow et al., 1974; Sweet et al., 1974), and amino acid

sequences were reported for the three isoforms of STI, Tia, Tib, and Tic (Kim et al., 1985).They

all contain 181 amino acid residues with two disulphide bridges (Cys39-Cys86 and Cys136-

Cysl45). Between the sequences ofTia and Tic, there isonly one substitution at position 55. On

the other hand, eight amino acid substitutions exist between Tiaand Tib (Kim et al., 1985).

In the refined structures of complex between bovine pancreatic trypsin inhibitor (BPTI)

and bovine pancreatic trypsin (BPT), the scissile peptide bond remains nearly intact, with a

slight out-of-plane deformation of the carbonyl oxygen atom being observed (Bode & Huber,

1992). However, the absence of a large upfield shift in the 13C of the PI residue of STI upon
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complex formation suggested that the STLPPT complex is not a covalent, fully tetrahedral

adduct (Baillargeon et al., 1980).

Suh et al., (1998) reported some minor differences between the interaction pattern

between the orthorhombic and tetragonal crystal structures of the complex. Twelve amino acid

residues out of the 181 in STI make contact with PPT in the orthorhombic crystal structure.

They are: Aspl, Phe2, Asnl3, Pro61 (P3), Tyr62 (P2), Arg63 (PI), Ile64 (P10), Arg65 (P20),

His71, Pro72, Trpll7 and Argll9. In the tetragonal crystal structure, the three residues His71,

Pro72 and Argll9 do not interact with PPT. However, the pattern for the hydrogen bonding

interaction involving the reactive site loop residues from Pro61 (P3) to Arg65 (P20) was well

conserved between the two crystal forms, except that a hydrogen bond between Tyr62 and

Gly96 was not present in the tetragonal crystal structure.

1.5. Importance of plant proteinase inhibitors

As Pis are naturally present in many tubers and plant seeds (Ryan, 1977), they have been

proposed to be storage proteins, and/or to control endogenous proteinases and/or to act as a

defense mechanism.

1.5.1. Role in plant defense

Plants are inevitably subjected to a variety of pest and pathogen infestations, which

substantially contribute to the overall loss in crop yield. Agricultural industries employ several

chemical pesticides to combat this problem. However, they have serious drawbacks owing to

their lack of specificity, development of resistance upon extended use and the ecological

hazards inherent with residual toxicity. Thus, biodegradable biocontrol agents are advantageous
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alternatives as they are devoid of contaminating residues and have reduced incidence for

development of resistance. However, proteinase inhibitors regulate the action of proteinases and

play a significant role in the protection of plants from pest and pathogen invasion by virtue of

their antinutritional interaction. Serine proteinase inhibitors from plants have been shown to

have potential usefulness as defense tools to protect the plants from invading pests (Green and

Ryan, 1972; Ryan, 1990). A few plant proteinase inhibitors have been shown to possess

fungicidal activity ( Lorito et al., 1994; Joshi et al., 1999).The presence of a "defense response"

of the plant to the attack of insects was first reported by Green and Ryan (1972). Studies on the

effects of dietary plant proteinase inhibitors on the development of insects were first reported by

Lipke et al. (1954) and the inhibition of insects own digestive proteinases by the ingested plant

proteinase inhibitors was also observed by Broadway and Duffey (1986). Most of the plant

proteinase inhibitors relevant to plant defense are members of the serine proteinase inhibitor

families. Johnston et al. (1993) reported that Kunitz-type inhibitors (KTI) and Bowman-Birk

inhibitors (BBI) from soybean in diets of newly molted third-instar larvae of the maize earworm

Helicoverpa armigera reduced total larval biomass, mean larval weight, and trypsin-like activity

in their gut contents. The effect on larval growth was greater with dietary KTI than with BBI.

Burgess et al. (1994) showed that the efficiency of several proteinase inhibitors (KTI, potato II

proteinase inhibitors, cowpea trypsin inhibitor, wheat germ inhibitor, and bovine pancreatic

trypsin inhibitor) in reducing growth of the black field cricket Teleogryllus commodus was

strongly influenced by the concentration of the inhibitors. The possible involvement of plant

proteinase inhibitors as a defense mechanism against insects was supported by the discovery

that insect attacks on tomato or potato plants induced a rapid accumulation of proteinase

inhibitors in leaves (Green and Ryan, 1972). The signal by which tissues distant from the injury
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are induced to respond by synthesizing proteinase inhibitors was named "Proteinase Inhibitor

Inducing Factor" (PIIF). Plant proteinase inhibitors can be induced not only by pathogen attack,

but also by different biological and physiological conditions. Downing et al. (1992) isolated a

drought-induced 22,000 Da protein from Brassica napus that is related to the Kunitz family of

proteinase inhibitors.

Extremely low levels of several serine proteinase inhibitors, including KTI and BBI

from soybeans, cowpea and squash inhibitors, enhanced the insecticidal activity of the insect

control proteins from several varieties of Bacillus thuringiensis by 2-20 fold against their target

insects, tobacco budworm and other lepidopterans, Colorado potato beetle, and mosquito

(Macintosh et al., 1990).

Confalonieri et al. (1998) regenerated Populus nigra transgenic plants that expressed a

Kunitz-type proteinase inhibitor gene. The trypsin-like digestive proteinases of the polyphagous

moth Lymantria dispar and Clostera anastomosis were inhibited in vitro by the Kunitz

proteinase inhibitor from the transgenic plants.

Gatehouse et al. (1999) compared the susceptibility of the tomato moth (Lacanobia

oleracea) to KTI expressed in transgenic potato plants, to KTI incorporated in potato leaf-based

artificial diet. The presence of KTI in the artificial diet at 2% of total protein, decreased larval

survival and growth and retarded development. However, when KTI was expressed in

transgenic potato plants as -0.5% of total protein, only marginal effects on L. oleracea larvae

were observed, which decreased with time.

Wang et al. (1999) reported the introduction of a soybean KTI insecticidal gene,

transferred into four upland cotton (Gossypium hirsutum) cultivars via Agrobacterium-mediated
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transformation and the transgenic plants were significantly resistant to the larvae of cotton

bollworm (Heliothis armigera).

Lee et al. (1999) introduced a recombinant plasmid-containing cDNA of KTI into rice

protoplasts and resulting transgenic plants are more resistant to the destructive insect pestof rice

brown plant hopper (Nilaparvata lugens) than the control plants.

1.5.2. Proteinase inhibitors as storage proteins

The proposed role for proteinase inhibitors as storage proteins was suggested first by

Pusztai (1972), who showed that during the germination of kidney bean the period of maximum

proteinase inhibitor content coincided with the period of maximum proteolysis. In general, a

protein can be considered as a storage protein when thisprotein is present in amounts of 5% and

more of the total protein content (Derbyshire et al., 1976). However, since Pis in tubers and

plant seeds belongs to different classes and families and that their concentration varies during

the maturation, it would not fit the definition of a storage protein. Pusztai (1972) proposed that

Pis may serve as a source of important sulphur-containing amino acids for the germination of

the seed. Pis are in general considered to be proteins rich in cysteine residues (Jongsma, 1995).

However, it can be observed that this postulate is true mainly for Pis with a small molecular

mass (3-13 kDa) which exhibit a proportion of cysteine residues >20%. For Pis with a higher

molecular mass (>13 kDa), only Thaumatin and PI-2 families (20 kDa) contain a high number

of cysteine residues (lower than 10%). Knowing that most of the Pis in plants belong to the

Kunitz-type of inhibitors, in which the cysteine residues consist of approximately 2%, it can be

concluded that the proportion of cysteine residues is rather small. The potency of Pis as

retarding insect proteinases is clear, butthe assessment of Pis as storage proteins is complicated
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by the fact that maturation is accompanied by the expression of different Pis (McManus et al.,

1999).

1.5.3. Anticarcinogenic agent

Pis are well established as a class of cancer chemopreventive agents (Kennedy, 1998).

While Pis from different families have been shown to prevent the carcinogenic process, the

most potent of the known anticarcinogenic Pis are those with the ability to inhibit

chymotrypsin-like proteinases. TheBowman-Birk inhibitor (BBI) from soybean is until now the

PI that has been most studied as an anticarcinogenic agent. However, also potato proteinase

inhibitors have been shown to be potent anticarcinogenic agents, especially PI-1 and PI-2

(Frenkel et al., 1987; Billings et al., 1989; Huang et al., 1997). The interest for the other classes

of potato Pis, e.g. Pis active against cysteine proteinases and carboxypeptidase has grown as

well (Billings et al., 1989; Blanco-Aparicio et al., 1998; Laurent-Matha et al., 1998).

Apart from these the serine proteinase inhibitors have been described as endogenous

regulators of proteolytic activity (Ryan, 1991; Kato, 2002) and play an important role in

regulating many physiological processes, such as inflammation, coagulation, fibrinolysis,

complement activation intracellular protein breakdown, cell cycle, transcription and apoptosis ^

(Silverman et al., 2001; Stein and Carrell, 1995; Huber and Carrell, 1989; Katoaka et al., 2002;

Thompson and Palmer, 1998; Fumagalli et al., 1996; Kato, 1999). Because of all these

advantages, the proteinase inhibitors can have many potential applications in different fields of

biotechnology. Apart from this, the serine-proteinase-inhibitor complex is an important model

for studying protein-protein interaction.

To use proteinase inhibitors in various biotechnological applications, it is important to
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study different aspects of inhibitor in relation to understanding the inhibitor-enzyme interaction,

determination of different physicochemical parameters characterizing structural and functional

stability in different physiological conditions and their three-dimensional structure.
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CHAPTER 2

BIOINSECTICIDAL ACTIVITY OF MURRAYA

KOENIGII TRYPSIN INHIBITOR (MKTI) ON
HELICOVERPA ARMIGERA



2.1. Introduction

Serine proteinase inhibitors are present in leaves, flowers, seeds and tubers of many

plants as their defensive agent against insect pests (Gracia-olmedo et al., 1987 and Ryan et al.,

1990). Among them, the Kunitz trypsin inhibitor super-family has gained particular importance

for its specific activity against trypsin-like serine proteinases (Richardson 1991). These

proteinase inhibitors (Pis) have been shown to inhibit the proteolytic activity of several

lepidopteran pests which largely depends on presence of serine proteinases for protein digestion

(Broadway and Duffey, 1986; Giri et al., 2003). Their role in retarding growth and development

of insect pest fed on diets containing inhibitor has been demonstrated in many studies

(Harsulkar et al., 1999; Murdock and Shade, 2002; Telang et al., 2003; Srinivasan et al, 2005;

Bhattacharya et al, 2007). However, insect pests overcome the effect of plant Pis by expressing

new proteinases which are either insensitive or can degrade Pis (Jongsma et al, 1995;

Broadway, 1995; Jongsma and Bolter, 1997; Giri et al, 1998). Insects can also express

proteinases with changed substrate specificity in response to Pis (Wu et al, 1997; Gatehouse et

al, 1997). Another strategy adopted by insects for stability and enhanced activity against Pis is

the compartmentalization of proteinases at specialized region inside the insect gut (Oppert et al,

2005). Due to adaptive strategy adopted by insect pest against host Pis, it is important to

identify effective and potent Pis of insect proteinases from unrelated non-host plants

(Harsulakaret al, 1999). The inhibitory effect of Pis from several non-host plants like winged

bean (Psophocarpus tetragonolobus), potato (Solanum tuberosum), bitter gourd (Momordica

charantia), capsicum (Capsicum annum) and groundnut (Arachis hypogea) against gut

proteinases of H. armigera have been shown. These inhibitors have also been shown to have
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adverse effects on growth and development ofH armigera (Harsulkar etal, 1999; Telang etal,

2003; Tamhane et al, 2005).

In the present chapter, we have studied the in vitro and in vivo effects of MKTI on

Helicoverpa armigera. H. armigera, a polyphagous lepidopteran insect pest, is one of the most

devastating field pests of many important crops causing severe economic losses (Manjunath et

al. 1989). Here, we have demonstrated the inhibitory potential of MKTI against gut proteinases

and their effect on growth and development of H. armigera.

2.2. Materials and Methods

2.2.1. Materials

Bovine pancreatic trypsin, chymotrypsin, N-benzoyl-L-arginine p-nitronilide (BAPNA),

N-benzoyl-L-tyrosine ethyl ester (BTEE), Azocasein, SDS-PAGE chemicals were purchased

from Sigma Aldrich Chemicals Co. (St. Louis, MO, USA). Gelatin was purchased from Fluka.

All other chemical used were of analytical grade.

2.2.2. Purification ofMurraya koenigii trypsin inhibitor (MKTI)

2.2.2.1. Purification on ion exchange and gel filtration column

Purification of MKTI was done as previously described (Shee and Sharma 2007).

Briefly, seeds of Murraya koenigii were crushed and soaked overnight at 4°C in 30 ml of 50

mM Tris-HCl buffer, pH 7.5. The homogenate was cleared by centrifugation at 12,000g for 1 h

and the supernatant was loaded onto a DEAE Sepharose column equilibrated with same buffer

used for sample extraction. The unbound molecules were washed extensively and bound

molecules were eluted with a NaCl step gradient from 0 to 500 mM in the same buffer.
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Fractions with trypsin inhibitory activity were pooled and concentrated. The protein was further

purified by HPLC using size exclusion chromatography column.

2.2.2.2. Single step purification on Cibacron blue 3GA

The inhibitor was also purified in single step by affinity chromatography using Cibacron

blue 3 GA (Shee and Sharma, 2008). The purity of the protein was determined by 15% SDS-

PAGE analysis (Laemmli, 1970).

2.2.3. Estimation ofproteins

Protein contents were measured by dye binding method according to the procedure of

Bradford (Bradford, 1976) with bovine serum albumin as protein standard (1 mg/ml).

2.2.4. Insect rearing

The H. armigera used for these experiments originated from a colony maintained in the

laboratory of Dr. G.P.Gupta (Entomology Divison, Indian Agriculture Research Institute, New

Delhi). The larvae were reared in rearing container with the photoperiod regime of 16h light—8h

dark, 27°C±1°C temperature and 65% relative humidity. The composition of artificial diet on

which the larvae were transferred and maintained throughout the experiment was similar to that

followed by Gupta et al. (2004a) and chiefly composed of chickpea flour (Cicer arietinum L)

(94.0 g), wheat germ, (Triticum sp) (13.0 g), distilled water (825 ml), agar-agar (15.0g), dried

yeast powder (24.5 g), casein (15.0 g), ascorbic acid (6.0 g), formaldehyde 40% (1.0 ml),

ABDEC drops (multivitamin solutions, 1.5 ml), multi-vitamin capsules (2) and a-tocopherol

(Evion 400 mg, 1 capsule).

30



2.2.5. Preparation ofH. armigera gutproteinase (HGP)

To assess the inhibitory effect of MKTI against H armigera gut proteinase (HGP),

midguts ofthe fifth instar larvae were carefully dissected on ice after decapitation. Each gut was

transferred into an eppendorf tube maintained on ice at 4°C containing 40 ul of 1mM HCl and

then stored at -20°C. As trypsin can remain stable almost indefinitely when frozen in 1 mM

HCl, the same is considered for gut serine proteinases (Walsh, 1970). For HGP extraction, the

midgut was crushed with the glass rod and homogenates were centrifuged at 12,000g for 10 min

at 4°C. The supernatants were used as crude enzyme for trypsin-like, chymotrypsin-like and

total proteinase activity and were stored at -20°C.

2.2.6. Proteinase and proteinase inhibitory assay

Crude extract was evaluated for total proteinase, trypsin-like and chymotrypsin-like

activity by estimating hydrolytic activity towards synthetic substrates azocasein, BAPNA and

BTEE respectively.

2.2.6.1. Using BAPNA and BTEE as substrate

Trypsin-like and chymotrypsin-like activity assay were carried out by estimating the

hydrolytic activity of supernatants towards the substrate BAPNA (1.25 mM) and BTEE (1.07

mM) respectively (Shibata et al, 1981). Reactions were performed in a UV-Vis

spectrophotometer, set at 410 nm for hydrolysis of BAPNA and 256 nm for BTEE. The

proteinase and trypsin inhibitory assay of MKTI was monitored after mixing variable

concentrations of the inhibitor with the 20 ug of bovine pancreatic trypsin and with the volume

of equivalent activity of thecrude gutextract. The assays were run in the 1 ml of 50 mM Tris-
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HCl buffer containing 20 mM CaCb, pH 8.0. As a control only the crude gut extract (without

inhibitor) was used in the enzymatic assay. One proteinase unit was defined as the amount of

enzyme that increased absorbance by 1 OD/min at 410 nm and one PI unit was defined as

inhibition of 1 unit of proteinase activity under the given assay conditions. All assays were done

in triplicate and averaged.

2.2.6.2. Using azocasein as a substrate

Total proteinase activity was evaluated by incubating crude gut extract with 500 ul

of 1% azocasein in 50 mM Tris-Cl, pH 8.0 containing 20 mM CaCl2 in total volume of 1 ml at

37°C for 30 min. After incubation, the reaction was stopped by adding 150 ul of 20%

Trichloroacetic acid (TCA). The tubes were then centrifuged at 10,000g for 10 minutes, after

centrifugation supernatant was collected and absorbance was measured at 366 nm (Saborowski

et al. 2006.).

2.2.7. Proteolysis study ofMKTI with HGP

To assess the stability of MKTI against HGP, equal amount of MKTI and HGP (w/w)

were incubated in 50 mM Tris-HCl, pH 8.0 at 37°C for 0, 10,30 min, 1, 3, 10, 24 and 72 h. The

stability of MKTI was evaluated by running 12% SDS-PAGE and simultaneously trypsin

inhibitory activity was also evaluated by inhibitory assay using synthetic substrate BAPNA as

described earlier.
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2.2.8. Larval gut activity in polyacrylamide gel containing 0.3% gelatin

The analysis was performed in SDS- PAGE (Laemmli, 1970) containing 0.3% gelatin

(Silva et al. 2006). yS-merceptoethanol was not included in the sample buffer. The gel was run at

a constant current of 50 mA at 4°C. Gut homogenate of third, fourth and fifth instar larvae were

used in gel activity assay. In gel inhibitory activity assay, gut homogenate of fifth instar larvae

was used in the presence of MKTI. After electrophoresis, the gel was transferred to 2.5% Triton

X-100 solution (v/v) for 30 min at room temperature. The gel was then equilibrated with

developing buffer composed of 0.05 M Tris-HCl buffer, pH 8.0 containing 0.15 MNaCl and

0.005 M CaCl2 with gentle agitation at room temperature for four hours. After incubation the

reaction was stopped by transferring the gel to a staining solution (Commassie Brilliant Blue R-

250 in methanol: acetic acid: water, 3:1:6, v/v/v) and then to a destaining solution (methanol:

acetic acid: water, v/v/v). The proteinase activity of the gut extract was visualized by the clear

zone on dark background.

2.2.9. Insect bioassay

2.2.9.1. Effect ofMKTIon larval development

The invivo efficacy of MKTI was studied by feeding assay using the laboratory

established culture of H armigera on artificial diet supplemented with MKTI at concentrations

of 25 uM, 50uM, lOOuM, 150uM and 200uM. Ten early instar larvae were used for each

treatment with three replicates. Larval weights were taken on 6th, 8th and 10th day after treatment

and percent weight reduction in the proteinase inhibitor fed larvae was compared to that of the

control group. The larval mortality and larval period was recorded and averaged.
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2.2.9.2. Effect ofMKTI on pupal development

Pupation period, pupal weight, number of malformed pupae and adult emergence were

recorded and compared with that of the control group.

2.2.9.3. Effect ofMKTI on adult development

Total number of malformed adult were calculated and averaged and compared with that

of control. The fecundity and fertility data was also collected by emerged male and female

moth. Three pairs for each treatment was kept in rearing jar separately with the cotton plug

immersed in 10% sucrose solution and number of eggs and number of hatching was counted for

each treatment separately and average was taken to calculate the fecundity and fertility for

single pair and compared with control group.

2.2.10. Determination ofgrowth indices

Growth indices of larva, pupa and total development were calculated by the equation

described by Gupta et al. (2004).

2.2.10.1. Larval growth index

The Larval growth index was calculated and compared with that of control group.

Growth Index (Larva): Percentage Pupation/Larval Period,

2.2.10.2. Pupal growth index

The pupal growth index was calculated by dividing total percentage of adult emergence

with averaged pupal period. It signifies the overall growth of pupa.
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Growth Index (Pupa): Percentage Adult Emergence/ Pupal Period

2.2.10.3. Developmental index

Developmental Index: Percentage Survival / Total Developmental Period.

2.2.11. EffectofMKTIfeeding on endogenous levelofproteinases

The effect of MKTI feeding was examined on the endogenous proteolytic activity of

HGP at different stages of larval development. The trypsin and chymotrypsin-like activity was

measured in larval guts obtained at different instar stages following inhibitor feeding as

described earlier. A set of control without the presence of MKTI in the larval diet was

maintained.

2.3. Results

2.3.1. Purification ofMKTI

Pure MKTI was obtained from both the methods described earlier (Shee et al, 2007,

2008) (Figure 2.1 and 2.2).

2.3.2. Inhibition ofbovinepancreatic trypsin by MKTI

MKTI was evaluated against the bovine pancreatic trypsin as previously described (Shee

at el. 2007). 20 ug of bovine pancreatic trypsin was completely inhibited by 25 ug of MKTI

(Figure 2.3).
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LI L2 L3 L4

Figure 2.1: SDS- PAGE analysis ofthe protein. LI; molecular weight markers, L2; total protein

in buffer extract, L3; 100 mMNaCl fraction after anion exchange chromatography, L4;purified

protein after gel filtration chromatography on HPLC

Ll L2 L3 L5 kDa
194.2

Figure 2.2: SDS- PAGE analysis of MKTI purified on Cibacron blue 3GA; Ll, crude extract,

L2; flow through, L3; 0.2 M NaCl fraction, L4; 0.5 M NaCl fraction, L5; molecular weight

marker
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2.3.3. Inhibition ofproteinase activity ofHGPby MKTI

MKTI was evaluated for its inhibitory activity against H. armigera gut proteinases

(HGP) (Figure 2.3). The fifth instar larvae were used for the studies.

2.3.3.1. UsingBAPNA and BTEE as a substrate

Trypsin-like and chymotrypsin-like activity was determined using synthetic substrates

BAPNA and BTEE respectively. At 100% inhibition of bovine pancreatic trypsin, MKTI

inhibited 78.5% of trypsin-like activity of HGP while the inhibitory effect of MKTI towards

chymotrypsin was not observed (Figure 2.3).

2.3.3.2. Using azocasein as a substrate

Total proteinase inhibitory activity of MKTI against HGP was evaluated by using

general synthetic substrate azocasein. At 78.5% inhibition of trypsin-like activity of HGP,

MKTI inhibited 40% total proteinases activity (Figure2.3).

2.3.4. Effect ofMKTI on total gut protein content ofH.armigera

Total protein concentration ofinsect gut was estimated from third, forth and fifth instar

larva in various treatment along with control. The total protein content of gut in various instar

has decreased as compared to control. The maximum protein concentration was found in 4

instar larval gut, while the lowest concentration was found in 5th instar indicating that the gut in

5th instar become rudimentary. Table 2.1 concluded the protein concentration in different larval

stages in various treatments.
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Figure 2.3: Inhibitory effect of MKTI on trypsin-like and total proteinase activity of SGP

obtained from larvae fed on control diet. Inhibition assays were performed using BAPNA and

azocasein as a substrate for trypsin-like (—•-) and total proteinase activity (—*—) respectively.

MKTI was titrated against HGP and bovine pancreatic trypsin (—•—). The experiment was

repeated three times.
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Table 2.1: Protein concenteration (mg/ml) in gutextract of different larval instar of H. armigera

in various treatments

Treatment 3rd instar 4th instar 5th instar

Control 14.86 ±0.6236 15.5833 ±0.70829 11.92667 ±0.56066

25 uM 13.67 ±0.39 14.52 ±0.35 10.18 ± 0.1

50 uM 13.02 ±0.47 12.91 ±0.50 9.65 ± 0.33

100 uM 12.59 ±0.3407 11.29 ±0.60893 7.66 ±0.8567

150 uM 11.92 ±0.57813 11.26 ±0.63722 7.33 ±0.5773

200 uM 11.645 ±0.72 10.25 ±0.58158 6.88 ± 1.00883

2.3.5. Resistance ofMKTI towardsproteolysis by HGP

The proteolytic stability of MKTI against gut proteinases was assessed. MKTI showed

strong resistance against proteolysis by total gut proteinases ofH. armigera. It was found to be

stable even after 72 h of incubation with gut proteinases when equal amount of HGP and

inhibitor were incubated (Figure 2.4). No loss in trypsin inhibitory activity of MKTI was

observed.

2.3.6. Zymogram analysis ofHGP inhibition by MKTI

The larval gut proteinase activity against MKTI was tested on gels containing 0.3%

gelatin (Figure 2.5). The total gut proteinases of fifth instar larvae were used for testing in-gel

inhibitory activity of MKTI. A clear zone against dark background was observed in the lanes

where only gut proteinases from third, fourth and fifth instar larvae were run. A substantial

reduction in zone of clearance was observed where sample contained both MKTI and gut
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Ll L2 L3 L4 L5 L6 L7 L8 L9

Figure 2.4: Proteolytic stability of MKTI against SGP on a 12% SDS-PAGE. MKTI was pre-

incubated with HGP for different time intervals at 37°C. Ll; Native MKTI, L2; 0 min, L3; 10

min; L4; 30min; L5; 1 h, L6; 3 h, L7; lOh, L8; 24 h, L9; 72 h

Ll L2 L3 L4

1

-

^^K

Figure 2.5: In gel inhibitory activity of MKTI against HGP on SDS- PAGE containing 0.3%

gelatin as substrate. /?-merceptoethanol was excluded from the sample buffer. Ll-HGP

incubated with equal amount of MKTI; L2-L4, gut extract of third, fourth and fifth instar larvae

respectively
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proteinases from fifth instar larvae. This clearly suggests that MKTI is able to inhibit partial gut

proteinase activity by inhibiting trypsin likeenzymes.

2.3.7. Effect of MKTIfeeding ongrowth and development ofH. armigera

Effect of MKTI on growth and development of larvae, pupae and adult of H armigera

was examined by incorporating different concentrations ofMKTI (25-200 uM) in control diet.

2.3.7.1 Effects ofMKTIfeeding on larval growth

H. armigera larvae fed on diet containing MKTI showed substantial reduction in weight

with increasing concentrations of inhibitor. At highest concentration of MKTI (200uM),

approximately 88, 83 and 69% reduction in larval weight was observed after 6, 8and 10 days of

feeding when compared with larvae fed on control diet (Figure 2.6). Larval period also showed

an increase from 15 to 20 days atabove concentration of inhibitor (Figure 2.7). Larval mortality

increased with increase in inhibitor concentration with 40% mortality in larvae fed on diet

supplemented with 200 uM MKTI (Figure 2.8).

2.3.7.2 Effects ofMKTIfeeding onpupalgrowth

In case of pupal development, pupation decreased from 93% to 60% and pupal weight

decreased marginally by 10% (Figure 2.9). The pupal period did not change substantially. In

case of adult development, adult emergence decreased from 84 to 60% (Table 2.2), total

survival reduced by 40% (Figure 2.10) and an increase from 26 to 33 days was observed in total

development at highest dose. Also, malformed pupae (Figure 2.11 B) and adults (Figure 2.11 C)

were observed due to abnormal development.
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6Days 8Days 10Days

Figure 2.6: Effect of MKTI on larval weights of//, armigera. Different concentration (25 - 200

uM) of MKTI was incorporated in the standard diet. The weight (mg/larva) were taken at 6th, 8th

and 10th days after treatment and averaged. The Standard errors of mean is shown as bars
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Figure 2.7: Larval period was calculated in different concentration ofMKTI in standard diet.

Means were calculated and standard errors are shown as bars

Control 25 pM 50 |jM 100 ljM 150 |jM 200 \iM

Figure 2.8: Larval mortality observed in different treatment ofMKTI (25- 200 uM)
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Figure 2.9: Pupal weight (mg/pupa) in various treatment of diet along with the control diet.
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Figure 2.10: Total survival (%) of// armigera in various treatments
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Figure 2.11: Representative photographs of effect of MKTI on growth and development ofH.

armigera larva and pupa. (A) Effect of MKTI on larval growth (B) Malformed pupa (C)

Malformed adult
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2.3.7.3. Effects ofMKTI on adult development

Egg laying capacity of adult female (fertility) and hatching of larvae from eggs

(fecundity) in adult insects fed on inhibitor diet was severely affected with reduction observed

indose dependent manner. Egg laying capacity of adult female (fertility) reduced from 822 eggs

in adult fed on control diet to 109 eggs in those fed on diet containing 200 uM of inhibitor.

Likewise, hatching of larvae from eggs (fecundity) reduced from 97% in control to 55% in

MKTI fed insects (Table 2.2.).

2.3.8. Growth indices ofH. armigera fed on MKTI

Analysis of growth and development indices showed substantial reduction in the growth

index of larva and pupae and development index for the insects fed on diets containing MKTI as

compared to the insects fed on control diet. The growth indices of larvae and pupae fed on

MKTI (200 uM) decreased from 6.2 and 7.43 to 3.0 and 4.43 respectively. A lower

development index of 1.2 was recorded for the insect fed on MKTI (200 uM) as compared to

the insects fed on control diet (2.67) (Figure 2.12).

Table 2.2: Various parameters of the life-cycle of H armigera at different concentrations of

MKTI

Malformed

Pupa (%)
Adult

Emergence

(%)

Malformed

Adult

Developmental
Days

Fecundity
(Eggs/Female)

Fertility

(%)

Control 0 84.21 0 26.12 822.3± 18.28 97.08

25 0 78.94 0 27.12 461.6±67.29 90.03

50 0 75 0 29.06 96.7±24 85.38

100 0 68.42 0 30.65 237.3±20.8 81.18

150 10.52 65.21 16.33 31.91 157±38.63 63.06

200 16.66 60 11.11 33.51 109.6±18.93 55.54
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Figure 2.12: Effect of MKTI on growth and developmental indices of H. armigera. Growth

index of larvae (••); growth index of pupae (^^1); developmental index (^).

2.3.9. Effect ofMKTIfeeding on digestive proteinases ofH. armigera

2.3.9.1 Trypsin-like activity

The effect of MKTI feeding on endogenous level of larval gut proteinases was studied

(Table 2.3 A). The trypsin-like activity reduced continuously with increasing amounts of MKTI

in larval diet. A significant decrease in trypsin-like activity was observed in larvae fed on diet

containing MKTI as compared to those fed on control diet. A decline of 4, 5.5 and 3-fold was

observed in the trypsin-like activity of HGP in third, fourth and fifth instars larvae fed on 200

uM MKTI respectively (Table 2.3 A).
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2.3.9.2 Chymotrypsin-like activity

In contrast, chymotrypsin-like activity increased by 4.4, 3 and 3-fold in MKTI fed third,

fourth and fifth instars larvae respectively (Table 2.3 B).

Table 2.3: The effect of MKTI feeding on endogenous level of proteinase activity in gut

extracts from different instars of H armigera larvae (A) Endogenous trypsin-like activity

(umol/ml/min). (B)Endogenous chymotrypsin-like activity (umol/ml/min).

B

Instar Control 25 uM 50 uM 100 uM 150 uM 200 uM
^rd

6.17±0.074 5.66±0.74 3.29±0.98 2.44±0.19 1.59±0.65 1.49±0.09

4th 6.51±0.75 4.46±0.69 3.15±0.36 2.37±0.28 1.16±0.94 1.18±0.83

5th 2.18±0.02 1.97±0.37 1.18±0.77 0.94±0.10 0.76±0.35 0.68±0.25

Instar Control 25 uM 50 uM 100 uM 150 uM 200 uM

3rd 2.22±0.042 2.55±0.04 3.83±0.39 6.16±1.51 7.97±0.02 9.64±0.62
4m

2.81±0.069 2.04±0.1 2.95±0.18 3.85±0.85 5.66±0.54 8.52±0.93

5th 2.37±0.08 2.56±0.19 3.05±0.54 7.53±1.09 8.14±0.28 8.3±0.4

2.4. Discussion

The present work evaluates the effectiveness of MKTI, a non-host Proteinase inhibitors

(Pis), as a potential plant defense agent against H. armigera. It has been shown that insect pests

usually adopt to host plant Pis (Jongsma et al., 1995; Broadway, 1995; Jongsma and Bolter,

1997; Giri et al., 1998) and non-host Pis can be potentially more effective plantdefense agents

(Harsulakar et al., 1999). Our studies have shown that MKTI is a stable and potent inhibitor of

gut proteinases as well as have adverse effect on the growth and development of larvae, pupae

and adult of H armigera in dose dependent manner.
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H. armigera gut proteinases are a complex mixture of serine proteinases having mainly

trypsin and chymotrypsin like activity (Bown et al., 1997). MKTI showed significant inhibitory

activity against HGP. It inhibited over 78% of trypsin-like activity and 40% of total activity.

Comparing the results with other Kunitz-type inhibitors, MKTI showed higher trypsin-like

activity. Soyabean Kunitz trypsin inhibitor (SKTI) exhibited 71% and 41% maximum inhibition

of trypsin-like activity and total proteolytic activity against HGP respectively. Chickpea Kunitz

trypsin inhibitor (CPTI) showed 60% maximum inhibition of trypsin-like activity which is less

than MKTI and SKTI but exhibited 69% inhibition of total proteolytic activity against HGP,

much higher than MKTI and SKTI (Srinivasan et. al., 2005).

The stability of a candidate PI against proteolysis by insect gut proteinases is an

important criterion in developing it as a defense agent against the particular insect pest. It has

been reported that many times insect gut proteinases can overcome the effect of proteinase

inhibitors by degrading them (Giri et al., 1998; Girard et al., 1998). MKTI exhibited remarkable

stability against proteolysis by HGP. It remained stable even after 72 h of incubation with total

gut proteinases. The results support our earlier finding where native and heat-treated MKTI was

found to be completely stable against proteolysis by selected proteinases (Shee et al, 2007a).

Both, invitro and invivo studies are required to assess the insecticidal effects of an

inhibitor. It has been shown that inhibitors effective under in vitro conditions may not show

anti-metabolic effect under invivo conditions (Edmonds et al., 1996). Insect feeding assays

were, therefore, carried out to assess the effectiveness of MKTI as an insecticidal agent of H.

armigera. The results clearly demonstrated the strong deleterious effect of MKTI on growth and

development of H. armigera. MKTI adversely affected all three stages of development of H.

armigera in dose dependent manner. A substantial reduction was observed in larval weight,
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larval survival, pupation, adult emergence and adult survival in inhibitor fed" insects. Both

fertility and fecundity were severely affected and malformed pupae and adults were observed. A

lower growth and developmental indices were recorded for the insects fed on inhibitor diet. The

protein concentration in midgut of H. armigera larvae reduced substantially after feeding diet

containing MKTI. The accumulation ofnutrients during larval stage is important for growth and

development of insect.

Effect of MKTI ingestion on endogenous level digestive proteinases showed a

substantial decline in trypsin-like activity. Similar results have been observed for SKTI fed //.

armigera larvae where significant decline in trypsin-like activity was observed (Johnston et al,

1993). However, a significant increase in chymotrypsin-like activity was also observed in MKTI

treated larvae. The results are indicative of the phenomena where a decrease in trypsin-like

activity in insect gut triggers an increase in production of other similar insensitive proteinases.

It is interesting to note that the decline in trypsin-like and increase in chymotrypsin-like activity

showed a noticeable reduction in the fifth instar larvae. The most reduction in trypsin-like

activity was observed in fourth instar larvae whereas highest chymotrypsin-like activity was

observed in third instar larvae. The results showed that initially a decrease in trypsin-like

activity was compensated by an increase in chymotrypsin-like activity. However, in later stages,

a reduction in trypsin-like activity was reversed to some degree by expressing MKTI insensitive

trypsin-like proteinases. Analysis ofH. armigera gut proteinases has revealed the complexities

in their expression and specificities in response to different Pis (Bown et al., 1997; Patankar et

al.,2001)



CHAPTER 3

BIOINSECTICIDAL ACTIVITY OF MURRAYA
KOENIGII TRYPSIN INHIBITOR (MKTI) ON

SPODOPTERA LITURA



3.1. Introduction

Among many lepidopteran insect pests, the cutworm Spodoptera litura, a polyphagous

lepidopteran insect pest, is one of the most devastating field pests of many important crops

causing severe economic losses (CAB International, 2002). One of the major focuses of plant

biotechnology is to develop crops resistant to particular insect pests. One of the strategies could

be to express effective proteinase inhibitors, against insect gut proteinases, from non-host plants

in affected crops. Plant proteinase inhibitors are one of the natural defense molecules against

many insect pests (Gracia-olmedo et al., 1987; Ryan, 1990; Boulter, 1993; Yeh et al., 1997).

Soyabean Kunitz, Archidendron ellipticum and bitter gourd trypsin inhibitors (SKTI,

AeTI and BGTI) showed inhibition of gut proteinases and adverse effect on growth and

development of Spodoptera litura (McManus and Burgess, 1995; Bhattacharyya et al., 2007;

Telang et al., 2003).

In this chapter, we have demonstrated the inhibitory potential of MKTI against gut

proteinases and their deleterious effect on growth and development ofS. litura.

3.2. Materials and Methods

3.2.1. Materials

Bovine pancreatic trypsin, chymotrypsin, N-benzoyl-L-arginine p-nitronilide (BAPNA),

N-benzoyl-L-tyrosine ethyl ester (BTEE), Azocasein, SDS-PAGE chemicals were purchased

from Sigma Aldrich Chemicals Co. (St. Louis, MO, USA). Gelatin was purchased from Fluka.

All other chemical used were of analytical grade.

51



3.2.2 Purification ofMKTI

Purification of MKTI was done as previously described (Shee and Sharma, 2007).

Briefly, seeds of Murraya koenigii were crushed and soaked overnight at 4°C in 30 ml of 50

mM Tris-HCl buffer, pH 7.5. The homogenate was cleared by centrifugation at 12,000g for 1 h

and the supernatant was loaded onto a DEAE Sepharose column equilibrated with same buffer

used for sample extraction. The unbound molecules were washed extensively and bound

molecules were eluted with a NaCl step gradient from 0 to 500 mM in the same buffer.

Fractions with trypsin inhibitory activity were pooled and concentrated. The protein was further

purified by HPLC using size exclusion chromatography column. The inhibitor was also purified

in single step by affinity chromatography using Cibacron blue 3 GA (Shee and Sharma, 2008).

The purity of the protein was determined by 15% SDS-PAGE analysis (Laemmli, 1970).

3.2.3. Estimation ofproteins

Protein contents were measured by dye binding method according to the procedure of

Bradford (Bradford, 1976) with bovine serum albumin as protein standard (1 mg/ml).

3.2.4. Insect rearing

The cultures of S. litura used for these experiments were maintained in the Division of

Entomology, Indian Agriculture Research Institute, New Delhi. The larvae were reared with the

photoperiod regime of 16h light—8h dark, 27°C±1 °C temperature and 65% relative humidity.

The composition of artificial diet on which the larvae were transferred and maintained

throughout the experiment was similar to that followed by Gupta et al. (2005) and chiefly

composed of chickpea flour (Cicer arietinum L) (56.0 g), Kidney bean (Phaseolus vulgaris)

(51.3 g) wheat germ, (Triticum sp) (26.0 g), agar-agar (16.4 g), dried yeast powder (31.6 g),
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casein (15.20 g), ascorbic acid (3.2 g), formaldehyde 40% (2.0 ml), ABDEC drops

(multivitamin solutions, 1.5 ml), multi-vitamin capsules (2) and a-tocopherol (Evion 400 mg, 1

capsule), Methyl-p-hydroxybanzoate (1.8 ml), distilled water (820 ml).

3.2.5. Preparation ofSpodoptera litura gutproteinase (SGP)

Final instar larvae were used to assess the inhibitory potential of MKTI against S. litura

midgut proteinases. The midguts of the fifth instar larvae were carefully dissected on ice after

decapitation. Replicated sets of five guts were maintained and each gut was transferred into an

eppendorf tube maintained on ice at 4°C containing 40 \x\ of 1 mm HCl and then stored at -

20°C. As trypsin can remain stable almost indefinitely when frozen in 1 mM HCl, the same is

considered for gut serine proteinases (Walsh, 1970). For SGP extraction, the midgut was

crushed with the glass rod and homogenates were centrifuged at 12,000g for 10 min at 4°C. The

supernatants were used as crude enzyme for trypsin-like, chymotrypsin-like and total proteinase

activity and were stored at -20°C.

3.2.6. Proteinase and proteinases inhibitory assays

Crude extract was evaluated for total proteinase, trypsin-like and chymotrypsin-like

activity by estimating hydrolytic activity towards synthetic substrates azocasein, BAPNA and

BTEE respectively.

3.2.6.1. Using BAPNA and BTEE as substrate

Trypsin-like and chymotrypsin-like activity assay were carried out by estimating the

hydrolytic activity of supernatants towards the substrate BAPNA (1.25 mM) and BTEE (1.07
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mM) respectively (Shibata et al., 1981). Reactions were performed in a UV-Vis

spectrophotometer, set at 410 nm for hydrolysis of BAPNA and 256 nm for BTEE. The

proteinase and trypsin inhibitory assay of MKTI was monitored after mixing variable

concentrations of the inhibitor with the 20 ug of bovine pancreatic trypsin and with the volume

of equivalent activity of the crude gut extract. The assays were run in the 1 ml of 50 mM Tris-Cl

buffer containing 20 mM CaCl2, pH 8.0. As a control only the crude gut extract (without

inhibitor) was used in the enzymatic assay. One proteinase unit was defined as the amount of

enzyme that increased absorbance by 1 OD/min at 410 nm and one PI unit was defined as

inhibition of 1 unit of proteinase activity under the given assay conditions. All assays were done

in triplicate and averaged.

3.2.6.2. Using azocasein as a substrate

Total proteinase activity was evaluated by incubating crude gut extract with 500 uJ of

1% azocasein in 50 mM Tris-Cl, pH 8.0 containing 20 mM CaCl2 in total volume of 1 ml at

37°C for 30 min. After incubation, the reaction was stopped by adding 150 uJ of 20%

Trichloroacetic acid (TCA). The tubes were then centrifuged at 10,000g for 10 minutes, after

centrifugation supernatant was collected and absorbance was measured at 366 nm (Saborowski

et al. 2006.).

3.2.7. Proteolysis study ofMKTI with SGP

The proteolytic stability of MKTI against SGP was evaluated by incubating equal

amounts of MKTI and SGP (w/w) in 50 mM Tris-HCl, pH 8.0 at 37°C for 0, 10, 30 min, 1, 3,

10, 24 and 72 h. The stability of MKTI was determined by running 15% SDS-PAGE. Also,

54



trypsin inhibitory activity of MKTI was examined by performing inhibitory assay using

synthetic substrate BAPNA as described earlier.

3.2.8. Larvalgut activity inpolyacrylamide gel containing 0.3% gelatin

The larval gut activity analysis was performed on a SDS- PAGE (Laemmli, 1970)

containing 0.3% gelatin (Silva et al., 2006). y?-merceptoethanol was not included in the sample

buffer. The gel was run ata constant current of50 mA at4°C. S. litura Gut homogenate ofthird,

fourth and fifth instar larvae were used in gel activity assay. In gel inhibitory activity assay, gut

homogenate of fifth instar larvae was used in the presence of MKTI. After electrophoresis, the

gel was transferred to 2.5% Triton X-100 solution (v/v) for 30 min at room temperature. The gel

was then equilibrated with developing buffer composed of 0.05 M Tris-HCl buffer, pH 8.0

containing 0.15 MNaCl and 0.005 MCaCl2 with gentle agitation at room temperature for four

hours. After incubation the reaction was stopped by transferring the gel to a staining solution

(Commassie Brilliant Blue R-250 in methanol: acetic acid: water, 3:1:6, v/v/v) and then to a

destaining solution (methanol: acetic acid: water, v/v/v). The proteinase activity of the gut

extractwas visualized by the clear zone on dark background.

3.2.9. Insectfeeding bioassays

3.2.9.1. Larval development

The effect of MKTI on growth and development of S. litura was examined by insect

feeding bioassays. The assays were performed using the laboratory established culture of S.

litura on artificial diet supplemented with MKTI at concentrations of 25 ixM, 50uM, lOOuM,

150uM and 200uM. Ten early instar larvae were used for each treatment in triplicate. Larval
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weights were taken on 6th, 8th and 10th day after treatment and percent weight reduction in the

proteinase inhibitor fed larvae was compared to that of the control group. The larval period,

larval mortality was recorded and averaged.

3.2.9.2. Pupal development

Pupation period, pupal weight, number of malformed pupae and adult emergence were

recorded and compared with that of the control group

3.2.9.3. Adult development

The fecundity and fertility data was also collected by emerged male and female moth.

Three pairs for each treatment were kept in rearing jar separately with the cotton plug immersed

in 10% sucrose solution and number of eggs and number of hatching was counted for each

treatment separately and average was taken to calculate the fecundity and fertility for single pair

and compared with control group.

3.2.10. Determination ofgrowth indices

Growth indices of larva, pupa and Total development were calculated by the equation

described by Gupta et al. (2004).

3.2.10.1. Larval growth index

The Larval growth index was calculated and compared with that of control group.

Growth Index (Larva): Percentage Pupation/Larval Period,
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3.2.10.2. Pupal growth index

The pupal growth index was calculated by dividing Total percentage of adult emergence

with averaged pupal period. It signifies the overall growth of pupa.

Growth Index (Pupa): Percentage AdultEmergence/ Pupal Period

3.2.10.3. Developmental index

Total developmental index was determined by dividing total survival with averaged

developmental period.

Developmental Index: Percentage Survival / Total Developmental Period.

3.2.11. Effect ofMKTIfeeding onSGP endogenous level ofproteinases

The effect of MKTI feeding was evaluated on the endogenous proteolytic activity of

SGP at different stages of larval development. The larval guts obtained at different instar stages

following inhibitor feeding were used for measuring trypsin and chymotrypsin-like activity as

described earlier. A set of control without the presence of MKTI in the larval diet was

maintained. To determine endogenous proteolytic activity, three larvae each per instar stage per

treatment were taken and mean was calculated.

3.3. Results

3.3.1. Purification ofMKTI

Pure MKTI was obtained by the method described earlier. The purity of MKTI was

assessed by the 15% SDS-PAGE.
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3.3.2. Inhibition ofbovinepancreatic trypsin by MKTI

MKTI was evaluated against the bovine pancreatic trypsin as previously described (Shee

at el. 2007). 20 ug of bovine pancreatic trypsin was completely inhibited by 25 jag of MKTI

(Figure 3.1).

3.3.3. Inhibition ofproteinase activityofSGP by MKTI

The inhibitory potential of MKTI was evaluated against trypsin-like, chymotrypsin-like

and total proteinase activity of S. litura gut proteinases (SGP) (Figure 3.1).

3.3.3.1. Using BAPNA and BTEE as a substrate

The trypsin-like, chymotrypsin-like and total proteinase activity was determined using

synthetic substrates BAPNA, BTEE and azocasein respectively. A maximum inhibition of

81.75% for trypsin-like against SGPby MKTI were observed when it inhibited 100% activity of

bovine pancreatic trypsin. No inhibition was observed by MKTI towards chymotrypsin-like

enzymes in SGP (Figure 3.1).

3.3.3.2. Using azocasein as a substrate

Synthetic substrate azocasein was used to determine total proteolytic inhibition of SGP

(Figure 3.1). At 100% inhibition of bovine pancreatic trypsin, MKTI inhibited 48% of total

protease activity

3.3.4. Resistance ofMKTI towardsproteolysis by SGP

The stability of MKTI against proteolysis by S. litura gut proteinases was examined.

MKTI exhibited remarkable stability against proteolysis by total total gut proteinases even after
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Protein Concentration (fig)

Figure 3.1: Inhibitory effect of MKTI on trypsin-like and total proteinase activity of SGP

obtained from larvae fed on control diet. Inhibition assays were performed using BAPNA and

azocasein as a substrate for trypsin-like (-•-) and total proteinase activity (-*-) respectively.

MKTI was titrated against SGP and bovine pancreatic trypsin (-•-). The experiment was

repeated three times
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72 h of incubation when equal amount of SGP and inhibitor were incubated (Figure 3.2). The

trypsin inhibitory activity of MKTI remained unaffected in this period. The results support our

earlier findings where native and heat-treated MKTI was found to be completely stable against

proteolysis by selected proteinases (Shee et al., 2007a).

3.3.5. Zymogram analysis ofSGP inhibition by MKTI

The larval gut proteinase activity against MKTI was tested on gels containing 0.3%

gelatin (Figure 3.3). The total gut proteinases of fifth instar larvae were used for testing in-gel

inhibitory activity of MKTI. A clear zone against dark background was observed in the lanes

where only gut proteinases from third, fourth and fifth instar larvae were run. A substantial

reduction in zone of clearance was observed where sample contained both MKTI and gut

proteinases from fifth instar larvae. The results clearly indicate that MKTI is able to inhibit

partial gut proteinase activity by inhibiting trypsin like enzymes.

3.3.6. Effect ofMKTI on growth and development ofS. litura

Insect feeding assays were carried out to assess the effectiveness of MKTI as an

insecticidal agent of S. litura. Effect of inhibitor on growth and development of larvae, pupae

and adult of S. litura was examined by incorporating MKTI (25-200 uM) in control diet.

3.3.6.1. Effect ofMKTIfeeding on larval growth

The larvae of S. litura showed reduction in weight in dose dependent manner when fed

on diet containing MKTI, as compared to those fed on control diet. At highest concentration of

MKTI (200uM), approximately 44, 53 and 44% reduction in larval weight was observed after 6,
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Ll L2 L3 L4 L5 L6 L7 L8 L9

Figure 3.2: Proteolytic stability of MKTI against SGP on a 12% SDS-PAGE. MKTI was pre-

incubated with SGP for different time intervals at 37 °C. Ll: Native MKTI; L2: 0 min; L3: 10

min; L4: 30min; L5: 1 h; L6: 3 h; L7: lOh; L8: 24 h; L9: 72 h.

Ll L2 L3 L4

Figure 3.3: In gel inhibitory activity of MKTI against SGP on SDS- PAGE containing 0.3%

gelatin as substrate. B- merceptoethanol was excluded from the sample buffer .; Ll - L3, gut

extract of third, fourth and fifth instar larvae respectively. L4: SGP incubated with equal amount

of MKTI.
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8 and 10 days of feeding (Figure: 3.4). Larval period were marginally increased from 14.96 to

17.19 days at highest concentration of inhibitor (Figure 3.5). Larval mortality also showed an

increase at higher inhibitor doses with 43.34% mortality observed in larvae (Figure 3.6).

3.3.6.2. EffectofMKTIfeeding onpupalgrowth

Pupation decreased from 96.7% to 56.7% and pupal weight reduced by 20% at highest

dose of inhibitor (Figure 3.8). Adult emergence decreased from 90 to 57%, pupal period did not

change substantially when fed on diet supplemented with 200 uM MKTI (Table 3.1). Total

survival was reduced by 33% and an increase from 22.5 to 26.4 days was observed in total

development days at highest dose (Table 3.1). Malformed and small sized pupae (Figure 3.7 B

&C) and adults were observed due to abnormal development during feeding assays (Table 3.1).

3.3.6.3. Effect ofMKTI on adult development

Egg laying capacity of adult female (fertility) and hatching of larvae from eggs

(fecundity) in adult insects fed on inhibitor diet was severely affected with reduction observed

in dose dependent manner. Egg laying capacity ofadult female (fertility) reduced substantially

from 1945 eggs in control to 366 eggs in those fed on diet containing 200 uM of inhibitor.

Hatching of larvae from eggs (fecundity) reduced from 91% in control to 64% in MKTI fed

insects (Table 3.1).
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6Days 8Days 10Days

Control

25 mM
50 pM

100 mM
150 mM
200 pM

Figure 3.4: Effect of MKTI on larval weights of S. litura. Different concentration (25-200 uM)

ofMKTI was incorporated in the standard diet. The weight (mg/larva) were taken at 6th, 8th and

10th days after treatment and averaged. The Standard error ofmean is shown as bars.
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Figure 3.5: Effect of MKTI on larval period ofS.litura in different treatments

Control 25|jM 50 pM 100 pM 150 pM 200 pM

Figure 3.6: Larval mortality in the various MKTI treated diet compared to control group
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Figure 3.7: Representative photographs of effect of MKTI on growth and development

of S. litura larvae and pupae. (A) Effect of MKTI on larval growth. (B) Malformed

pupae. (C) Reduced size pupa
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Control 25 pM 50 pM 100 pM 150 pM 200 pM

Figure 3.8: Pupal weight (mg/pupa) in various treatment ofdiet along with the control diet.

Control 25 pM 50 pM 100 pM 150 pM 200 pM

Figure 3.9: Total survival (%) of S.litura in various treatments
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Tablel 3.1: Effects of MKTI on growth and development of S. litura

Malformed

Pupa (%)
Adult

Emergence

(%)

Malformed

Adult

Developmental
Days

Fecundity
(Eggs/Female)

Fertility

(%)

Control 0 90 0 22.566 1945.33±24.82 91.75

25 0 75.92 0 25.01 1360 ±45.36 87

50 0 79.16 0 26.158 666.67 ± 19.9 83

100 0 76.18 0 26.21 466.67 ± 54.24 72.99

150 16.19 44.88 0 26.09 450 ±14.74 73.78

200 18.64 57.14 16.66 26.41 366.67 ±28.54 64

3.3.7. Growth Indices ofS. litura fed on MKTI

Analysis of growth and development indices showed substantial reduction in the growth

index of larva and pupae and development index for the insects fed on diets containing MKTI as

compared to the insects fed on control diet. The growth index of larvae and pupae fed on MKTI

(200 uM) decreased from 6.45 and 11.18 to 3.30 and 6.69 respectively (Figure 3.10). A lower

development index of 1.26 was recorded for the insect fed on MKTI (200 uM) as compared to

the insects fed on control diet (3.84).

3.38. Effect ofMKTI on digestiveproteinases ofS. litura

3.3.8.1 Trypsin-like activity

The effect of MKTI feeding on endogenous level of larval gut proteinases was studied.

The trypsin-like activity reduced continuously with increasing amounts of MKTI in larval diet.

A significant decrease in trypsin-like activity was observed in larvae fed on diet containing

MKTI as compared to those fed on control diet. A decline of 8, 6.2 and 8-fold was observed in

the trypsin-like activity of SGP in third, fourth and fifth instars larvae fed on 200 uM MKTI

respectively (Table 3.2 A).
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Figure 3.10: Effect of MKTI on growth and developmental indices of S. litura. Growth index

of larvae (•); growth index of pupae (CD); developmental index (^).
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Table 3.2: The effect of MKTI feeding on endogenous level of proteinase activity in gut

extracts from different instars of S. litura larvae (A) Endogenous trypsin-like activity

(|imol/ml/min). (B) Endogenous chymotrypsin-like activity (|amol/ml/min).

Instar Control 25 uM 50 uM 100 uM 150 uM 200 jaM

3rd 7.93±0.06 5.66±0.74 4.88±0.07 2.3± 0.27 1.22±0.27 0.94±0.04

4th 7.26±0.30 5.59±0.66 4.36±0.27 3.47±0.24 2.26±0.15 1.16±0.06

5th 5.87±0.58 3.80±0.39 3.03±0.09 1.92±0.03 0.96±0.17 0.73±0.09

Instar Control 25 uM 50 uM 100 uM 150 uM 200 uM
3rd

2.76±0.06 3.52±0.22 4.70±0.08 4.48± 0.25 7.3±0.3 7.52±0.07
4th

1.81±0.1 2.53±0.29 3.65±0.14 3.7±0.10 5.75±0.05 6.25±0.26

5th 1.97±0.04 3.43±0.19 4.73±0.07 6.54±0.25 7.38±0.13 7.59±0.23

B

3.3.8.2 Chymotrypsin-like activity

In contrast, chymotrypsin-like activity increased by 2.7, 3.45 and 3.85-fold in MKTI fed

third, fourth and fifth instars larvae respectively (Table 3.2 B).

3.4. Discussion

Lepidopteran insect pests depend mainly on serine proteinases particularly trypsin and

chymotrypsin-like enzymes for digestion of food proteins (Bown et al., 1997). Developing pest

resistant crops expressing effective trypsin inhibitors is one of the strategies of plant defense

against lepidopteran insects. Earlier, our studies have shown deleterious effect of MKTI on one

of the devastating polyphagous lepidopteran insect Helicoverpa armigera. This work evaluates
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the invitro and invivo effects of MKTI on another polyphagous lepidopteran insect S. litura.

MKTI is a non-host PI and it has been shown that non-host Pis can be potentially more effective

plant defense agents (Harsulakar et al., 1999). The results of this study showed that MKTI is a

potent inhibitor ofgut proteinases and have adverse effect on the growth and development ofS.

litura.

In inhibitory assays, MKTI showed substantial amount of inhibition with over 81%

-^ inhibition oftrypsin-like and 48% oftotal gut proteinase activity against SGP. Comparatively,

the inhibitory activity of MKTI, with over 78% of trypsin-like and 40% of total proteinase

activity, against H. armigera gut proteinases (HGP) was slightly lower than that of SGP. The

results clearly indicate presence of MKTI insensitive trypsin-like enzymes in gut of lepidopteran

insects. Similar in vitro inhibitory effects against SGP have been demonstrated for SKTI, AeTI

and BGTI (McManus and Burgess, 1995; Bhattacharya et al., 2007; Telang et al., 2003).

One of the important aspects in developing a candidate PI as a potential plant defense

agent is the proteolytic stability of the inhibitor against insect gut proteinases of that particular

insect pest. It has been shown that many times insect gut proteinases can overcome the effect of

proteinase inhibitors by degrading them (Giri et al., 1998; Girard et al., 1998). In proteolysis

^ studies, MKTI was found to be remarkably stable against proteolysis by SGP even after 72 hof

incubation with total gut proteinases. Similar results were obtained against H. armigera gut

proteinases where MKTI was found completely stable against proteolysis. Earlier, it has been

shown that native and heat-treated MKTI was completely stable against proteolysis by selected

proteinases (Shee et al, 2007a). The results clearly indicate that MKTI can survive for longer

time in the gutof lepidopteran insects without being digested.
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To evaluate the bioinsecticidal activity of a candidate PI, it is important to study both

invitro and invivo effects against particular insect pest. It has been demonstrated that inhibitors

effective under invitro conditions may not show anti-metabolic effect under invivo conditions

(Edmonds et al., 1996). In vivo studies were, therefore, carried out to evaluate the potential of

MKTI as a bioinsecticidal agent of S. litura. The study clearly demonstrated the deleterious

effect of MKTI on growth and development of larvae, pupae and adult in dose dependent

manner. A significant decrease in larval weight, larval survival, pupation, adult emergence and j

adult survival was observed in MKTI fed insects. Both fertility and fecundity were severely

affected in adults emerging from PI fed larvae. Also, malformed pupae and adults were

observed. A lower growth index for larvae and pupae and a lower overall developmental index

were recorded for the insects fed on inhibitor diet. The protein concentration in midgut of larvae

reduced substantially after inhibitor fed diet. The accumulation of nutrients during larval stage is

important for growth and development of insect. In our earlier studies, MKTI also showed

adverse effect on growth of H. armigera. Although MKTI severely affected growth and

development of both lepidopteran insects, there were some notable differences. There was

significantly higher reduction in larval weight in MKTI fed larvae in case of H. armigera as

compared to that ofS. litura. Approximately 69% reduction in larval weight was recorded for H. j

armigera whereas only 44% reduction was recorded for S. litura after 10 days of PI feeding.

The adverse effect of MKTI on pupation and adult emergence was slightly better in case of S.

litura when compared to H. armigera. Clearly, MKTI showed deleterious effect on both

lepidopteran insects.

It has been shown that insect pests overcome the effect of plant Pis by expressing new

proteinases which are either insensitive or with changed substrate specificity in response to Pis
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(Jongsma et al., 1995; Jongsma and Bolter, 1997; Wu et al., 1997; Gatehouse et al., 1997).

Effects of MKTI feeding on endogenous level of digestive proteinases in larvae of S. litura were

examined. A very significant decline in trypsin-like activity and an increase in chymotrypsin-

like activity were observed. Almost 8-fold reduction in trypsin-like activity and 3.8-fold

increase in chymotrypsin-like activity was observed in fifth instar larvae. Similar results have

been observed for AeTI fed S. litura larvae where significant decline in trypsin-like activity and

increase in chymotrypsin-like activity was observed (Mazumadar et al, 2007). The results

support the phenomena where a decrease in trypsin-like activity in insect gut triggers an

increase in production of other similar insensitive proteinases in response to PI. MKTI-fed

larvae of H. armigera also showed significant changes in trypsin-like and chymotrypsin-like

activity (~ 3-fold in fifth instar larvae) in gut proteinases. Comparatively, the decline in trypsin-

like activity was much lower in larvae ofH armigera as compared to that ofS. litura. Notably,

MKTI showed higher inhibition of gut proteinases of S. litura as compared to that of H

armigera. Also, it was interesting to note that increase in chymotrypsin-like activity reduced

from 4.4-fold in third instar larvae to 3-fold in fifth instar larvae in case of H. armigera. In case

of S. litura, however, chymotrypsin-like activity increased from 2.7-fold in third instar to 3.85

fold in fifth instar larvae. This clearly indicates a different response of MKTI feeding in

digestive proteinases of two lepidopteran insects.
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CHAPTER 4

CLONING, EXPRESSION AND PURIFICATION
OF MURRAYA KOENIGII TRYPSIN INHIBITOR



4.1 Introduction

The presence of proteinase inhibitors in plants affects the development of insects, and

insect attacks on plants induce a rapid accumulation of proteinase inhibitors in the leaves. The

resistance in crop can be developed through genetic engineering. The basic idea was to increase

the concentration of already existing proteinase inhibitors in the plant as well as to introduce

them into plant devoid of proteinase inhibitors. Two main approaches to obtain insect-resistant

plants, by expression of proteins in plants adverse to plant pathogens have been explored. The

first one involves the use of delta-endotoxin coding sequences originating from the bacterium

Bacillus thuringiensis. The second approaches uses plant derived genes, such as those encoding

enzyme inhibitors or lectins.

MKTI has shown potent bioinsecticidal activity against the major lepidopteran pests,

H. armigera and S. litura. MKTI gene can be a potential candidate which can be introduce into

the crops for the insect resistance either alone or in combination with Bt gene. In the present

study cloning of complete gene of MKTI including 5' and 3' UTR was done from cDNA and

genomic DNA. Expression and purification ofrecombinant MKTI have also been performed.

4.2. Materials & methods

4.2.1. Materials

Isopropyl-1-thio-D-galactosidase (IPTG), Taq Polymerase, T4 DNA ligase, factor Xa,

Trypsin and BAPNA were purchased from Sigma. The expression vector, pGEX-5X-3 and

GST-sepharose affinity beads were purchased from Amersham Pharmacia Biotech (Uppsala,

Sweden). Restriction Enzymes, Z- competent E. coli cells- TGI kit was purchased from Zymo

Research (U.S.A), pGEM-T cloning kit were purchased from Promega (Madison, WI). Plasmid
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Purification and Gel elution kit were purchased from Bangalore genei (Bangalore, India). All

other chemicals used were of analytical grade.

4.2.2. Primer designing

On the basis of N-terminal sequence of MKTI previously reported (Shee et al. 2007),

degenerate primers were designed to amplify the MKTI gene. The amino acid sequence of

MKTI has shown significant identity with miraculin-like protein from Citrus jambhiri.

Therefore, the gene sequence of miraculin-like protein was also used for designing forward

primer except for the non-identical amino acids where mixed degenerate codon has been put.

Table 4.1 lists all the primer used during this study.

4.2.3. Isolation oftotal RNA

4.2.3.1. Preparation ofmaterials and samples

15 ml polypropylene centrifuge tubes were pretreated in 0.1% diethyl pyrocarbonate

(DEPC) for one hour at room temperature and then autoclaved for 30 min to destroy residual

DEPC. Freshly harvested Murraya koenigii seeds (500 mg) were freezed and grounded in the

liquid nitrogen using ceramic mortar and pestle. Liquid nitrogen was allowed to evaporate and

the grounded material was transferred to a sterile 15 ml centrifuge tube.

4.2.3.2. Isolation oftotal RNA

Total RNA was isolated from the seeds by following Guanidinium thiocynate method

(Chomczynski and Sacchi, 1987; Sambrook et al., 2001) with minor modifications. In the

grounded tissue, before adding solution D, 25 mg of polyvinyl polypyrrolidone (PVPP) per
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gram of seeds was mixed (Malnoy et al., 2001). PVPP was used for the removal of pigment

found in seeds. Sequentially, 0.1 ml of 2 M sodium acetate (pH 2.0), 1ml of phenol and 0.2 ml

of chloroform-isoamyl alcohol per ml of Solution D was added. It was vortexed and incubated

on ice for 15 minutes before centrifugation at 10,000g for 20 min at 4°C. Upper aqueous layer

containing the RNA was transferred. RNA was precipitated for an hour with an equal volume of

Isopropanol at -20°C. The precipitated RNA was collected after centrifugation, washed with

70% ethanol and air dried. The RNA pellet was dissolved in the DEPC treated water.

4.2.4. Isolation ofgenomic DNA

Murraya koenigii genomic DNA was extracted according to the Sambrook et al. (2001).

Briefly, lg of young leaves was powdered in liquid nitrogen, mixed with 5 ml of DEB and

incubated at 65°C for one hourwith frequent shaking in between. After one hour, equal volume

of Chloroform: Isoamyl alcohol (24:1) was added and then the mixture was centrifuged at

5000g for 20 min for 20°C. Supernatant was collected, mixed with equal volume of ice cold

Isopropanol and incubated at -20°C for 30 min for DNA precipitation. Precipitated DNA was

collected, washed with 70% ethanol and stored for future use.

4.2.5. First strandcDNA synthesis or reversetranscription

Single-stranded cDNA was synthesized from total RNA using oligo(dT))5 adaptor

primer (Table 4.1) for reverse transcription in 20 ul reactions (Chomczynski and Sacchi, 1987;

Sambrook et al, 2001). In brief 1 ug of total RNA was denatured by heating at 75°C in total

volume of 20 ul for 5 min, followed by rapid chilling on ice. To the denatured RNA the

following reaction mixture was added:
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5x Reaction buffer 10.0 ul

10 mM mixed dNTPs 5.0 ul

20 mM (dT)i5 adaptor primer 5.0 ul

20 unit/ ul placental RNAs inhibitor 1.0 ul

100 unit/ jitl Reverse Transcriptase 1.0 ul

H20 to 50.0 ul

The above reaction mixture was incubated for 60 min at 37°C. After completion of

reaction the reverse transcription product was kept at -20°C for future use.

4.2.6. Amplification ofMKTI gene

Complete MKTI gene was cloned by using a combination of 3' Rapid amplification of

cDNA ends PCR and 5' Rapid amplification of cDNA ends PCR (RACE PCR).

4.2.6.1. 3' Rapid amplification ofcomplementary DNA ends ofMKTI

4.2.6.1.1. Reaction mixture preparation

In a sterile 0.5 ml amplification tube, a series of PCR has been set up containing the

following:

cDNA 0.5 ul

lOx amplification buffer 2.5 ul

10 mM solution of mixed dNTPs 5.0 ul

20 mM oligo(dT)i5 adaptor primer 1.6 ul

20 mM Forward mixed primer 1.6 ul
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5 unit/ ul Thermostable DNA polymerase 0.5 ul

H20 to 25.0 ixl

4.2.6.1.2. Basic programming

3' RACE PCR was carried out using the reaction mixture with the following conditions:

95°C/4 min; 30 cycles of 95°C/60 s , 55°C/60 s, 72°C/60 s; and 72°C/10 min. The PCRproduct

•4~ was detected on a 0.8% agarose gel.

4.2.6.1.3. Elution ofDNA from agarose gel

The PCR product of 3'RACE PCR was eluted from low melting agarose gel according

to the manufacturer's instruction of Gel Elution kit (Bangalore genei). In brief, agarose gel slice

^ containing DNA fragment was cut out with clean scalpel and placed in fresh pre-weighed 1.5 ml

eppendorf. Sample was incubated at 50°C after adding gel solubiliser. 10 ul of sodium acetate

(pH 5.2) was added after the complete dissolution of gel. DNA was precipitated by adding 100

ul of Iso-propanol to every 100 mg of agarose gel slice. Complete solution of the tube was

loaded on to the silica column provided with the kit and centrifuged. The column was washed

> with the wash buffer twice and eluted with the 50 ul of elution solution. The concentration

measurement of eluted product was assessed either by measuring optical density on a

spectrophotometer or by visualizing on an agarose gel.

4.2.6.1.4. Cloning of3' RACE product inpGEM-T cloning vector

Cloning of 3'RACE product in pGEM-T vector was done according to the

manufacturer's instruction (Promega). In brief, the eluted product was ligated with pGEM-T
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vector in the ratio of 3:1 and incubated at 4°C overnight. The ligated product was transformed in

a,

chemically made competent E.coli cells DH5-a. The transformed cells were plated on the agar

plates containing 80 ug/ml ampicillin. The plates were incubated overnight at 37°C, transformed

colonies were picked and insertion was verified by PCR using isolated plasmid as DNA

template.

4.2.6.1.5. Sequencing ofcloned DNA by universalprimers ^

pGEM-T construct from 3'RACE product was sequenced with universal primer T7 and

SP6 by dideoxy method.

4.2.6.2. 5' Rapid Amplification ofcomplementary DNA ofMKTI

To get the upstream sequence of MKTI gene, 5' RACE was performed. 5' RACE ^

involves three sequential enzymatic steps (reverse transcription, addition of homopolymeric tails

and PCR). A nested primer was designed on the basis of 3' RACE product sequence, which has

been used for the amplification of 5' RACE.

4.2.6.2.1. Reverse transcription with specific primers ^

Reverse transcription was done as previously described in this chapter, except the fact

that the gene specific primer was used instead of oligo(dT)i5 adaptor primer.

4.2.6.2.2. Removal ofexcess ofdNTPs and Primers

Unused primers and dNTPs were removed at the completion of the reverse transcription

reaction, otherwise unused dNTPs will be incorporated into the tail added to the 3' end by
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enzyme terminal transferase. The cDNA was precipitated twice in 2.5 Mammonium acetate and

three volumes of ethanol. Theprecipitated cDNA was further dissolved in nuclease free water.

4.2.6.2.3. Terminal transferase reaction with cDNA

Terminal transferase adds the dNTP specifically at the 3' end of DNA. The dATP

homopolymeric tail was added onto the 3' end of cDNA. The following reaction was setup:

cDNA 2.0 ul

5x Terminal transferase buffer 4.0 ul

10 mM dATP 2.0 ul

Terminal transferase 20.0 units

H20 to 10.0 ul

The reaction was incubated at 37°C for 15 min. Terminal transferase was inactivated by

heating the reaction mixture for 3 min at 80°C.

4.2.6.2.4. Reaction mixture of5' RACE

The 5' RACE reaction mixture contains the following:

Tailed cDNA 2.0 ul

lOx amplification buffer 2.5 ul

10 mM solution of mixed dNTPs 5.0 ul

20 mM oligo(dT)15 adaptor primer 1.6 ul

20 mM nested gene specific primer 1.6 ul

5 unit/ ul thermostable DNA polymerase 0.5 ul

H20 to 25.0 ul
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4.2.6.2.5. 5' RACE PCR programming

5' RACE PCR was carried out using the reaction mixture with the following conditions:

95°C/4 min; 30 cycles of 95°C/60 s , 58°C/60 s, 72°C/60 s; and 72°C/10 min. The PCR product

was detected on 0.8% agarose gel.

4.2.6.2.6. Elution of5'RACEproduct

The PCR product of 5'RACE PCR was eluted from low melting agarose gel according

to the manufacturer's instruction of Gel Elution kit (Bangalore genei) as previously described in

this chapter.

4.2.6.2.7. Cloning ofeluted DNA in pGEM-T vector

Cloning of 5'RACE product in pGEM-T vector was done according to the

manufacturer's instruction (Promega) as previously described in this chapter.

4.2.6.2.8. Sequencing ofcloned 5'RACEproduct

Cloned 5' RACE product was sequenced by universal primer T7 and SP6.

4.2.6.3. Amplification ofmatureMKTIgene with specific primer

Gene specific primers were designed on the basis of complete nucleotide sequence of

MKTI. These primers have been used to amplify the nucleotide sequence of mature MKTI

protein.
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4.2.7. Construction ofexpression vector in pGEX-5x-3 plasmid

Expression of open reading frame of mature MKTI protein was done in pGEX-5x-3

expression vector. It contains Glutathione-S-transferase tag at the N-terminus of the multiple

cloning site. The MKTI has been expressed as a fusion protein with GST.

4.2.7.1. Primer designingfor expression

Primers were designed for the expression of mature MKTI gene. BAM FII and Xho I

restriction site has been put in forward and reverse primer respectively, for the directional

cloning and expression. These primers have been used for the amplification of MKTI gene

(Table 4.1).

4.2.7.2. Restriction digestion ofMKTIgene and pGEX-5x-3 plasmid

Amplification product of MKTI and pGEX-5x-3 was digested with the BAM HI and

Xho I. The total reaction mixture contains:

DNA template 1.0 ug

1Ox reaction buffer 10.0 ul

lOunit/ulBAMHI 1.0 ul

lOunit/ulXhoI 1.0 ul

lOOxBSA 1.0 ul

H20 to 100.0 ul

The reaction mixture was incubated overnight at 37°C. The digested DNA was purified

by low melting agarose by using Gel extraction kit (Bangalore Genei) as previously described in

this chapter.
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4.2.7.3. Ligation andtransformation ofrecombinant plasmid

Ligation of digested MKTI gene and pGEX-5x-3 was done according to the

manufacturer's instruction of Ligation kit (Bangalore genei). Briefly, the digested MKTI DNA

and pGEX-5x-3 has been ligated in 10 ul of reaction containing 1 unit of DNA ligase. The

reaction mixture was incubated for 30 min on ice. The transformation of ligated product was

done according to the manufacturer's instruction of Z-competent E. coli-TG\ cells kit (Zymo

Research, USA). The transformed cells were plated on to the agar plates containing 50 ug/ml of

ampicillin. The presence of insert was verified by PCR by using isolated plasmid with the gene

specific primers of MKTI.

4.2.8. Expression andpurification ofGSTfused andrecombinant MKTI

4.2.8.1. Optimization ofIPTG concentration, incubation timeandtemperature

pGEX-5x-3-MKTI was transformed freshly into the Z-competent E. coli cells TGI. The

colony was picked and inoculated in 10 ml LB broth contained 50 ug/ml of ampicillin. The

overnight grown culture was further inoculated in the one liter of LB broth contained 50 ug/ml

of ampicillin. As O.D reached 0.5, the induction was done by adding IPTG at the final

concentration of 1 mM. The induction was done at 37°C for four hours. Optimum conditions

were screened by incubation for different time intervals at various concentrations of IPTG and

temperature. Cells were harvested at 5000g, pellet was dissolved in 50 mM Tris- CI, pH- 8.0

and incubated on ice with 0.2 ug/ml of lysozyme for 30 min. Cells were disrupted by sonication

with six pulses for 15 seconds with regular interval of one minute. The supernatant was
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collected after centrifugation at 13,000g for 30 min at 4°C. The overexpression was checked by

12% SDS-PAGE and trypsin inhibitory activity evaluation of crude lysate.

4.2.8.2. GST-sepharose and Cibacron blue-3GA affinity columnpurification ofrecombianant

MKTI

The crude lysate was loaded on to the pre-equilibrated GST-sepharose beads with 50

mM Tris-Cl, pH 8.0. The column was washed with 50 mM Tris-Cl, pH 8.0 for the complete

removal of unbound proteins. The GST-fused MKTI was eluted with 5 mM of reduced

glutathione. The eluted fusion protein was further dialysed against 50 mM Tris-Cl, pH 8.0. The

dialysed fused protein was cleaved by incubating with factor Xa overnight on ice in the molar

ratio of 1:100. Recombinant MKTI was purified by loading the cleaved product on to the

Cibacron blue-3GA. The recombinant MKTI remained bound to Cibacron blue-3GA while,

GST protein comes out in flow through. The recombinant MKTI was eluted with 500 mM NaCl.

4.2.9. Comparison oftrypsin inhibition ofreMKTI with native MKTI

Trypsin inhibitory activity of purified recombinant MKTI was assessed by estimating the

remaining hydrolytic activity of trypsin towards the substrate N-benzoyl-L-arginine p-

nitroanilide (BAPNA). Trypsin was dissolved in 0.001 N HCL containing 20 mM CaCl2 at the

concentration of 200 ug per ml. Then 100 ul of the enzyme solution was incubated with the

various inhibitor concentrations in total volume of 300 ul in 50 mM Tris-HCL buffer, pH 7.5 at

30°C for 10 min and then 1 ml of 1.5 mM BAPNA solution in the same buffer containing 2.5%

DMSO was added. After incubation at 30°C for another 10 min, 200 ul of 30% acetic acid was
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added to end the enzyme reaction, and the absorbance at 410 nm was measured on a

spectrophotometer.

4.3. Results

4.3.1 Primer designing

Table 4.1: List of all the primers used during this study.

Primer specification Tm

(°C)

Sequence 5'- 3'

N-terminal Forward

degenerate primer
62 GATCCTTTGCTHGATATHAATGGC

3' RACE Adaptor
primer

64.2 CTGATCTAGAGGTACCGGATCCTTTTTTTTTTTTTTT

5'RACE Adaptor
primer

64.2 CTGATCTAGAGGTACCGGATCCTTTTTTTTTTTTTTT

Adaptor primer 72 CTGATCTAGAGGTACCGGATCCT

Reverse Specific TCAAGACACGCATGAG

5'RACE Nested

Primer

60 GGTTTCCTTCAACTCCACCA

Expression Primers
Forward Primer 60.7 AAAAGGATCCGATCCTTTGCTTGATATT

Reverse Primer 63.2 AAAACTCGAGTCAAGACACGCATGAG

4.3.2. 3' Rapid amplification ofcDNA ends PCR prouduct

The amplification was obtained with the forward degenerate primer which was identical

to the gene sequence of miraculin-like protein except for the non-identical amino acids where

mixed degenerate codon has been put. Approximately a 750 bp fragment was obtained after 3'

RACE PCR (Figure 4.IB). The nucleotide sequence of 3' RACE PCR product includes the 3'

UTR region (Figure 4.2). Table 4.2 shows all the constructs and strains used and made during

this study.
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Figure 4.1: (A) Agarose gel electrophoresis of total RNA from seeds of Murraya koenigii. (B)

Amplification of Murraya koenigii trypsin inhibitor (MKTI) genomic and cDNA. Ll; 100 bp

molecular weight marker, L2; 3' RACE PCR product, L3; 5' RACE PCR product, L4; Mature

MKTI PCR product, L5; Genomic DNA amplification product, L6; MKTI gene with signal

sequence, L7; 1 kbp molecular weight marker.
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Table 4.2: Plasmids and strains used in this study

Plasmid Relative Characteristics Reference

pDGl pGEM-T easy containing 750 bp fragment This study

pDG2 pGEM-T easy containing 450 bp fragment with upstream sequence This study

pDG3 pGEM-T east containing 573 bp MKTI gene This study

pDG4 pGEM-T easycontaining 648 bp MKTI gene with upstream signal
sequence

This study

pDG5 pGEX-5x-3-573 bp MKTI gene BAMHI-XhoI fragment with N-
terminal GST-Tag

This study

Strains Basic Characteristics Reference

DH5-a F- endAl glnV44 thi-1 relAl gyrA96 deoR nupG lacZdeltaM15
hsdR17

Novagen

TG-1 F'traD36 laclq A(lacZ) Ml5 proA+B+ /supE A(hsdM-mcrB)5 (rk - mk
- McrB") thi A(lac-proAB)

Zymo
Research

DG1 E.coli DH5-a containing pDGl plasmid This study

DG2 E.coli DH5-a containing pDG2 plasmid This study

DG3 E.coli DH5-a containing pDG3 plasmid This study

DG4 E.coli DH5-a -containing pDG4 plasmid This study

DG5 E.coli TGI containing pDG5 plasmid This study
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GATCCTTTGCTTGATATCAATGGCAACGTGGTCGAAGCAAGCCGAGACTAC

TATTTGGTTTCAGTAATTGGAGGAGCAGGCGGCGGTGGCCTCACCCTCTAC

AGGGGCAGAAACGAACTCTGCCCACTTGATGTTATCCAACTAAGCCCGGAT

CTACATAAAGGAACCCGTTTAAGATTCGCAGCGTATAATAACACTAGTATT

ATCCATGAAGCCGTGGATCTGAACGTGAAATTCTCAACAGAGACTAGCTGC

AACGAGCCAACAGTATGGAGAGTCGACAACTATGATCCATCGAGAGGAAAA

TGGTTTATAACAACTGGTGGAGTTGAAGGAAACCCTGGCGC ACA A APTTTr.

AAAAACTGGTTTAAGCTTGAGAGAGTTGGAACAGATCAAGGTACGTACGAG

ATTGTTCACTGTCCTTCCGTTTGCAAATCCTGTGTATTTTTATGCAATGATG

TTGGGGTTTCTTACGATTATCGTCGACGTTTGGCTCTCACTGCTGGTAATG

AGCGCGTCTTTGGTGTTGTTATAGTCCCGGCTAATGAGGGATCAGCCTCAT

GCGTGTCTTG AACAACA TCA TAATTTA TTTTCTCCGCTTAAAACTGACAA TTTTTT

TTTT-V

Figure 4.2: Nucleotide sequence of 3' RACE PCR product. The product was ligated in the

pGEM-T cloning vector and sequenced by universal primers. Red text is showing the nucleotide

sequence used for designing of forward degenerate primer. Italics portion represent the 3' UTR

region. Underlined portion has been used for the designing of nested reverse primer for 5'

RACE PCR.
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5'-

CCTTACACTGAAAACACCTCTGCGAAAACAAA

ATGAATACTCCTTTTGTGATTGCAATCTCCTTCCTTCTTCTTGCCTTTGCCACA

AAACCTCTTGTGGGACGCCCTGATCCTTTGCTTGATATCAATGGCAACGTGGT

CGAAGCAAGCCGAGACTACTATTTGGTTTCAGTAATTGGAGGAGCAGGCGGCG

GTGGCCTCACCCTCTACAGGGGCAGAAACGAACTCTGCCCACTTGATGTTATC

CAACTAAGCCCGGATCTACATAAAGGAACCCGTTTAAGATTCGCAGCGTATAA

TAACACTAGTATTATCCATGAAGCCGTGGATCTGAACGTGAAATTCTCAACAG

AGACTAGCTGCAACGAGCCAACAGTATGGAGAGTCGACAACTATGATCCATCG

AGAGGAAAATGGTTTATAACAACTGGTGGAGTTGAAGGAAACC

Figure 4.3: Nucleotide sequence of 5' RACE PCR product. Upstream portion of MKTI gene

has been deduced from 5' RACE PCR product. The start codon located 75 bp upstream from the

mature MKTI gene sequence. The underlined portion represents 5' UTR region includes

ribosomal binding site given in green
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CCTTACACTGAAAACACCTCTGCGAAAACAAA

ATGAATACTCCTTTTGTGATTGCAATCTCCTTCCTTCTTCTTGCCTTTGCCACA

AAACCTCTTGTGGGACGCCCTGATCCTTTGCTTGATATCAATGGCAACGTGGT

CGAAGCAAGCCGAGACTACTATTTGGTTTCAGTAATTGGAGGAGCAGGCGGCG

GTGGCCTCACCCTCTACAGGGGCAGAAACGAACTCTGCCCACTTGATGTTATC

CAACTAAGCCCGGATCTACATAAAGGAACCCGTTTAAGATTCGCAGCGTATAA

TAACACTAGTATTATCCATGAAGCCGTGGATCTGAACGTGAAATTCTCAACAG

AGACTAGCTGCAACGAGCCAACAGTATGGAGAGTCGACAACTATGATCCATCG

AGAGGAAAATGGTTTATAACAACTGGTGGAGTTGAAGGAAACCCTGGCGCACA

AACTTTGAAAAACTGGTTTAAGCTTGAGAGAGTTGGAACAGATCAAGGTACGT

ACGAGATTGTTCACTGTCCTTCCGTTTGCAAATCCTGTGTATTTTTATGCAATG

ATGTTGGGGTTTCTTACGATTATCGTCGACGTTTGGCTCTCACTGCTGGTAATG

AGCGCGTCTTTGGTGTTGTTATAGTCCCGGCTAATGAGGGATCAGCCTCATGC

GTGTCTTGAACAACATCATAATTTATTTTCTCCGCTTAAAACTGACAATTTTTTTTTT

-3'

Figure 4.4: Complete gene sequence of MKTI deduced by the nucleotide sequence of 3' and 5'

RACE PCR product. The complete gene of MKTI includes 5' and 3' UTR region. The open

reading frame of MKTI consist of 648 bp which starts 75 base pair upstream from mature MKTI

gene sequence.
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4.3.3. 5' Rapidamplification ofcDNA endsPCRprouduct

The gene specific primers were designed on the basis of 3'RACE sequence and nested

5'RACE PCR was performed. A single band of 450 bp was obtained (Figure 4.1B), which was

cloned in pGEM-T vector and sequenced. The sequence of 5'RACE product was matched with

3' RACE-PCR product (Figure 4.3). The upstream portion of MKTI was deduced by comparing

both the sequences and the complete open reading frame of MKTI were obtained (Figure 4.4).

The complete gene of MKTI contains 5' and 3' UTR. The open reading frame of MKTI is 648

bp long.

4.3.4. Genomic DNA amplification

Genomic DNA template has been used to amplify the MKTI gene by using gene specific

primers. A band of573 bp was obtained with forward primer specific for mature MKTI and 648

bp with forward primer specific for upstream sequence (Figure 4.IB). The sequence analysis of

both MKTI cDNA and genomic DNA were found completely identical. The results clearly

showed that the gene sequence ofMKTI does not contain introns. Table 4.2 shows all the strain

used and made during this study.

4.3.5. Overexpression ofreMKTI

MKTI cDNA was expressed as the GST fusion protein (GST-MKTI fusion protein) in E.

coli TGI cells transformed with pGEX-5x-3-MKTI by adding 1mM IPTG to the culture. The

presence of MKTI in construct was verified by PCR by using MKTI gene specific primers

(Figure 4.5). The molecular masses of the MKTI and GST proteins were estimated to be 20.7

and 26.0 kDa, respectively, based on the deduced amino acid sequence. The molecular mass of
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~47kDa for the expressed protein, which was produced by the cells transformed with pGEX-5x-

3-MKTI, was in good agreement with the expected molecular mass of the GST-MKTI fusion

protein. In SDS-PAGE gel, although the GST-MKTI fusion protein was detected from the cells

cultured at 37°C (Figure 4.8). But the yield of the GST-MKTI fusion protein was significantly

improved when the E. coli cells were cultured at 30°C rather than 37°C, and the yield was

increased by increasing the induction time up to 12 h. Therefore, we determined the optimal

culture conditions for the GST-MKTI fusion protein to be 30°C with a 12 h induction, and thus,

we obtained 4 mg of the protein from 1000 ml of bacterial culture.

4.3.6. Purification ofrecombinant MKTI

A -47 kDa protein was expressed in the TGI E.coli strain of competent cells (Figure

4.6). The recombinant MKTI protein was purified to homogeneity by two step procedure. The

first step was performed on an affinity column (GST-Sepharose). The crude lysate of cells were

loaded and eluted with 5 mM reduced glutathione. A single peak of protein was obtained. The

molecular weight of eluted peak was -47 kDa, confirmed by SDS-PAGE analysis. The trypsin

inhibitory activity was found in the GST tagged fusion protein. In the second step, the fused

protein was dialysed against the 50 mM Tris-Cl, pH 8.0. The N- terminal GST tag was removed

by factor Xa cleavage. reMKTI was obtained by Cibacron blue 3GA after eluting with 500 mM

NaCl (Figure 4.7) »
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Figure 4.5: Confirmation of the MKTI coding DNA in the pGEX-5x-3 expression vector by

PCRusing gene specific primers of MKTI with the plasmidisolated from screened colonies as a

template. Ll- L3; No amplification, L4- L7; Positive amplification, L8; Control MKTI

amplification

Figure 4.6: Analysis of recombinant MKTI expression as a fusion protein on 12% SDS- PAGE.

Ll; Molecular weight marker, L2; Blank bacterial lysate with onlypGEX-5x-3, L3; Uninduced

supernatant, L4; Induced supernatant
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kDa

97.0

66.0

43.0

29.0

20.1

14.3

Ll L2 L3 L4 L5 L6 L7

Figure 4.7: Purification of recombinant MKTI. Ll and L7; Molecular weight marker, L2 and

L3; Crude Supernatant, L4; Purified GST- fused MKTI, L5; Fusion protein treated with factor

Xa, L6; Purified reMKTI
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4.3.7. Comparison oftrypsin inhibitory activity ofreMKTI with native MKTI

A comparison was made between the trypsin inhibitory activities of recombinant MKTI

with native MKTI. The trypsin inhibitory activity in recombinant MKTI was found identical to

native MKTI.

4.4. Discussion

MKTI has been shown to be an effective proteinase inhibitor against insect gut

proteinases and can be developed as a potential plant defense agent. It is important to obtain the

complete gene of MKTI in order to express the protein in crops affected from particular insect.

Therefore, the complete MKTI gene was obtained from both cDNA and genomic DNA. cDNA

of MKTI was cloned by 3' and 5' RACE PCR amplification with the synthesized mixed

degenerate and oligo(dT)i5 adaptor primer and genomic DNA of Murraya koenigii as the

template. The forward degenerate primer was designed according to the N-terminal sequence of

MKTI (Shee at al. 2007)

Electrophoresis of 3' RACE product indicated that the cDNA of about 750 bp had been

obtained. The nucleotide sequence result contains the whole coding region of mature MKTI

gene with 3' UTR region. To get the complete gene of MKTI including 5' UTR region, the 5'

RACE was performed. The nested primer was designed on the basis of nucleotide sequence of

3' RACE PCR product. The analysis of 5'RACE product was indicated approximately 450 bp

size. After comparing the 3' and 5' RACE PCR product nucleotide sequence the whole gene of

MKTI was deduced. The complete gene of MKTI contains 5' and 3' UTR region. The 5' UTR

region contains a ribosomal binding site just upstream of start codon (ATG). The open reading

frame of MKTI was 648 bp. The open reading frame of MKTI starts 75 bp upstream than the

mature MKTI, which indicates the presence of a signal sequence in the gene of MKTI. 573 bp
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size product was obtained with the gene specific primers of MKTI when genomic DNA was

used for the amplification. In genomic DNA also the presence of signal sequence was indicated

by the amplification of approximately 648 bp when the primer designed for the upstream

sequence has been used. The nucleotide sequence of genomic DNA and cDNA was matching

perfectly which indicated that the MKTI gene did not contain intervening sequences. Other

inhibitor from leguminosae family including Delonix regia (DrTI) and Soyabean trypsin

inhibitor (STI) have also been reported to contain intronless gene (Huang et al., 2007; Song et

al., 1993).

Mature MKTI gene was expressed as -47 kDa GST-fused protein in pGEX-5x-3

expression vector. The optimum concentration of recombinant MKTI was induced with 1 mM

IPTG concentration for 12 h incubation. The purification of protein utilized the GST-sepharose

beads which is an affinity matrix for the purification of GST tagged protein. Native MKTI was

purified on affinity matrix Cibacron blue 3GA. After cleaving with factor Xa, the recombinant

MKTI was released and purified on Cibacron blue 3GA. This is in good agreement with the

previously reported data about the MKTI (Shee et al., 2008). The MKTI cDNA and genomic

DNA amplification has been submitted in the NCBI data base. The accession number assigned

to the cDNA and genomic DNA sequence of MKTI gene is FJ468001 and FJ468002

respectively. Figure 4.9 and 4.10 shows the representative pages to be displayed on NCBI

database after the release of data.
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LOCOS bankitI153727 €48 bp DNA linear 12-NOV-2Q08
DEFINITION Murraya koenigii trypsin inhibitor (MKTI)gene, complete cds.
ACCESSION 1153727

VERSION

KEYWORDS

SOURCE Murraya koeinigii. This plant belongs to: Superdivison
Spermatophyta, Class- Magnoliopsida and Family- Rutaceae.

ORGANISM Murraya koeinigii. This plant belongs to: Superdivison
Spermatophyta, Class- Magnoliopsida and Family- Rutaceae.
Unclassified.

REFERENCE 1 (bases 1 to 648)

AUTHORS Gahloth,D., Kumar,S.P., Kumar,P. and Sharma,A.K.

TITLE Cloning, Expresion, Purification and Homology modelling of Murraya
koenigii trypsin inhibitor

JOURNAL Unpublished
REFERENCE 2 (bases 1 to £43)

AUTHORS Gahloth,D., Kumar,S.P., Kumar,P. and Sharma,A.K.

TITLE Direct Submission

JOURNAL Submitted (12-NOV-2008) Biotechnology, Indian Institute of
Technology Roorkee, Roorkee, Uttranchal 2476£7, India

COMMENT Bankit Comment: Murraya koenigii. This plant belongs to: Kingdom-
Plantae, Sub- kingdom- Tracheobionata, Superdivison- Spermatophyta,
Divison- Magnoliophyta, Class- Magnoliopsida, Sub-class- Rcsidae,
Order- Sapindales, Family- Rutaceae, Genus- Murraya, Species-
koenigii (Curry leaves).
aksbsfbsiiitr.ernet.in.

FEATURES Location/Qualifiers

source 1..S48

/organism="Murraya koeinigii. This plant belongs to:
Superdivison Spermatophyta, Class- Magnoliopsida and
Family- Rutaceae."
/mol_type=ngenomic DNA"

BASE COUNT 168 a 141 c 156 g 183 t
ORIGIN

1 atgaatactc cttttgtgat tgcaatctcc ttccttcttc ttgcctttgc cacaaaacct
61 cttgtgggac gccctgatcc tttgcttgat atcaatggca acgtggtcga agcaagccga
121 gactactatt tggtttcagt aattggagga gcaggcggcg gtggcctcac cctctacagg
181 ggcagaaacg aaetctgece acttgatgtt atccaactaa gcccggatct acataaagga
241 acccgtttaa gattcgcagc gtataataac actagtatta tccatgaagc cgtggatctg
301 aacgtgaaat tctcaacaga gactagctgc aacgagccaa cagtatggag agtcgacaac
361 tatgatccat cgagaggaaa atggtttata acaactggtg gagttgaagg aaaccctggc
421 gcacaaactt tgaaaaactg gtttaagctt gagagagttg gaacagatca aggtacgtac
481 gagattgttc actgtccttc cgtttgcaaa tcctgtgtat ttttatgcaa tgatgttggg
541 gtttcttacg attatcgtcg acgtttggct ctcactgctg gtaatgagcg cgtctttggt
601 gttgttatag tcccggctaa tgagggatca gcctcatgcg tgtcttga

//

Figure 4.9: cDNA sequence of MKTI submitted in the NCBI database. The accession number

assigned to the cDNA sequence of MKTI is FJ468001.
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bankitll53629 648 bp sRNA linear 12-NOV-2008
Murraya koenigii trypsin inhibitor (MKTI)mRNA, complete cds.
1153629

LOCUS

DEFINITION

ACCESSION

VERSION

KEYWORDS

SOURCE Murraya koenigii. This plant belongs to: Kingdom- Plantae, Sub-
kingdom- Tracheobionata, Superdivison- Spermatophyta, Divison-
Magnolicphyta, Class- Magnoliopsida, Sub-class- Rosidae, Qrder-
Sapindales, Family- Rutaceae, Genus- Murraya, Species- koenigii
(Curry leaves).

ORGANISM Murraya koenigii. This plant belongs to: Kingdom- Plantae, Sub-
kingdom- Tracheobionata, Superdivison- Spermatophyta, Divison-
Magnoliophyta, Class- Magnoliopsida, Sub-class- Rosidae, Order-
Sapindales, Family- Rutaceae, Genus- Murraya, Species- koenigii
(Curry leaves).

Unclassified.

REFERENCE 1 (bases 1 to 648)
AUTHORS Gahloth,D., Kumar,S.P., Kumar,P. and Sharma,A.K.
TITLE Cloning, Expresion, Purification and Homology modelling of Murraya

koenigii trypsin inhibitor
JOURNAL Unpublished

REFERENCE 2 (bases 1 to 648)

AUTHORS Gahloth,D., Kumar,S.P., Kumar,P. and Sharma,A.K.
TITLE Direct Submission

JOURNAL Submitted (12-NOV-2008) Biotechnology, Indian Institute of
Technology Roorkee, Roorkee, Uttranchal 247 667, India

COMMENT Bankit Comment: aksbsfbsSiitr.ernet.in.

FEATURES Location/Qualifiers

source I..648

/organism="Murraya koenigii. This plant belongs to:
Kingdom- Plantae, Sub- kingdom- Tracheobionata,
Superdivison- Spermatophyta, Divison- Magnoliophyta,
Class- Magnoliopsida, Sub-class- Rosidae, Order-
Sapindales, Family- Rutaceae, Genus- Murraya, Species-
koenigii (Curry leaves)."
/mol_type="mRNA"

EASE COUNT 168 a 141 c 156 g 183 t
ORIGIN

1 atgaatactc cttttgtgat tgcaatctcc ttccttcttc ttgcctttgc cacaaaacet
61 cttgtgggac gccctgatcc tttgcttgat atcaatggca acgtggtcga agcaagccga
121 gactactatt tggtttcagt aattggagga gcaggcggcg gtggcctcac cctctacagg
181 ggcagaaacg aaetctgece acttgatgtt atccaactaa gcccggatct acataaagga
241 acccgtttaa gattegcage gtataataac actagtatta tccatgaagc cgtggatctg
301 aacgtgaaat tctcaacaga gactagctgc aacgagecaa cagtatggag agtcgacaac
361 tatgatccat cgagaggaaa atggtttata acaactggtg gagttgaagg aaaccctggc

421 gcacaaactt tgaaaaaetg gtttaagctt gagagagttg gaacagatca aggtacgtac

481 gagattgttc actgtccttc cgtttgcaaa tcctgtgtat ttttatgcaa tgatgttggg

541 gtttcttacg attategteg acgtttggct ctcactgctg gtaatgagcg cgtctttggt
601 gttgttatag tcccggctaa tgagggatca gcctcatgcg tgtcttga

//

Figure 4.10: Genomic DNA sequence of MKTI gene submitted in the NCBI database. The

accession assigned to the gene is FJ468001
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CHAPTER 5

SEQUENCE ANALYSIS AND HOMOLOGY
MODELING OF MURRA YA KOENIGII TRYPSIN

INHIBITOR



5.1 Introduction

There are an intricate number of factors that contribute to the specificity and the

efficiency of proteinase inhibitors. The composition and the conformation of their reactive loop

site are clearly important, but various other aspects of the molecular structure must be

considered as well. This is because not only the inhibitor reactive loop interacts with the

enzyme, but there are other important areas of contact between the two proteins. In a way, the

entire molecule must be considered. The global architecture, for example, is essential to the

inhibitor stability, rigidity, and efficiency. The reactive loop site of Kunitz (STI) family of

inhibitors is located between the repeats A and B of P-strands. The cleavage of scissile peptide

bond theoretically could provoke the separation of the motif A from the motifs B and C of (3-

strands. However, the motifs A-C are held together by an extensive intramolecular hydrogen

bonding network.

There has been substantial evidence that this network, which does not exist in a normal

substrate vulnerable to proteolysis, remains intact in the cleaved inhibitor (Shaw et al., 1995).

These numerous contacts stabilize the newly formed N-terminus and maintain it in an optimal

orientation for nucleophilic attack on the acyl-enzyme, favoring the religation. Moreover, the

positioning of the amine also sterically hinders the hydrolytic water molecule from achieving

the necessary proximity to the histidine base for nucleophilic activation. The composition of the

reactive loop determines the specificity of the inhibitor. The amino acid residue in the PI

position, which fits in the enzyme reactive site pocket, is of particular importance. Besides the

specificity, the loop conformation also determines the efficiency of the inhibitor as in the

substrate-like inhibitors, in which much closer to the canonical conformation the reactive loop

is, the more effective as the inhibitor.
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In the present chapter, amino acid sequence analysis of MKTI has been done. To

understand the mode of trypsin inhibition, three dimensional structure of MKTI was predicted

by homology modeling. Its possible modes of interaction with trypsin were also studied. Some

functional motifs such as phosphorylation, glycosylation and myristoylation were predicted in

three-dimensional structure of MKTI.

5.2. Materials and methods

5.2.1. Deduction ofamino acid sequence ofMKTI

V RACE and 5' RACE PCR sequences were matched and the complete nucleotide

sequence of MKTI gene was deduced. The amino acid sequence of complete MKTI gene was

deduced by ORF finder tool on NCBI online server. The amino acid sequence of MKTI was

aligned against the triplet nucleotide codon.

5.2.2. BLAST ofdeduced amino acid sequence

The similarity search for deduced amino acid sequence of MKTI was done by using

NCBI online server protein BLAST taking non-redundant (nr) database and protein data base

(PDB).

5.2.3. Multiple sequence alignment

Phylogenetic analysis was performed to analyze evolutionary relationship between the

similar sequences. MKTI sequence was compared with other Kunitz inhibitors by multiple

sequence alignment.
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5.2.4. Identification ofvarious functional motifs

Probable motifs involved in post translational modifications such as glycosylation,

phosphorylation and myristoylation site were predicted by "Motif Scan Server". The Kunitz

family signature pattern was also observed by Scan prosite server. The prediction about

presence of signal sequence was made by using online server iPSORT.

5.2.5. Theoretical determination ofisoelectric point and hyrdropathy index ofMKTI

Theoretical determination of isoelectric point and hydropathy index of MKTI amino acid

sequence was made by online proteomic EXPASY server.

5.2.6. Secondary structure prediction

The secondary structure predictions of MKTI were carried out using the PHD method

(http://www.predictprotein.org/).

5.2.7. Tertiary structurepredicition byhomology modeling

The three-dimensional model of MKTI was constructed using the crystal coordinates of

Delonix regia trypsin inhibitor, (PDB id: 1R8N) done at a resolution of 1.75 A. Automated

homology model building was performed using protein structure modeling program

MODELLER 9 (Sali and Blundell, 1993) which models protein tertiary structure by satisfaction

of spatial restraint. The input for the program MODELLER consisted of the aligned sequence of

MKTI and DrTI, and a steering file which gives all the necessary commands to the Modellar for

generating the homology model of MKTI on the basis of its alignment with crystal coordinates

of the template. Many runs of model building were carried out in order to obtain most plausible

model.
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5.2.7.1. Validation oftertiary structure

Theevaluation of the predicted MKTI model, i.e., analysis of geometry, stereochemistry,

and energy distribution in the models, was performed using either the ENERGY commands of

MODELLER or using Program "PROCHECK" and Whatcheck. In addition the variability in

the predicted model, i.e., RMSD was calculated by superposition of Ca traces and backbone

onto the template crystal structure. The protein structures were visualized and analyzed on

PYMOL (http://www.pymol.org) and WINCOOT. ^

5.2.8. Interaction study ofMKTI model with trypsin

In attempt to find a structural rationale why MKTI is an effective inhibitor of trypsin

with Ki 7nM. Putative interactions of MKTI with trypsin were studied by Homology modeling.

Firstly, MKTI model was superimposed with the STI-trypsin complex structure (PDB id: ±

1AVW) and the putative contacts between MKTI-trypsin were analyzed. The intermolecular

contacts involve not only residues of reactive site, but also residues in other parts of the

molecules forming a molecular interface between the enzyme and the inhibitor.

5.3. Results

5.3.1. Amino acid sequence deduction

A 648 base pair ORF was obtained after sequencing of the MKTI PCR product which

coded for a polypeptide of 215 amino acid residues. N-terminal sequencing of the protein done

earlier showed that it starts with Asp (D) residue which signifies the existence of signal

sequence (Figure 5.1).
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1 afcgaatactcctfctfcc/tc/attgcaatctccttccttcttcttgcc
MNTPFVIAISFLLLA

46 tttgccacaaaacctcttgtgggacgccctgatcctttgcttgat
FATKPLVGRPDPLLD

91 atcaatggcaacgtggtcgaagcaagccgagactactatttggtt
INGNVVEASRDYYLV

136 tcagtaattggaggagcaggcggcggtggcctcaccctctacagg
SVIGGAGGGGLTLYR

181 ggcagaaacgaactctgcccacttgatgttatccaactaagcccg
GRNELCPLDVIQLSP

226 gatctacataaaggaacccgtttaagattcgcagcgtataataac
DLHKGTRLRFAAYNN

271 actagtattatccatgaagccgtggatctgaacgtgaaattctca
TSIIHEAVDLNVKFS

316 acagagactagctgcaacgagccaacagtatggagagtcgacaac
TETSCNEPTVWRVDN

361 tatgatccatcgagaggaaaatggtttataacaactggtggagtt
YDPSRGKWFITTGGV

406 gaaggaaaccctggcgcacaaactttgaaaaactggtttaagctt
EGNPGAQTLKNWFKL

451 gagagagttggaacagatcaaggtacgtacgagattgttcactgt
ERVGTDQGTYEIVHC

496 ccttccgtttgcaaatcctgtgtatttttatgcaatgatgttggg
PSVCKSCVFLCNDVG

541 gtttcttacgattatcgtcgacgtttggctctcactgctggtaat
VSYDYRRRLALTAGN

586 gagcgcgtctttggtgttgttatagtcccggctaatgagggatca
ERVFGVVIVPANEGS

631 gcctcatqcqtqtcttga 648

A S C V S *

Figure 5.1: Nucleotide and deduced amino acid sequence of MKTI. The nucleotide sequence

for the start codon and stop codon are underlined and shown in bold. The nucleotide sequences

of forward and reverse primers used for full cDNA cloning are italics. The translated sequence

of MKTI includes a 25-amino acid signal peptide, followed by a 190-amino acid mature protein
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5.3.2. Similarity search by NCBI- BLAST

A homology search using NCBI BLAST showed significant similarity to miraculin-like

proteins isolated from various Citrus species plants belonging to Rutaceae family against the nr-

database. The MKTI showed maximum sequence homology to reported Kunitz-type inhibitors

with highest similarity with Delonix regia against the PDB database. MKTI shared 74%

similarity and 57% identity with the Miraculin-like protein from Citrus jambhiri belongs to

Rutaceae family. In Kunitz family inhibitor MKTI matches with DrTI, shared 53% similarity

and 32% identity (Figure 5.2).

5.3.3 Multiple sequence alignment

Multiple sequence alignment of MKTI sequence with that of other Kunitz-type trypsin

inhibitors by CLUSTALW analysis revealed significant differences. The sequence of MKTI

possesses three extra cysteine residues when compared to most Kunitz-type trypsin inhibitors.

Similar to miraculin-like proteins, there are seven cysteine residues in MKTI sequence as

opposed to four cysteines residues in other Kunitz-type inhibitors. The sequence comparison of

residues of reactive site loop of MKTI with other Kunitz-type inhibitors showed that it

comprises from the residue Ala62(Pl) to the residue Ile69(P4'). There is a marked variation in

the reactive site residue in MKTI, wherein a conventional Arg or Lys has been replaced by Asn

65(P1) (Figure 5.3). Miraculin-like protein from C.jambhiri having most similarity with MKTI

also contains Asn at corresponding position (Figure 5.3). Earlier, the variation in reactive site

residue has been reported in Kunitz inhibitors from Cicer arietinum where conserved Arg or

Lys has been replaced by a Gly/Glu-Ile-Ser motif (Srinivasan et al., 2005).
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Molecule type amino acid

Query Length 190

Database Name nr

Description All non-redundant GenBank CDS
translations+PDB+SwissProt+PIR+PRF excluding
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Figure 5.2: Sequence Similarity search was done with the NCBI BLAST search program. (A).

Search done against the non- redundant database. (B). Search done against the protein database
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Erythrina
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DPLLDINGNVVEA-SRD 16

MKISLATTLSFLILALASNSLLVLGTSSVPEPLLDVNGNKVES-TLQ 46
MKELTMLSLSFFFVSALLAAAANPLLSAADSAPNPVLDIDGEKLRT-GTN 49

SDAEKVYDIEGYPVFL-GSE 19

DFVLDNEGNPLEN-GGT 16

VLLDGNGEWQN-GGT 15

RLVDTDGKPIENDGAE 16

YYLVSVIGGAGGGGLTLYRGRNE--LCPLDVIQLSPDLHKGTRLRFAAYN 64

YYIVSAIWGAGGGGVSLHGGRNG--YCPLDVIQLPSDTQNGIKLTLSPYN 94

YYIVPVLRDHGGGLTVSATTPNGTFVCPPRWQTRKEVDHDRPLAFFPEN 99

YYIVSAIIGAGGGGVRPGRTRGS--MCPMSIIQEQSDLQMGLPVRFSSPE 67
YYILSDITAFGG-IRAAPTGNER CPLTWQSRNELDKGIGTIISSPY 62

YYLLPQVWAQGGGVQLAKTGEET CPLTWQSPNELSDGKPIRIESRL 62

YYILPSVRGKGGGLVLAKSGGEK CPLSWQSPSELSNGLPVRFKASP 63

-NTSIIHEAVDLNVKFSTETS CNEPTVWRVDNYDPSRGKWFITTGG 109

|STIVRESADLNLRFSVLLSGRDYCNEQPLWKVDNYDAASGKWFITTGG 143
EDWRVSTDLNINFSAFMPCR—WTSSTVWRLDKYDESTGQYFVTIGG 147

2GKIYTDTELEIEFVEKPD CAESSKWVIVKD SGEARVAIGG 110

lIRFIAEGHPLSLKFDSFAVIMLCVGIPTEWSWEDLPEGPAVKIGENK 111
IsAFIPDDDKVRIG FAYAPKCAPSP-WWTWEDEQEGLSVKLSEDE 107
|SKYISVGMLLGIE VIESPECAPKPSMWSVKSG 96

VEGNPGAQTLKNWFKLERVGTDQGTYEIVHCPSVCKSCVFLCNDVGVSYD 159

LDGHPGAETLLNWFKLEKIGNFPGTYKIVHCPSVCESCVKLCNNVGRSFE 193

VKGNPGPETISSWFKIEEFCG-SGFYKLVFCPTVCGSCKVKCGDVGIYID 196

SEDHPQGELVRGFFKIEKLGS—LAYKLVFCP KSDSGSCSDIGINYE 155

-DAMDG WFRLERVSDDEFNNYKLVFCPQQAEDDK—CGDIGISID 153

STQFDY PFKFEQVS-DQLHSYKLLYC—EGKHEK—CASIGINRD 147

Y-RRRLALTAGNERVFGWIVPANEGSASCVS 190

DGVRRLVLVRDDEPAFPWLIPATERSTSV-- 223

QKGRRRLALSDKPFAFEFNKTVYF 220

G-RRSLVLKSSDDVPFRWFVKPRSGSETES- 185

HDDGTRRLWSKNKPLWQFQKLDKESL 181

QK-GYRRLVVTEDYPLTWLKK-DESS 172

Figure 5.3: Comparison of amino acid sequences of various trypsin inhibitors and miraculin

like proteins stored in NCBI and Uniport databases using CLUSTALW program. MKTI;

Murraya koenigii trypsin inhibitor, CjMLP; Citrus jambhiri miraculin like protein (gi|

87299377), RDMP; Richedella dulcifica miraculin protein (Uniport database, sp|P13087), DrTI;

Delonix regia trypsin inhibitor (gi|49258681), SKTI; Soyabean Kunitz trypsin inhibitor

(gi|3318878), ErTI; Erythrina caffra trypsin inhibitor (gi| 157833954), CpTI; Copaifera

langsdorffii trypsin inhibitor (gi|49258682). Conserved residues were highlighted in gray.

Residue at the active sites are highlighted in green
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Figure 5.4: Phylogenetic tree derived from MKTI related sequences isolated so far.

Phylogenetic analysis of these sequences using the neighbor joining distances method within

phylip package. MKTI; Murraya koenigii trypsin inhibitor, Miraculin_citrus; Miraculin like

protein from Citrus jambhiri (gi|87299377), MiraculinRichade; Miraculin protein from

Richadella dulcifwa(\Jmport database, sp|P13087), Delonix; Delonix regia trypsin inhibitor

(DrTI) (gi|49258681), Soyabean; Soyabean Kunitz trypsin inhibitor (SKTI) (gi|3318878),

Erythrina; Erythrina caffara trypsin inhibitor (ErTI) (gi| 157833954), Copaifera; Copaifera

lagsdorffiitrypsin inhibitor (CpTI) (gi|49258682).
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Table 5.1: Determination of different functional motifs in the amino acid sequence of MKTI.

Observed Kunitz Inhibitor Family Signature pattern is shown in the shaded text. Glycosylation

site is underlined, Phosphorylation sites are shown in bold and Myristoylation site is shown in

bold, italic and underline. N-terminal signal sequence of MKTI has shown in last row

Kunitz [LIVM]-x-D-x-[EDNTY]-[DG]-[RKHDENQ]-x-[LIVM]-(x)5-Y-x-[LIVM]
Inhibitor

Signature
Pattern

Observed L-L-D-I-N-G-N-V-V-E-A-S-R-D-Y-Y-L

pattern

MKTI DPLLDINGNWEASRDYYLVSVIGGAGGGGLTLYRGRNELCPLDVIQLSPDLHKGTRL

mature

sequence RFAAYNNTSIIHEAVDLNVKFSTET"SCNEP"TVWRVDNYDPSRGKWFITTGGVEGNP

GAQTLKNWFKLERVGTDQGTYEIVHCPSVCKSCVFLCNDVGVSYDYRRRLALTAGNER

VFGWIVPANEGSAS

CVS

N- NTPFVIAISFLLLAFATKPLVGRP

terminal

Signal
Sequence
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iPSORT Prediction

Predicted as: twine asienal peptide

Sequence (Type; plant)

m:;:ff v:a:s f::la tazys :vc-rf

Values used for reasoning

Node Answer View Substring Value(s) Plot

1.Signal peptide'.' Yes Average Hydropathy (KYTJ820101) [6:25] , 1.505 (>=0.9225? Yes) show

Figure 5.5: Predictionof N- terminal signal sequence in MKTI by online server iPSORT

Phylogenetic analysis of representative Kunitz-type inhibitors from different plants was

performed to understand evolutionary relationship among these inhibitors. The phylogenetic

analysis showed that MKTI sequence formed a distinct cluster with inhibitors from miraculin-

like proteins (Figure 5.4).

5.3.4. Identification ofvarious motifs in MKTI amino acid sequence

The MKTI sequence was probed for presence of various functional motifs. Probable

locations of motifs predicted from motif scan server showed existence of possible glycosylation,

phosphorylation and myristoylation sites in MKTI. N-linked glycosylation site (Asn-Asn-Thr-

Ser) was identified at position 64-67. The result was supported by the fact that molisch test used

for identifying glycoprotein gave positive result for MKTI (Table 5.1).

N-terminal sequence of native MKTI done earlier showed that the it starts with Asp(D)

residue and which signifies the existence of signal sequence. The observation was confirmed

using signal iPSORT server which showed the existence of cleavage site between amino acids
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25-26 and existence of signal sequence located upstream of mature MKTI (Figure 5.5). The

mature MKTI, therefore, is a 190 amino acid residues polypeptide. The primary amino acid

sequence of MKTI showed a conserved motif [LIVM]-x-D-x-[EDNTY]-[DG]-[RKHDENQ]-x-

[LIVM]-(x)5-Y-x-[LIVM] found in soyabean trypsin inhibitor family when queried in 'Scan-

Prosite' server. The observed pattern (LLDINGNVVEASRDYYL) was located at the N-

terminal of the sequence (Table 5.1).

The phosphorylation sites were located at three positions in MKTI sequence. These are

Ser-Cys-Asn-Glu (position 84-87, Thr-Leu-Lys (position 118-120) and Arg-Val-Gly-Thr-Asp-

Gln-Gly-Thr-Tyr (position 127-135). A possible myristoylation site Gly-Gly-Val-Glu-Gly-Asn

was identified at position 108-113 (Table 5.1).

5.3.5. Theoretical determination ofisoelectric point and hyrdropathy index ofMKTI

Theoretical isoelectric point and hydropathy index of amino acid sequence of MKTI was

calculated by protparam program of online proteomic server EXPASY. The calculated

isoelectric point was 5.62 and the grand average of hydropathy (GRAVY) index of total amino

acids was -0.168. Hydropathy index value of MKTI determined its cytosolic nature.

5.3.6. Secondary structure ofMKTI

Secondary structure distribution pattern of MKTI shows that this protein consists of

approximately 47% P- sheet, joined by P- turns with little or almost no alpha helical part. Table

5.2 summarized the secondary structure distribution of MKTI. The secondary structure

alignment of MKTI with Delonix regia trypsin inhibitor revealed that it consists of

approximately three fold internal symmetry (Figure 5.6).
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Table 5.2: Secondary structure distribution of MKTI

p Strands Loops No. of residues Disulphide bond
N- terminal 1-16

Al 17-21 A1-A2 22-28

A2 29-34 A2-A3 35-43 Cys41-Cys85

A3 44-48 A3-A4 49-57 Cysl40-Cysl51

A4 58-61 A4-B1 62-74 Cys 144-Cys147

Bl 75-79 B1-B2 80-90 Reactive site- 63-66

B2 91-94 B2-B3 95-103 3,o Helix- 115-117

B3 104-107 B3-B4 108-120

B4 121-128 B4-C1 129-133

CI 134-141 C1-C2 142-151

C2 152-157 C2-C3 158-162

C3 163-166 C3-C4 167-175

C4 176-179 C4-C5 180-190

5.3.7. Prediction and evaluation ofthree-dimensional structure ofMKTI

The three-dimensional structure of MKTI was modeled using the crystal structure of

Kunitz-type trypsin inhibitor from seeds of Delonix regia (PDB code: 1R8N) as the sequence

homology (32% identity) was highest between these two proteins among typical Kunitz-type

inhibitors. A good quality model was generated with 88% residues in most favored region, 12%

residues in the allowed region (Figure 5.9). The overall geometry of the MKTI structure was

similar to other soyabean Kunitz-type inhibitors. The MKTI possess seven cysteine residues,

three extra as compared to reference structure. The two disulfide bridges (Cys41-Cys85 and Cys

140-151) in the model align well with the reference structure (Figure 5.8A). However, there is

an extra disulfide bridge (Cysl44-Cysl47j in the model and one cysteine at position 188

remains free and there is no evidence that it forms interchain bridge. The three intrachain

110



Alignment with Delonix regia trypsin inhibitor (lr8nA):

EEEEEE EEEE EEEE

lr8nA SDAEKVYDIEGYPVFLGSEYYIVSAIIGAGGGGVRPGRTRGSMCPMSIIQEQSDLQMGLP

II I I II II I MINI I I II II II I
MKTI DPLLDINGNWEASRDYYLVSVIGGAGGGGLTLYRGRNELCPLDVIQLSPDLHKGTR

CCCCCCCCCCCCCCCCEEEEECCCCCCCEEEEEECCCCCCCCCEEEEECCCCCCCCC

Al A2 A3

EEEECCCCCCCCCCCCCCCEEEECCCCCCCCCCCEEEECCCCCC EEEECCCCCCCCC

lr8nA VRFSSPEEKQGKIYTDTELEIEFVEKPDCAESSKWVIVKDSGEA RVAIGGSEDHPQG

II I I I I I I II I I
MKTI LRFAAYN-NTSIIHEAVDLNVKFSTETSCNEPTVWRVDNYDPSRGKWFITTGGVEGNPGA

EEEECCC-CCCCCCCCCCEEEEECCCCCCCCCCCEEEECCCCCCCCCEEEECCCCCCCCC

A4 Bl B2 B3

CCCCEEEEEEECCCC--CEEEEEEECCCCCC-

ELVRGFFKIEKLGSL--AYKLVFCPKSDSGS-

-CEEEEEECCCCCEEEECCCCCCCCCE

-CSDIGINYEGRRSLVLKSSDDVPFRVlr8nA

MKTI QTLKNWFKLERVGTDQGTYEIVHCPSVCKSCVFLCNDVGVSYDYRRRLALTAGNERVFGV

CCCCEEEEEEECCCCCCEEEEEEECCCCCCCCCCEEEEEEECCCCCEEEECCCCCCCCCE

B4 CI C2 C3

CCCCCCCCCC-CCC

lr8nA VFVKPRSGSE-TES

II II I
MKTI VIVPANEGSASCVS

EEECCCCCCCCCCC

C4

Figure 5.6: Multiple sequence alignment of template DrTI (PDB id: 1R8N) and target (MKTI).

MKTI has three fold internal symmetry. P-Sheet in this subunit is labeled as An, Bn and Cn

indicated number of sheets.
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Figure 5.7: (A) Schematic representation of the predicted model of MKTI showing the

arrangements of a-helices, P-sheets and loop regions in the predicted three dimensional

structure of MKTI. (B) Schematic representation of the inhibitory loop in the predicted

three dimensional model of MKTI.
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144

B

Figure 5.8: (A) Three disulphide bond in the predicted model of MKTI. (B) The

superposition of predicted MKTI structure onto crystal structure of DrTI (PDB id:

1R8N). The rms deviation between the two structures was 1.19 A
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Figure 5.9: Validation of predicted three dimensional structure of MKTI has shown that

only one residue lies in the disallowed region.
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disulfide bridges limit the flexibility of loops and therefore, confer stability and rigidity to

MKTI structure. The MKTI structure, like the template structure, is a P-trefoil fold made of 12

anti parallel P-strands with six of the strands arranged in a barrel structure and other six forms a

triangular lid on the barrel. The predicted structure contains around 47.9% ofP-stands connected

by long loops and a small 3,0 helix (Figure 5.7A). Secondary structure prediction was in

agreement with predicted structure except for the absence of helical content. The analysis of

conformational angles of some loops revealed that the values to be approximately close to that

of distorted helices. Previously, the CD spectra of MKTI have shown it to be o>p protein.

Superposition of modeled MKTI with reference structure gave rmsd values of 1.19 Afor Ca

atoms and secondary structure regions (Figure 5.8B). The values suggest that the main

difference lies in the loop regions. The superposition of the reactive site loop (Ala62-Ile69) of

MKTI with that of DrTI showed more or less similar conformation. The superposition of two

loops gave the rmsd value 2.40 A. The reactive site loop of MKTI is not constrained by any

secondary structural elements or disulfide bridges (Figure 5.7B). One of the residues in STI

(Asn13) which plays an important role in stabilizing reactive loop conformation is absent in

MKTI.

The predicted structure of MKTI exhibits three-fold internal symmetry with a four-

stranded motif as the repeating unit. Around 63 amino acids in each unit are structurally

organized as L-P1-L-P2-L-P3-L-P4 (L denotes loop connecting consecutive P-strands). The

superposition of three domains shows a high degree of similarity for the P-strands and not for

the loops. Strand pi and P4 from the same motif are adjacent, wherease strand pi is hydrogen

bonded to the strand P4 ofthe previous motif and strand P4 is hydrogen bonded to the strand pi

of the following one.
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5.3.8. Interaction studies ofMKTI model with Trypsin

5.3.8.1. Superimposition ofMKTImodel on Trypsin-STI complex

The MKTI structure was superimposed on to the STI-trypsin complex structure (PDB

code: 1AVW)to analyze the intermolecular contacts between MKTI reactive loop and trypsin.

5.3.8.2 Interactions ofMKTI with trypsin

The MKTI structure was superimposed on to the STI-trypsin complex structure (PDB

code: 1AVX) to analyze the intermolecular contacts between MKTI reactive loop and trypsin.

In MKTI structure, thirteen residues namely Pro2, Alal3, Serl4, Ala62 (P4), Tyr63 (P3), Asn64

(P2), Asn65 (PI), Thr66 (PI'), Ser67 (P2'), His70, Asp74, Asnl21 and Trpl22 interacts with

trypsin (Figure ). The difference in interactions is mainly due to the changes in the reactive site

residues of MKTI. Asn65 (PI) makes contact with Serl95, Val213 and Glnl92 of trypsin. It

occupies the same position as Arg or Lys at PI position in SI subsite of trypsin but it is too

short to interact with Asp189, a key residue in binding pocket of trypsin. The geometry of the

carbonyl group at the PI position, important for the interaction between inhibitor and proteinase

during catalysis, showed that carbonyl carbon atom is within van der waals distance from

Serl95 of trypsin. Also, carbonyl group forms a hydrogen bond with NH of Serl95 of trypsin.

The side chain of Asn65 (PI) also makes one hydrogen bond with Ser214 of trypsin. Asn64 at

P2 position can make two hydrogen bonds with His57 of trypsin and interacts with His57,

Asp102, Ser195 and Ser214 of trypsin. Tyr63 at P3 position makes hydrogen bond with Gly96

of trypsin and interacts with four residues, Gly216, Leu99, Gly96 and Try211, of trypsin Gly96,

Leu99, Ser214 and Trp215 of trypsin. Thr66 at PI' position in MKTI interacts only with His57
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Figure 5.10: MKTI-trypsin complex showing intermolecular interactions. The predicted three

dimensional structure of MKTI was superimposed onto the template crystal structure of STI-

trypsin complex (PDB id: 1AVX). Inhibitor and trypsin molecule is shown in red and green

color backbone respectively (A) MKTI-trypsin complex model shown in Ca traces. (B)

Schematicrepresentation of MKTI-trypsin complex in cartoon.
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Figure 5.11: The interaction of inhibitory loop of predicted three dimensional model of MKTI

with active site of trypsin. Residues present at the different positions (PI, P2, P3, PL, P2' and

P3') of the principal binding loop of MKTI are depicted as stick representation in red. Active

site residues of trypsin are shown in blue stick representation
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Table 5.2: List of all the interactions between predicted structure of MKTI and porcine

pancreatictrypsin. Possible hydrogen bond distances are shown

MKTI PPT Hbond Distance(A)
Proline2 Lysine60 - -

Alanine13 Gin192 - -

Ser14 Gin192 - -

Ala62 Gin192 - -

Tyr63 Gly96 OH-0 2.24

Leu99 - -

Trp215 - -

Ser214 - -

Asn64 His57 ND2-0 2.99

His57 OD1-NE3 0.87

Serl95 - -

Ser214 - -

Asp 102 - -

Asn65 Ser195 O-N 2.25

Ser214 ND2-0 3.05

Val213 - -

Thr66 His57 - -

Ser67 Glyl93 - -

Phe41 - -

His40 OG-0 3.19

His70 Lys60 - -

Asp74 Gly96 - -

Asn97 - -

Asnl21 Asn97 ND2-OD1 3.17

Tip 122 Asn97 - -
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Table 5.3: Comparative chart of residues from MKTI and STI (Suh et al., 1998)

involved in intermolecular contacts with porcine pancreatic trypsin

MKTI SKTI

(Orthorhombic)
SKTI

(Tetragonal)

Pro2 Aspl Aspl

Alal3 Phe2 Phe2

Ser14 Asn 13 Asn 13

Ala62 (P3) Pro61 (P3) Pro61 (P3)

Tyr63 (P2) Tyr62 (P2) Tyr62 (P2)
Asn64(Pl) Arg63 (PI) Arg63(Pl)

Asn65(PL) Ile64(PL) Ile64(PL)

Thr66 (P2') Arg65 (P2') Arg65 (?T)
Ser67 His71 -

His70 Pro72 -

Asp74 Trpll7 Trpll7

Asnl21 Argll9 -

Trpl22

of trypsin. In P2' position, Ser67 of MKTI makes one hydrogen bond with His40 and interacts

with His40, Phe41 and Glyl93 of trypsin. Three N-terminal residues Pro2, Alal3 and Serl4

interact with one residue each namely Lys60, Gin192 and Gin192 respectively of trypsin. His70,

Asp 102, Asn 121 and Tip122 of MKTI interact with Lys60, Gly96, Asn97 and Asn97 of trypsin

respectively. Asnl21 is involved in hydrogen bonding with Asn97 of trypsin (Table 5.2 and

5.3). Therefore, six of the total seven hydrogen bonds between MKTI and trypsin involve

residues from reactive site loop.
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5.4. Discussion

The purification and biochemical characterization of MKTI, in previous studies, showed

many notable differences when compared to other similar inhibitors. It showed differences in

structural and functional stability. Unlike other Kunitz-type inhibitors which are stable over a

broad range of pH and temperature, MKTI was stable structurally but not functionally at higher

temperature. AtpH below 7.5, protein gradually precipitates. The partial amino acid sequence of

MKTI showed maximum similarity to miraculin-like protein rather than typical soyabean

Kunitz inhibitor. The cloning and sequencing of MKTI gene was performed in order to get more

insights into nature of this protein. Also, structure prediction by homology modeling was carried

out in order to analyzethe structure of MKTI and its interaction with trypsin.

The cloning and sequencing of MKTI gene from both genomic and cDNA showed that it

is a single polypeptide chain made of 215 amino acid residues. The sequencing of genomic

clones demonstrated that MKTI gene does not contain introns. There are reports where

intronless genes have been observed in Kunitz trypsin inhibitors from Delonix regia, Soyabean,

(Huang et al., 2007; Song et al., 1993). The first N-terminal 25 amino acid residues form the

signal sequence and therefore mature protein is made of 190 amino acid residues with a

calculated molecular mass of 20738.3 Da. The N-terminal signal sequence has a possible

membrane-spanning motif for plasma membrane as predicted from hydropathy index of

iPSORT program. This indicates the translocation of protein from the site of synthesis. It has

been shown that plant defense proteins are secreted and transported to the site of their action

(Giri et al., 1998; Tsukuda et al., 2006). The amino acid sequence analysis and homology

modeling of MKTI revealed great insights into the nature of MKTI. The inhibitor belongs to

soyabean Kunitz family as evident from the presence of conserved motif typical of Kunitz
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family at N-terminal of the primary amino acid sequence. The structure prediction of MKTI by

homology modeling showed that overall fold is similar to the soyabean Kunitz-type trypsin

inhibitors. Despite being a member of soyabean Kunitz family, MKTI exhibited significant

differences from other members. Sequence homology studies unambiguously demonstrated that

MKTI is a miraculin-like protein, also a member of soyabean Kunitz family. It showed 57%

identity and 74% similarilty in amino acid sequence with miraculin-like proteins whereas only

29% identity and 43% similarity with STI. Interestingly, like MKTI, miraculin-like protein also

belongs to Rutaceae family. In phylogenetic analysis, MKTI is distinctly clustered with

miraculin-like proteins demonstrating that evolutionarily it is closer to miraculin-like protein

rather than typical Kunitz family members like STI. Comparison of the amino acid sequence of

MKTI with that of original miraculin showed 56% identity and 39% similarity. There are seven

cysteines forming three disulfide bridges in MKTI which imparts rigidity and stability to the

molecule. Biochemical analysis has shown that native and heat treated MKTI is remarkably

stable against proteolysis by wide range of proteases (Shee et al., 2008). Interestingly, four

cysteines forming two disulfide bridges are conserved in almost all the members of Kunitz

family but the position of the extra disulfide bridge and free cysteine is not identical in

miraculin and miraculin-like proteins. It has been reported that free cysteine in miraculin forms

intermolecular disulfide bridge. It is not clear whether free cysteine of MKTI is involved in

formation of inter-chain disulfide bridge as a single band was observed in non-reducing SDS-

PAGE (Shee et al., 2007). Miraculin is a taste modifying protein and the taste modifying

properties has been attributed by the two key residues, His29 and His59. The very preliminary

studies on a small sample demonstrated that MKTI possess property to modify sour into sweet

taste (unpublished results). The sequence comparison with miraculin showed that only one
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histidine residue, His53, is present in the corresponding loop in MKTI. Interestingly, miraculin-

like proteins lack both histidine residues and to the best of our knowledge there is no report

regarding their taste modifying activity.

The comparison of exposed reactive site loop of MKTI showed that it superposes well

with that of STI and exhibits almost similar conformation with a rms deviation (P4-P4') of 2.33

A. respectively. In most soyabean Kunitz-type inhibitors like STI, reactive site loop is not

constrained by disulfide bridges and its conformation is stabilized through a network of

hydrogen bonds (Song et al., 1998). The reactive site loop of MKTI, like STI, is also not

constrained by any disulfide bridge but no hydrogen bonds were observed for stabilization of its

conformation. In MKTI, Asn13 which plays an important role in stabilizing the reactive loop

conformation in STI is replaced by Alal3. No other interaction between the reactive site loop

and rest of the molecule were observed in predicted MKTI structure. This structural feature

could explain functional instability of MKTI where a sharp decline in inhibitory activity was

observed at higher temperature (Shee et al., 2007a). Certainly, loop conformation required for

inhibitory activity is not retained in MKTI at higher temperature. This is in contrast to other

Kunitz-type trysin inhibitors which exhibit a high degree of structural and functional stability at

range of pH and temperature. The comparative analysis of amino acid residues at reactive site

loop revealed a major alteration in MKTI as compared to other soyabean Kunitz trypsin

inhibitors. In MKTI, conventional Arg/Lys at PI position has been replaced by Asn residue.

Except for some miraculin-like proteins, no other known Kunitz-type inhibitor possess Asn as

active site residue. Even native miraculin and many miraculin-like proteins possess Lys as

active site residue (Theerasilp et al., 1989; Igeta et al., 1991; Tsukuda et al., 2006). The results

suggest that the scissile peptide bond to be cleaved by trypsin is absent in MKTI as it lacks
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Arg/Lys as active site residue essential for trypsin specificity. It seems that like most Kunitz

family members, MKTI may not act as a typical substrate like inhibitor where peptide bond

cleavage occurs during inhibition. There is a RLRF sequence 5 amino acids N-terminal to active

site residue but homology modeling showed that it is a part of P-strand and is not exposed

enough to interact with trypsin. Apart from primary specificity which is most important for

interaction with trypsin, there aredifferences at all the secondary specificity sites in MKTI when

compared to soyabean Kunitz trypsin inhibitor.

In MKTI, Tyr63 (P3), Asn64 (P2), Thr66 (PL), Ser67 (P2') are present in place of

Pro61 (P3), Tyr62 (P2), Ile64 (PL), Arg65 (P2') in STI. Therefore, the mode of interaction

observed in the MKTI-trypsin complex at both primary and secondary specificity sites are

significantly different from that of interactions in STI-trypsin complex. Asn65 at PI position in

MKTI is not able to interact extensively like Arg63 (PI) in STI with the residues forming SI

subsite of trypsin. It mainly interacts with Serl95, Serine 214 and Valine 213 of trypsin whereas

Arg in STI interacts additionally with Aspl89, Serl90, Cysl91, Glnl92, G!yl93, Aspl94,

Trp215, Gly216, Gly219, Cys220 and Gly226 of trypsin. Asn65 is too short to interact with side

chain of Asp 189 of trypsin, a key residue of primary binding pocket. Asn64 at P2 position in

MKTI makes contacts with His57, Asp102, Serl95 and Ser214 of trypsin whereas Tyr62 (P2) in

STI also interacts with Gly96, Glu99, Gin192 and Trp215 of trypsin in addition to the

interactions present in MKTI. Tyr63 at P3 position in MKTI interacts with Gly96, Leu99,

Ser214 and Trp215 of trypsin whereas Pro61 (P3) in STI only interacts with Trp215 and Gly216

of trypsin. Thr66 at PI' position in MKTI interacts only with His57 of trypsin whereas Ile64

(PL) in STI makes contacts with Phe41, Cys42, His57, Gin192, Glyl93 and Ser195 of trypsin.

In P2' position, Ser67 in MKTI interacts with His40, Phe41 and Glyl93 whereas Arg65 also
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interacts with Tyrl51 in addition to the interaction made by MKTI. Comparing the hydrogen

bonds in inhibitor-trypsin complex, MKTI makes only seven hydrogen bonds in total whereas

STI makes fourteen and eleven hydrogen bonds in orthorhombic and tetragonal crystal

structures of the complex respectively. Although MKTI makes less number of hydrogen bonds

with trypsin as compared to STI, it interacts extensively with trypsin. In MKTI, thirteen residues

are involved in interaction with trypsin whereas in STI twelve and nine residues are involved in

interaction with trypsin in orthorhombic and tetragonal crystal structures of the complex

respectively. Earlier, the variation in reactive site residue has been reported in Kunitz-type

trypsin inhibitors. In Cicer arietinum, conserved Arg or Lys active site residue has been

replaced by a Gly/Glu-Ile-Ser motif (Srinivasan et al., 2005) Other variations include amino

acid insertion between PI and P2 position in Delonix regia kunitz trypsin inhibitor (Huang et

al., 2007).

MKTI is a major protein of seed and has been shownto have additional properties (Shee

et al., 2008). The amino acid sequence analysis for possible functional motifs showed

glycosylation, phosphorylation and myristoylation sites in MKTI. A possible N-linked

glycosylation site (Asn-Asn-Thr-Ser) has been identified at position 64-67 in MKTI. The fact

that calculated molecular mass from amino acid sequence (20738.3 Da) is different from that of

native MKTI obtained from MALDI-TOF analysis (21370.8 Da) supports this observation. This

difference may account for possible glycosylation in MKTI. The three possible phosphorylation

sites were observed in the sequence of MKTI which may be recognized by Casein kinase,

Protein kinase C and Tyrosine kinase. Ser87, Thrl 18 and Thrl21 could be the probable residues

for phosphorylation. Thses motifs have also been observed in Leucaena leucocephala trypsin

inhibitor (LTI) and Soyabean trypsin inhibitor (Abbasi et al., 2003). Also, a possible
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myristoylation site at position 108-113 (Gly-Gly-Val-Glu-Gly-Asn) was observed which can be

significant for protein-protein and protein-lipid interaction.

126



CHAPTER 6

CLONING, SEQUENCE ANALYSIS AND
HOMOLOGY MODELING OF MURRA YA

PANICULATA TRYPSIN INHIBITOR



6.1. Introduction

The Kunitz inhibitor family constitutes the protease inhibitors isolated from various

plant families. The major inhibitors are reported from Leguminosae, Graminae and

Cucurbitaceae family. Despite the different origin and sources these inhibitor constitutes some

conserved characteristics which imparts the inhibitory properties in these molecules. The

miraculin like proteins also shares some homology with the Kunitz inhibitor family and

possesses the protease inhibitory property. Two homologous miraculin like protein have been

reported previously from Citrus species (Tsukuda et al., 2006).

In the comparative protein profiling of seed extracts of common plants belonging to

Rutaceae family, a corresponding protein band similar to MKTI was found in the seeds extract

of Murraya paniculata. The weak trypsin inhibitory activity was found in the seed extract of

Murraya paniculata, which indicates that the protein may belong to same class and may be

conserved in nature.

In the present chapter, Murraya paniculata trypsin inhibitor (MPTI) gene homologue to

MKTI has been cloned and also, sequence analysis and structure prediction by homology

modeling was carried out.

6.2. Materials and Methods

6.2.1. Cloning ofMurraya paniculata trypsin inhibitor (MPTI) gene

6.2.1.1. Primer designing

5'GATCCTTTGCTTGATATT 3' and 5'TCAAGACACGCATGAG 3', primers have

been used for the amplification of MPTI as forward and reverse primer respectively. 5'

127



ATGAATACTCCTTTTGTGATTGCAATCTCC 3' primer sequence has been used as a

forward primer for the amplification of MPTI gene with signal sequence.

6.2.1.2. Isolation ofgenomic DNA

Leaves was powdered in liquid nitrogen, mixed with 5 ml of DEB and incubated at 65°C

for one hour with frequent shaking in between. After one hour, equal volume of Chloroform:

Isoamyl alcohol (24:1) was added and then the mixture was centrifuged at 5000g for 20 min at

20°C. Supernatant was collected, mixed with equal volume of ice cold isopropanol and

incubated at -20°C for 30 min for DNA precipitation. Precipitated DNA was collected, washed

with 70% ethanol and stored for future use.

6.2.1.3. Amplification ofMurraya paniculata trypsin inhibitor gene

MPTI gene was amplified by using gene specific primer of MKTI taking the genomic

DNA as a template. The following reaction mixture was used for the amplification of MPTI:

Genomic DNA template 100 ng

Amplification Buffer 2.5 al

dNTPs 5.0 ul

10 mM Forward primer 1.0 pi

10 mM Reverse primer 1.Oul

5 U/ul DNA polymerase 0.5 pi

H20 up to 25.0 pi

PCR was carried out using the reaction mixture with the following conditions: 95°C/4

min; 30 cycles of 95°C/60 s , 58°C/60 s, 72°C/60 s; and 72°C/10 min. The PCR product was

detected on 0.8% agarose gel. The PCR product was eluted from low melting agarose gel
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according to the manufacturer's instruction of Gel Elution kit (Bangalore Genei) as previously

described. The eluted product was cloned in pGEM-T vector according to the manufacturer's

instruction (Promega) and sequenced by using universal primers T7 and SP6.

6.2.2 Deduction ofamino acid sequence ofMPTI

The nucleotide sequences of MPTI were matched and the complete nucleotide sequence

of MPTI gene had been deduced. The amino acid sequence of complete MKTI gene was

deduced by ORF finder tool on NCBI online server. The amino acid sequence of MPTI was

aligned against the triplet nucleotide codon.

6.2.3 Similarity search by BLAST

The similarity search of deduced amino acid sequence of MPTI was done by using

NCBI online server protein BLAST taking non- redundant (nr) database and protein data base

(PDB).

6.2.4 Multiple sequence alignment

Phylogenetic analysis was performed to analyze evolutionary relationship between the

similar sequences. MPTI sequence was compared with other Kunitz inhibitors by multiple

sequence alignment

6.2.5 Identification ofvariousfunctional motifs

Probable motifs involved in post translational modifications such as glycosylation,

phosphorylation and myristoylation site were predicted by "Motif Scan Server". The Kunitz
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family signature pattern was also observed by Scan prosite server. The prediction about

presence ofsignal sequence was made byusing online server iPSORT.

6.2.6 Theoretical determination ofisoelectricpointandhyrdropathy index ofMPTI

Theoretical determination isoelectric point and hydropathy index of MPTI amino acid

sequence was made by online proteomic EXPASY server.

6.2.7 Secondary structureprediction

The secondary structure predictions of MPTI were carried out using the PHD method

(http://www.predictprotein.org/).

6.2.8. Tertiary structureprediction by homology modeling

The three-dimensional model of MPTI was constructed using the crystal coordinates of

Delonix regia trypsin inhibitor (DrTI), (PDB id: 1R8N) done at a resolution of 1.75 A.

Automated homology model building was performed using protein structure modeling program

MODELLER 9 (Sali and Blundell, 1993) which models protein tertiary structure by satisfaction

ofspatial restraint. The input for the program MODELLER consisted ofthe aligned sequence of

MKTI and DrTI, and a steering file which gave all the necessary commands to the Modellar for

generating the homology model of MKTI on the basis of its alignment with crystal coordinates

ofthe template. Many runs ofmodel building were carried out in order to obtain most plausible

model.

6.2.8.1. Validation oftertiary structure

The evaluation of the predicted MPTI model, i.e., analysis of geometry, stereochemistry,

and energy distribution in the models, was performed using either the ENERGY commands of
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MODELLER or using Program "PROCHECK" and Whatcheck. In addition the variability in

the predicted model, i.e. RMSD was calculated by superposition of Ca traces and backbone onto

the template crystal structure. The protein structures were visualized and analyzed on PYMOL

(http://www.pymol.org) and WINCOOT.

6.3. Results

6.3.1. Cloning ofMurraya paniculata trypsin inhibitor (MPTI)

Comparative protein profiling showed a protein band comparable to MKTI in the crude

extract of Murraya paniculata (Figure 6.1). Gene specific Forward and Reverse primers of

MKTI were used for the amplification of MPTI gene by using Murraya paniculata genomic

DNA template. A single band of 570 bp was detected on 0.8% agarose gel with gene specific

forward primer specific for mature MKTI used. To get the upstream sequence with signal

sequence of MPTI gene, forward primer specific for upstream sequence of MKTI was used. A

single band of 645 bp was obtained and detected on 0.8% agarose gel (Figure 6.2). The

nucleotide sequence analysis of MPTI gene amplified from genomic DNA has shown that it

encode 189 amino acids (Figure 6.3). MPTI amino acid sequence showed 96% homology with

the MKTI amino acid sequence. The results clearly showed that the genomic DNA of MPTI

does not contain introns. The presence of N-terminal signal sequence in MPTI was indicated by

the amplification product with the forward primer specific for upstream signal sequence of

MKTI. The calculated molecular weight of mature MPTI from amino acid sequence is 20692.2

Da.
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Figure 6.1: Comparative protein profiling of seeds extracts from various plants. Ll; Molecular

weight marker, L2; Pyrus mains (Apple), L3; Aegle marmilos (Stone apple), L4; Citrus

aurentium (Orange), L5; Citrus lemon (Lemon), L6; Citrus sinensis (Bitter orange), L7; Citrus

reticulate (Mandarin orange), L8; Murraya paniculata, L9; Murraya koenigii (Curry leaves),

L10; MKTI
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Figure 6.2: PCR amplification product of Murraya paniculata trypsin inhibitor with genomic

DNA used a template. Ll; lOObp molecular weight marker, L2; Murraya paniculata trypsin

inhibitor gene with MKTI specific primer, L3; Control mature MKTI gene, L4; Murraya

paniculata gene with signal sequence, L5; Control MKTI gene with signal sequence
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1 gatectfcfcgrcfctgafcafcfcaatggcccagtaggtcaacagcgagac

DPLLDINGPVGQQRD

46 tactatttggtttcagtaattggaggagcaggcggcggtggcctc

YYLVSVIGGAGGGGL

91 accctctacaggggcagaaacgaactccgcccacttgatgttatc

TLYRGRNELRPLDVI

136 caactaagctcggatctacataaaggaacccgtttaagattcgca

QLSSDLHKGTRLRFA

181 gcgtataatgacactagtattatccatgaagccgtggatctgaac
AYNDTSIIHEAVDLN

226 gtgaaattctcaacagagactagctgcaacgagccaacagtatgg
VKFSTETSCNEPTVW

271 agagtcgacaactatgatccatcgagaggaaaatggtttataaca
RVDNYDPSRGKWFIT

316 actggtggagttgaaggaaaccctggcgcacaaactttgaaaaac
TGGVEGNPGAQTLKN

361 tggtttaagcttgagagagttggaacagatcaaggtacgtacgag
WFKLERVGTDQGTYE

406 attgttcactgtccttccgtttgcaaatcctgtgtatttttatgc
IVHCPSVCKSCVFLC

4 51 aatgatgttggggtttcttacgattatcgtcgacgtttggctctc
NDVGVSYDYRRRLAL

4 96 actgctggtaatgagcgcgtctttggtgttgttatagtcccggct
TAGNERVFGVVIVPA

541 aatgagggatcagccfccatgcgfcg-tcttgra
NEGSASCVS

Figure 6.3: Nucleotide and deduced amino acid sequence of MPTI. The nucleotide sequences

of forward and reverse primers used for cloning are in bold and italics. The translated sequence

of MKTI includes a 189- amino acid mature protein
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6.3.2. Similarity search by NCBI-BLAST

Amino acid sequence of MPTI showed 96% similarity and 95% identity with MKTI

sequence. Homology search using NCBI BLAST showed significant similarity, like MKTI, to

miraculin-like proteins isolated from various Citrus species plants belonging to Rutaceae family

against the nr- database. The MPTI showed maximum sequence homology to reported Kunitz-

type inhibitors with highest similarity with Delonix regia against the PDB database.

MPTI shared 72% similarity and 56% identity with the Miraculin-like protein from

Citrus jambhiri belonging to Rutaceae family. In Kunitz family inhibitors MPTI matches with

DrTI, shared 54% similarity and 33% identity (Figure 6.4).

6.3.3. Multiple sequence analysis

Multiple sequence alignment of MPTI sequences with that of other Kunitz-type trypsin

inhibitors by CLUSTALW analysis revealed significant differences. The sequence of MPTI

possesses two extra cysteine residues when compared to most Kunitz- type trypsin inhibitors.

There are six cysteine residues in MPTI sequence as opposed to four cysteines residues in other

Kunitz-type inhibitors. Also, miraculin-like proteins and MKTI contains seven cysteine

residues. The sequence comparison of residues of reactive site loop of MPTI with other Kunitz-

type inhibitors showed that it comprises from the residue Ala61(Pl) to the residue Ile68(P4').

There is a marked variation in the reactive site residue in MPTI, wherein a conventional Arg or

Lys has been replaced by Asp 64(P1) (Figure 6.5).
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Protein Sequence (189 letters)

Query ID tcl|20585
Description None

Molecule type amino acid
Query Length 189
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Query ID lcl|1530i
Description None

Molecule type amino acid
Query Length 189
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Database Name pdb
Description PDB protein database
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Figure 6.4: Sequence Similarity search was done with the NCBI BLAST search program. (A).

Search done against thenon- redundant database. (B). Search done against the protein database
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MPTI

MKTI

CjMLP

DrTI

SKTI

ErTI

CpTI

MPTI

MKTI

CjMLP

DrTI

SKTI

ErTI

CpTI

MPTI

MKTI

CjMLP
DrTI

SKTI

ErTI

CpTI

MPTI

MKTI

CjMLP

DrTI

SKTI

ErTI

CpTI

DPLLDING-PVGQQRDYYLVSVIGGAGGGG 29

DPLLDINGNWEASRDYYLVSVIGGAGGGG 30

MKISLATTLSFLILALASNSLLVLGTSSVPEPLLDVNGNKVESTLQYYIVSAIWGAGGGG 60
SDAEKVYDIEGYPVFLGSEYYIVSAIIGAGGGG 33

DFVLDNEGNPLEN-GGTYYILSDITAFGG- 28

VLLDGNGEWQN-GGTYYLLPQVWAQGGG 28

RLVDTDGKPIENDGAEYYILPSVRGKGGG 29

LTLYRGRNELRPLDVIQLSSDLHKGTRLRFAAYN-

LTLYRGRNELCPLDVIQLSPDLHKGTRLRFAAYN-

VSLHGGRNGYCPLDVIQLPSDTQNGIKLTLSPYN-
VRPGRTRGSMCPMSi:

IRAAPTGNERCPLTWQSRNELDKGIGTIISSPY-

VQLAKTGEETCPLTWQSPNELSDGKPIRIESRL-

LVLAKSGGEKCPLSWQSPSELSNGLPVRFKASP-

TSIIHEAVDLNVKFSTETS C 84

TSIIHEAVDLNVKFSTETS C 85

STIVRESADLNLRFSVLLSGRDYC 119

IEFVEKPD C 89

IRFIAEGHPLSLKFDSFAVIMLCV 87

SAFIPDDDKVRIG FAYAPKCA 84

SKYISVGMLLGIE VIES- 81

EIQEQSDLQMGLPVRFSSPEE QGKIYTDTELE

NEPTVWRVDNYDPSRGKWFITTGGVEGNPGAQTLKNWFKLERVGTDQGTYEIVHCPSVCK 144

NEPTVWRVDNYDPSRGKWFITTGGVEGNPGAQTLKNWFKLERVGTDQGTYEIVHCPSVCK 145
NEQPLWKVDNYDAASGKWFITTGGLDGHPGAETLLNWFKLEKIGNFPGTYKIVHCPSVCE 17 9
AESSKWVIVKD SGEARVAIGGSEDHPQGELVRGFFKIEKLG--SLAYKLVFCP K 141
GIPTEWSVVEDLPEGPAVKIGENK DAMDGWFRLERVSDDEFNNYKLVFCPQQAE 141
PSP-WWTWEDEQEGLSVKLSEDES TQFDYPFKFEQVS-DQLHSYKLLYC--EGK 135

PECAP 86

SCVFLCNDVGVSYDY-RRRLALTAGNERVFGWIVPANEGSASCVS 189

SCVFLCNDVGVSYDY-RRRLALTAGNERVFGWIVPANEGSASCVS 190

SCVKLCNNVGRSFEDGVRRLVLVRDDEPAFPWLIPATERSTSV— 223

SDSGSCSDIGINYEG-RRSLVLKSSDDVPFRWFVKPRSGSETES- 185

DDKCGDIGISIDHDDGTRRLVVSKNKPLVVQFQKLDKESL 181

HEKCASIGINRDQK-GYRRLVVTEDYPLTWLKK-DESS 172
K PSMWSVKSG 96

Figure 6.5: Comparison of amino acid sequences of various trypsin inhibitors and miraculin

like proteins stored in NCBI and Uniport databases using CLUSTALW program. MPTI;

Murraya paniculata trypsin inhibitor, MKTI; Murraya koenigii trypsin inhibitor, CjMLP; Citrus

jambhiri miraculin like protein (gi|87299377), DrTI; Delonix regia trypsin inhibitor

(gi|49258681), SKTI; Soyabean Kunitz trypsin inhibitor (gi|3318878), ErTI; Erythrina caffra

trypsin inhibitor (gi|157833954), CpTI; Copaifera langsdorffii trypsin inhibitor (gi|49258682).

Conserved residues are shown in highlighted in gray. Residues at the active site are highlighted

in red
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Figure 6.6: Phylogenetic tree derived from MKTI related sequences isolated so far.

Phylogenetic analysis of these sequences using the neighbor joining distances method within

phylip package. MKTI; Murraya koenigii trypsin inhibitor, MPTI; Murraya paniculata trypsin

inhibitor, Miraculincitrus; Miraculin like protein from Citrus jambhiri, MiraculinRichade;

Miraculin protein from Richadella dulcifica, Delonix; Delonix regia trypsin inhibitor (DrTI),

Soyabean; Soyabean Kunitz trypsin inhibitor (SKTI), Erythrina; Erythrina caffara trypsin

inhibitor (ErTI), Copaifera; Copaifera lagsdorffii trypsin inhibitor (CpTI).
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Phylogenetic analysis of representative Kunitz-type inhibitors from different plants was

performed to understand the any evolutionary relationship among these inhibitors. The

phylogenetic analysis showed that MPTI sequence formed a distinct cluster with miraculin-like

proteins (Figure 6.6).

6.3.4. Sequence comparisonofMPTI with MKTI

MPTI amino acid sequence showed 96% similarity and 95% identity with the amino acid

sequence ofMKTI. In MPTI a deletion has been observed at the 9th position where Asn was

present in the case of MKTI. MPTI constitute 189 residues long polypeptide chain.

The significant difference lies in the N-terminal region of MPTI (Figure 6.6). Major

differences in amino acid sequence of MPTI and MKTI include the replacement of Val (11),

Glu (12), Ala (13), Ser (14), Cys (41), Pro (50), and Asn (65) in MKTI to Pro, Gly, Gin, Gin,

Arg, Ser and Asp respectively. It is to be noted that Asp64 is active site residue based on

sequence similarity search (Figure 6.7).

6.3.5. Identification ofvarious motifsin MPTI aminoacidsequence

The MPTI sequence was probed for presence of various functional motifs. Amino acid

sequence analysis by Scan Prosite Server demonstrated that MPTI lacks Kunitz family signature

pattern. Probable locations of motifs predicted from motif scan server showed existence of

possible glycosylation, phosphorylation and myristoylation sites in MKTI. N-linked

glycosylation site (Asn-Asp-Thr-Ser) was identified at position 63-66. The structural motif of

phosphorylation was picked up specific for Casein kinase II, Protein kinase C and Tyrosine

kinase. In MKTI three sequence pathches, i.e., Ser-Cys-Asn-Glu (position 83-86), Thr-Leu-Lys
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MKTI

MPTI

MKTI

MPTI

MKTI

MPTI

MKTI

MPTI

DPLLDINGNWEASRDYYLVSVIGGAGGGGLTLYRGRNELCPLDVIQLSPDLHKGTRLRF 6 0

DPLLDING-PVGQQRDYYLVSVIGGAGGGGLTLYRGRNELRPLDVIQLSSDLHKGTRLRF 59
******** * ************************** ******************

AAYNNTSIIHEAVDLNVKFSTETSCNEPTVWRVDNYDPSRGKWFITTGGVEGNPGAQTLK 120

AAYNDTSIIHEAVDLNVKFSTETSCNEPTVWRVDNYDPSRGKWFITTGGVEGNPGAQTLK 119

****.*******************************************************

NWFKLERVGTDQGTYEIVHCPSVCKSCVFLCNDVGVSYDYRRRLALTAGNERVFGWIVP 180

NWFKLERVGTDQGTYEIVHCPSVCKSCVFLCNDVGVSYDYRRRLALTAGNERVFGWIVP 179

************************************************************

ANEGSASCVS 190

ANEGSASCVS 189

**********

Figure 6.7: Sequence comparison of Murraya paniculata trypsin inhibitor with Murraya

koenigii trypsin inhibitor

Table 6.1: Amino acid sequence of MPTI shows various functional motifs. Glycosylation site is

underlined; Phosphorylation sites are shown in bold and myristoylation site is bold and italics

MPTI DPLLDINGPVGQQRDYYLVSVIGGAGGGGLTLYRGRNELRPLDVIQLSSDLH

amino
acid KGTRLRFAAYNDTSIIHEAVDLNVKFSTETSCNEPTVWRVDNYDPSRGKWFI

sequence
TTGGVBGJvTGAQTLKNWFKLERVGTDQGTYEIVHCPSVCKSCVFLCNDVGVS

YDYRRRLALTAGNERVFGWIVPANEGSASCVS
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(position 117-119) and Arg-Val-Gly-Tyr-Asp-Gln-Gly-Thr-Tyr (position 126-134) have been

identified as possible targets for the Phosphorylation possible by Casein kinase, Protein kinase

C and Tyrosine kinase respectively with Ser83, Thrl17 and Tyrosinl34 being the most probable

phosphorylation site. In MPTI, a possible myristoylation site, i.e., Gly-Gly-Val-Glu-Gly-Asn is

seen at position 107-112 (Table 6.1).

6.3.6 Theoretical determination ofisoelectricpoint and hyrdropathy index ofMPTI

Theoretical isoelectric point and hydropathy index of amino acid sequence of MPTI was

calculated by protparam program of online proteomic server EXPASY. The calculated

isoelectric point was 5.93 and the grand average of hydropathy (GRAVY) index of total amino

acids was -0.240. The calculated hydropathy index concludes that the MPTI is cytosolic in

nature.

6.3.7. Secondary structureprediction ofMPTI

Secondary structure prediction of MPTI has shown that it is a typical P-sheet protein. It

constitutes approximately 47% P-sheet joined with P-turns with almost no helix. In the

secondary structure of MPTI there were only two disulphide bond exists, as it lacks first

Cysteine residue (Position 40), which could make a disulphide bond with the Cysteine at

position (Figure 6.6). MPTI shares more or less similar overall three fold internal symmetry as

in the case of Delonix regia and MKTI. The summary of secondary structure is given in Table

6.2.
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Table 6.2: Secondary structure distribution of MPTI

p- Strands Loops No. of residues Disulphide bond
N- terminal 1-15

Al 16-20 A1-A2 21-27

A2 28-33 A2-A3 34-42 Cysl39-Cysl50

A3 43-47 A3-A4 48-56 Cysl43-Cysl46

A4 57-60 A4-B1 61-73 Reactive site: 63-66

Bl 74-78 B1-B2 79-89 310 Helix: 114-116

B2 90-93 B2-B3 94-101

B3 102-106 B3-B4 107-119

B4 120-127 B4-C1 128-132

CI 133-140 C1-C2 141-150

C2 151-156 C2-C3 157-161

C3 162-165 C3-C4 166-174

C4 175-178 C4-C5 179- 189
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Alignment with Delonix regia trypsin inhibitor (lr8nA):

1r8nA SDAEKVYDIEGYPVFLGSEYYIVSAlIGAGGGGVRPGRTRGSMCPMSIIQEQSDLQMGLP

II I I II II I MINI II I II II I
MPTI DPLLDING-PVGQQRDYYLVSVIGGAGGGGLTLYRGRNELRPLDVIQLSPDLHKGTR

CCCCCCCCCCCCCCCCEEEEECCCCCCCEEEEEECCCCCCCCCEEEECCCCCCCCCC

Al A2 A3

EEEECCCCCCCCCCCCCCCEEEECCCCCCCCCCCEEEECCCCCC EEEECCCCCCCCC

lr8nA VRFSSPEEKQGKIYTDTELEIEFVEKPDCAESSKWVIVKDSGEA RVAIGGSEDHPQG

~7T I ll mi ll I I
MPTI LRFAAYN-DTSIIHEAVDLNVKFSTETSCNEPTVWRVDNYDPSSGKWFITTGGVEGNPGA

EEEECCC-CCCCCCCCCEEEEECCCCCCCCCCCCEEEECCCCCCCCEEEEECCCCCCCCC

Al Bl B2 B3

CCCCEEEEEEECCCC--CEEEEEEECCCCCC-

ELVRGFFKIEKLGSL--AYKLVFCPKSDSGS-

-CEEEEEECCCCCEEEECCCCCCCCCE

-CSDIGINYEGRRSLVLKSSDDVPFRVlr8nA

MPTI QTLKNWFKLERVGTDQGTYEIVHCPSVCKSCVFLCNDVGVSYDYRRRLALTAGNERVFGV
CCCCEEEEEEEECCCCCEEEEEEEECCCCCCCCCCEEEEEECCCCCEEEECCCCCCCCCE

B4 CI C2 C3

cccccccccc-ccc

lr8nA VFVKPRSGSE-TES

II II I
MPTI VIVPANEGSASCVS

EEECCCCCCCCCCC

C4

Figure 6.8: Multiple sequence alignment of template DrTI (PDB id: 1R8N) and target (MPTI).

MPTI has three fold internal symmetry. P-Sheet in this subunit is labeled as An, Bn and Cn

indicated number of sheets.
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6.3.8. Prediction and evaluation ofthree-dimensional structure ofMPTI

Homology modeling of MPTI was done using crystal co-ordinates of DrTI (PDB id:

1R8N) because MPTI shares 33% identity with the template (Figure 6.8). MPTI is made up of

single polypeptide chain containing 189 amino acids. It forms a compact structure possessing

feature characteristics of Kunitz type trypsin inhibitor as shown in Figure 6.9A.

The MPTI structure, like the template structure, is a P-trefoil fold made of 12 anti

parallel P-strands with six of the strands arranged in a barrel structure and other six forms a

triangular lid on the barrel. The structure of MPTI possesses three fold internal symmetry. The

predicted structure contains around 47.9% of p-stands connected by long loops and a small 3io

helix. Procheck summary of MPTI shows that 86.2% residues are in the most favorable region,

13.1% in the allowed region and only one residue is in disallowed region (Figure 6.10). The

reactive site of the predicted model of MPTI protrudes out from the structure (Figure 6.9B). The

MPTI possesses six cysteine residue leading to two disulphide bridges, one between Cysl39-

Cysl50 and the other between because Cysl43-Cysl46 (Figure 6.9C). MPTI have shown

significant difference in the amino acid sequence with MKTI. The key difference between

MPTI and MKTI exists between positions 41, where cysteine was replaced by Arg, which

means one disulphide bond less as compared to MKTI. In all other Kunitz family inhibitors and

even in MKTI this disulphide bond is conserved. The N- terminal residue Asn13 in other Kunitz

family inhibitors stabilized the inhibitory loop. In MPTI, the Asnl3 was replaced by Gin. But

there was no interaction has been observed between Gin 13 and the inhibitory loop in the

predicted three-dimensional structure of MPTI. The other major difference lies in the N-terminal

region where the Kunitz family signature was absent in MPTI.
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3-10 Helix

B

Figure 6.9: (A) Predicted model of MPTI showing the arrangements of a-helices, P-

sheets and loop regions (B) Schematic representation of the inhibitory loop (red sticks) in

the predicted three dimensional model of MPTI. (C) The positions of disulphide bonds

and free cysteine residues in the predicted model of MPTI
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In MKTI three residues, Pro2, Ala 13, Ser14 was found to interact with the trypsin as

secondary interactions which can increase the specificity of the inhibitor. Like MKTI, the

predicted structure of MPTI also exhibits three-fold internal symmetry with a four-stranded

motifas the repeating unit. Around 63 amino acids in each unit are structurally organized as L-

P1-L-P2-L-P3-L-P4 (L denotes loop connecting consecutive P-strands). The superposition of

three domains shows a high degree of similarity for the P-strands and not for the loops. Strand

pi and P4 from the same motif are adjacent, wherease strand pi is hydrogen bonded to the

strand P4 of the previous motif and strand P4 is hydrogen bonded to the strand pi of the

following one, as in the case of typical Kunitz family inhibitors.

6.4 Discussion

In the comparative protein profiling of the seeds extract of Murraya paniculata a

corresponding band to MKTI was present. Gene specific primers for the MKTI mature gene

have been used for the amplification of MPTI gene which reveals that this protein is conserved

in both the plants. Deduced amino acid sequence showed that MPTI polypeptide chain is one

amino acid shorter than that of MKTI amino acid sequence and shares 96% homology with

MKTI. There are significant difference between amino acid sequence of MPTI and MKTI. The

similarity search of MPTI sequence showed that it is a member of Soyabean Kunitz inhibitor

family with maximum homology to miraculin like protein from Citrusjambhiri as in the case of

MKTI. Surprisingly, the prosite scan of MPTI amino acid sequence revealed the absence of

Kunitz family inhibitor signature pattern which was present in MKTI. In Multiple sequence

alignment MPTI forms a distinct cluster with miraculin-like proteins from the plants of

Rutaceae family and distantly related with Kunitz inhibitor family members.
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Protein kinases play a vital role in regulating and coordinating aspects of metabolism,

gene expression, cell mortality, cell differentiation, cell division and protein activity by

"switching on and off" mechanism allowing phosphorylation and dephosphorylation to proceed

in an orderly fashion in cellular life. Some functional motif could be picked up in MPTI primary

structure by the "PROSITE Search" indicating the possible Phosphorylation site. The structural

motif correlates well with the pattern recognized by Protein kinase C, Casein kinase II and

Tyrosine kinase. The myristoylation residue can bind with viral proteins and appears to play v

purely structural role. In addition to mediating protein-protein interactions, protein

myristoylation is also known to enhanced protein-lipid interactions by targeting and binding

polypeptide chains to different types of membranes. MPTI also possesses a putative

glycosylation site like MKTI, which reveals the glycoprotein nature of MPTI.

MPTI shares a typical kunitz family inhibitor structure, roughly spherical consist of ,

twelve antiparallel P-strands, long loop connecting these P-strands, and a 3io helix. It shows

same overall fold that had been described for the structure of DrTI (Polikarpov et al., 2003),

SKTI (Suh et al., 1998) and WCI (Dattagupta et al., 1996). The reactive site protrudes out from

the one end of structure. Six of the strand (Al, A4. Bl, B4, CI and C4) form a short anti parallel

P-barrel, with one side of barrel being closed by a lid consisting of the other six strands. This -f

common fold termed the P-trefoil fold has also been observed in the structures of

nonhomologous proteins including including interleukin-la (Graves et al., 1990), interleukin-ip

(Priestle et al., 1988; Finzel et al., 1989), ricin B-chain (Rutenber and Robertus, 1991),

hisactophilin (Habazetti et al., 1992), and fibroblast growth factors (Eriksson et al., 1991; Zhang

etal., 1991;Zhuetal., 1991).
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There are significant differences observed in the amino acid sequence of MPTI with

MKTI. A deletion was observed in the sequence of MPTI at position 9, where Asn was present

in the MKTI. The other differences include the replacement of Val (11), Glu (12), Ala (13), Ser

(14), Cys (41), Pro (50), Asn (65), to Pro, Gly, Gin, Gin, Arg, Ser and Asp in MPTI sequence.

The Kunitz family inhibitor signature pattern was not observed in the amino acid sequence of

MPTI which was present in the MKTI.

MPTI possesses six cysteine residues one short than MKTI and forms two disulphide

bridges. Arg has replaced the first cysteine (position 40) residue in the primary amino acid

sequence of MPTI, which is almost conserved in all miraculin like proteins and other Soyabean

kunitz inhibitor family members. It forms a disulphide bridge which stabilized the structure.

Two Cysteine residues remain free at position 85 and 186. The role of free cysteine is needed to

be explored. The two disulphide bridges provide stability and rigidity to the structure of MPTI.

Disulphide bond between Cys41-Cys85 remained conserved in the single disulphide bond

containing trypsin inhibitor isolated from seeds of Swartzia pickellii (Sampio et al., 2002). The

other major difference between MPTI and MKTI is lies in inhibitory loop, where Asn65 has

been replaced by a positively charged residue Asp. It is not clear whether presence of Asp in

MPTI in place of Asn in MKTI may be responsible for weak inhibitory activity as compared to

MKTI. It is to be noted that MPTI also lacks signature pattern of Kunitz family and other major

differences in N-terminal region.

As in the case of DrTI, compared to other trypsin inhibitors, the reactive loop of DrTI is

distorted due to an insertion of Glu68 between the residues PI and P2. This weakens the

inhibitory activity of DrTI against trypsin. DrTI inhibition constant Ki against trypsin is 21.9

nM, whereas the canonical inhibitors from the family have Ki close to 1 nM (Polikarpov et al.
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2003). Other Kunitz family inhibitor isolated from the seeds of Swartzia pickellii also showed

the insertion of Gin at position 65 (Sampio et al., 2002) with the Ki close to 50 nM. Interaction

studies of MPTI have shown more or less similar pattern of interaction as MKTI because the

overall symmetry of both the inhibitors were remain same. Sequence similarity shows that the

MPTI and MKTI belong to the same class of proteins, but during the course of evolution MKTI

became more advance in the function and serves as a key molecule in the plant defense system.

As the Murraya paniculata is shrub in appearance while Murraya koenigii plant developed as a ,

tree.
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CONCLUSIONS

BIOINSECTICIDAL ACTIVITY OF MURRAYA KOENIGII TRYPSIN INHIBITOR

(MKTI)

♦ MKTI inhibited 78.5% of trypsin-like activity and 40% total proteinases activityof HGP

at 100% inhibition of bovine pancreatic trypsin, while the inhibitory effect of MKTI

-4 towards chymotrypsin was not observed

♦ In the case of S. litura, a maximum inhibition of 81.75% for trypsin-like and 48% of

total proteinase activity was found against the gut extract.

♦ Substantial inhibition of proteinase activity of MKTI has been detected on gel

zymogram analysis.

J+ ♦ Stability studies showed that the MKTI remains stable up to 72h with the trypsin

inhibitory activity intact in both the insect's gut extract.

♦ H. armigera larvae fed on diet containing MKTI showed substantial reduction in weight

with increasing concentrations of inhibitor. At highest concentration of MKTI (200uM),

approximately 88, 83 and 69% reduction in larval weight was observed after 6, 8 and 10

"*" days of feeding

♦ At highest concentration of MKTI (200uM), approximately 44, 53 and 44% reduction in

larval weight was observed after 6, 8 and 10 days of feeding in the case of S. litura.

♦ 40% and 43.3% mortality was observed in larvae fed on diet supplemented with 200 uM

MKTI in H. armigera and S. litura respectively.

♦ Larval period also showed an increase from 15 to 20 days and 14.9 to 17 days at the

highest concentration of inhibitor in H. armigera and S. litura respectively.
>
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♦ In case of H. armigera, pupation decreased from 93% to 60% and pupal weight

decreased marginally by 10%. The pupal period did not change substantially. In case of

adult development, adult emergence decreased from 84 to 60%. Adult survival reduced

by 40% and an increase from 26 to 33 days was observed in total development at highest

dose.

♦ Pupal weight reduced by 20% and pupation decreased from 96.7% to 56.7% at highest

dose of inhibitor. Adult emergence decreased from 90 to 57%, total survival was reduced ±

by 33% and an increase in total development days was observed at highest dose in the

case of S.litura.

♦ Malformed pupae and Adults were observed in the life cycle of both the insects of

treatment groups. Fecundity and fertility of both the lepidoteran insect were severely

affected by the highest concentration of MKTI. ^

♦ Growth indices of larva, pupa and total development were decreased with the increasing

concentration of MKTI compared to the control group.

♦ A significant decrease in the endogenous trypsin-like activity and increase in

Chymotrypsin-likeactivity was observed in the treated group.

♦ A decline of 4, 5.5 and 3-fold was observed in the trypsin-like activity of HGP in third,

fourth and fifth instars larvae fed on 200 uM MKTI respectively.Chymotrypsin-like

activity increased by 4.4, 3 and 3-fold in MKTI fed third, fourth and fifth instars larvae

of//, armigera respectively.

♦ Almost 8-fold reduction in trypsin-like activity and 3.8-fold increase in chymotrypsin-

like activity was observed in fifth instar larvae of S. litura.
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CLONING, EXPRESSION AND PURIFICATION OF MURRAYA KOENIGII

TRYPSIN INHIBITOR

♦ Complete gene of MKTI with 3' and 5' UTR has been cloned from cDNA and genomic

DNA. Open reading frame of MKTI contains 648 bp which encodes 215 amino acids.

♦ The nucleotide sequence of genomic DNA and cDNA was matching perfectly which

indicated that the MKTI gene did not contain intervening sequence.

H ♦ Mature MKTI gene was expressed as -47 kDa GST-fused protein in pGEX-5x-3

expression vector.

♦ The accession number assigned to the cDNA and genomic DNA sequence of MKTI

gene is FJ468001 and FJ468002 respectively.

+ SEQUENCE ANALYSIS AND HOMOLOGY MODELING OF MURRAYA KOENIGII

TRYPSIN INHIBITOR

♦ MKTI shared 74% similarity and 57% identity with the miraculin-like protein from

Citrus jambhiri belongs to Rutaceae family. In Kunitz family inhibitors, MKTI showed

maximum homology to DrTI with 53% similarity and 32% identity.

♦ Probable locations of motifs predicted from motif scan server showed existence of

possible glycosylation, phosphorylation and myristoylation sites inMKTI.

♦ The observed Kunitz family signature pattern (LLDINGNVVEASRDYYL) was located

at the N-terminal of the MKTI sequence.

♦ Secondary structure distribution pattern of MKTI shows that this protein consists of

approximately 47% P-sheet, joined by p-turns with little oralmost no alpha helical part.
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♦ The overall geometry of the MKTI structure was similar to other soyabean Kunitz-type

inhibitors. The MKTI possess seven cysteine residues, three extra as compared to

reference structure. The three disulfide bridges (Cys41-Cys85, Cys 140-151 and Cys

144-Cys 147) was found in the MKTI model.

♦ In MKTI-trypsin complex predicted structure, thirteen residues namely Pro2, Alal3,

Serl4, Ala62 (P4), Tyr63 (P3), Asn64 (P2), Asn65 (PI), Thr66 (PI') and Ser67 (P2'),

His 70, Asp74, Asnl21 and Tryl22 was found to be interacting with trypsin. >

CLONING, SEQUENCE ANALYSIS AND HOMOLOGY MODELING OF

MURRAYA PANICULATA TRYPSIN INHIBITOR

♦ A corresponding protein band similar to MKTI was found in the seeds extract of

Murraya paniculata. Weak trypsin inhibitory activity was found in the seed extract of ^

Murrayapaniculata.

♦ MPTI gene has been amplified by using gene specific primer of MKTI with the genomic

DNA as a template. A band of 570 bp was obtained with forward primer specific for

mature MKTI and 645 bp with forward primer specific for upstream sequence.

♦ The nucleotide sequence analysis of MPTI genomic DNA has shown to encode 189 r

amino acids. The nucleotide sequence of MPTI does not encode any intervening

sequence.

♦ Amino acid sequence of MPTI showed 96% similarity and 95% identity with MKTI

sequence. Similar to MKTI, MPTI shared 72% similarity and 54% identity with the

miraculin-like protein from Citrus jambhiri belongs to Rutaceae family. In Kunitz
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family inhibitors, MPTI showed maximum homology to DrTI with 54% similarity and

33% identity.

♦ The significant difference lies in the N-terminal region of MPTI. Major differences in

amino acid sequence of MPTI and MKTI include the replacement of Val (11), Glu (12),

Ala (13), Ser (14), Cys (41), Pro (50) and Asn (65) to Pro, Gly, Gin, Gin, Arg, Ser and

Asp respectively.

♦ Kunitz family signature pattern was absent in the amino acid sequence of MPTI.

Probable locations of motifs predicted from motif scan server showed existence of

possible glycosylation, phosphorylation and myristoylation sites in MKTI.

♦ The MPTI structure, like the template structure, is a p-trefoil fold made of 12 anti

parallel P-strands with six of the strands arranged in a barrel structure and other six

forms a triangular lid on the barrel.

155



REFERENCES

r



>

REFERENCES

Admovskaya, V.G., Klechklovskaya, E.A., Molondkenkova, O.O. The effects of salicylic acid

and Fusarium infection on proteinases and their inhibitors. Russ J PI Physiol 2000, 47:

186-190.

Althschul, S.F., Madden, T.L., Scaffer, A.A. Zhang, J., Zhang, Z. Miller, W. Lipman, D.J. Basic

local alignment searchtools. Nucleic Acids Res 1997: 25, 3389-3402.

Arakawa, T., Timasheff, S.N. Theory of protein solubility. Methods Enzymol 1985, 114: 49-77.

Arulselvan, P., Senthilkumar, G.P., Sathish, K.D., Subramanian, S. Anti-diabetic effect of

Murraya koenigii leaves on streptozotocin induced diabetic rats. Pharmazie 2006, 61:

874-877.

Ashida, Y., Matsushima, A., Tsuru, Y., Hirota, T., Hirata, T. Isolation and sequencing of a

cDNA clone encoding a 20-kDa protein with trypsin inhibitory activity. Biosci

Biotechnol Biochem 2000: 64, 1305-1309.

Azarkan, M., Dibiani, R., Goormaghtigh, E., Raussens, V., Baeyens-Volant, D. The papaya

Kunitz-type trypsin inhibitor is a highly stable p-sheet glycoprotein. Biochim Biophys

Acta 2006, 1764: 1063-1072.

Baillargeon, M.W., Laskowski, M., Neves, D.E., Porubcan, M.A., Santini, R.E. Markley, J.L.

Soybean trypsin inhibitor (Kunitz) and its complex with trypsin. Carbon-13 nuclear

magnetic resonance studies ofthe reactive site arginine. Biochem 1980: 19, 5703- 5710.

Bannai, H., Tamada, Y., Maruyama, O., Nakai, K., Miyano, S., Views: Fundamental Building

Blocks in the Process of Knowledge Discovery. In Proceedings of the 14th International

FLAIRS Conference 2001: 233-238.

156



Bannai, H., Tamada, Y., Maruyama, O., Nakai, K., and Miyano, S., Extensive feature detection

ofN-terminal protein sorting signals. Bioinfo 2002: 18(2), 298-305.

Batista, I.F.C., Oliva, M.L.V, Araujo, M.S., Sampaio, M.U., Richardson, M., Fritz, H., Sampaio

C.A.M. Primary structure of a Kunitz type trypsin inhibitor from Enterolobium

contortisiliquum seeds. Phytochemistry (Oxford) 1996, 41: 1017-1022.

Berstein, F.C., Koetzle, T.F., Williams, G.J., Meyer, E.E., Brice, M.D., Rodgers, J.R., Kennard,

O., Schimanouchi T. Tasumi, M. Protein data bank. JMol Biol 1997: 112, 535-542.

Bernardino-Nicanor, A., Scilingo, A.A., Anon, M.C., Davila-Ortiz, G. Guava seed storage

protein: Fractionation and characterization. LWT2006, 39: 902-910.

Bhattacharyya, P., Maiti, A.K., Basu, K., Chowdhury, B.K. Carbazole alkaloids from Murraya

koenigii. Phytochemistry 1994, 35: 1085-1086.

Bhattacharyya, A., Mazumdar, S., Mazumdar, Leighton, S., Babu, C.R. A Kunitz proteinase

inhibitor from Archidendron ellipticum seeds: Purification, characterization, and kinetic

properties. Phytochemistry 2006, 67: 232-241.

Bhattacharya, A., Mazumdar, S., Babu, C.R. Bioinsecticidal activity of Archidendron ellipticum

trypsin inhibitor on growth and serine digestive enzymes during larval development of

Spodoptera litura. Comp Biochem Physiol, Part- C 2007: 145, 669-677.

Billings, P.C., Morrow, A.R., Ryan, C.A., Kennedy, A.R. Inhibition of radiation-induced

transformation of C3H/10T1/2 cells by carboxypeptidase inhibitor 1 and inhibitor II

from potatoes. Carcinogenesis 1987, 10: 687-691.

Billings, P.C., Carew, J.A., Keller-McGandy, C.E., Goldberg, A.L., Kennedy, A.R. A serine

protease activity in C3H/10T1/2 cells that is inhibited by anticarcinogenic protease

inhibitors. Proc Natl Acad Sci 1987, 84: 4801-4805.

157

<



Birk, Y. Purification and some properties of a highly active inhibitor of trypsin and a-

chymotrypsin from soybeans. Biochim Biophys Acta 1961, 54: 378-381.

.Birk, Y., GertlerA., Khalef S. A pure trypsin inhibitor from soybeans. Biochem J 1963, 87: 281-

284

Birk, Y. Proteinase inhibitors from plant sources. Methods Enzymol 1976, 45: 695-739.

Birk, Y. The Bowman-Birk inhibitor: trypsin- and chymotrypsin- inhibitor from soybeans. IntJ

PeptProtein i?e^ 1985, 25: 113-131.

Birk, Y. Plant protease inhibitors: Significance in nutrition, plant protection, cancer prevention

and genetic engineering. Springer, Berlin, 2003,170

Birk, Y. Inhibitors families of plant origin: Classification and characterisation. In Plant

protease inhibitors; Springer, eds; Verlag Berlin Heidelberg New-York, 2003a, 11-74.

.Blanco-Aparicio, C, Molina, M.A., Frenandez-Salas, E.; Frazier, M.L., Mas, J.M., Quero, E.,

Aviles, F.X., de Llorens, R. Potato carboxypeptidase inhibitor, a T-knot protein, is an

epidermal growth factor antagonist that inhibits tumor cell growth. J Biol Chem 1998,

273: 12370-12377.

Blow, D.M., Janin, J., Sweet, R.M. Mode of action of soybean trypsin inhibitor (Kunitz) as a

model for specific protein- protein interactions. Nature, 1974: 249, 54- 57.

Bode, W., Huber, R. Natural protein proteinase inhibitors and their interaction with proteinases.

Eur J Biochem 1992, 204: 433-451.

Bode W. Huber R. Structural basis of the endoproteinase-protein inhibitor interaction. Biochim

Biophys Acta 2000, 1477: 241-252.

Bown, D.P., Wilkinson, H.S., Gatehouse, J.A., 1997. Differentially regulated inhibitor-sensitive

and insensitive protease genes from the phytophagous insect pest, Helicoverpa armigera

158



are members of complex multigene families. Insect Biochemistry and Molecular Biology

27,625-638. *

Bradford, M. A rapid and sensitive method for the quantification of microgram quantities of

proteins utilizing the principle of protein dye binding. Anal Biochem 1976, 72: 248-254.

Brenner, E.D., Lambert, K.N., Kaloshian, I., Williamson, V.M. Characterization of LeMir, a

root- knot nemoatode- induced gene in tomato with an encoded product secreted from

the root. Plant Physiol 1998: 118, 237- 247. ^

Broadway, R.M., Duffey, S.S. Plant proteinase inhibitors: mechanism of action and effect on

the growth and digestive physiology of larval Heliothis zea and Spodoptera exiqua. J

Insect Physiol 1986, 32: 827-833.

Broadway, R.M. Are insects resistant to plant proteinase inhibitors? J Insect Physiol 1995: 41,

107-116. .

Burgess, E.P.J., Main, C.A., Stevens, P.S., Christeller, J.T., Gatehouse, A.M.R., Laing, W.A.

Effects of protease inhibitor concentration and combinations on the survival, growth and

gutenzyme activities of the black field cricket, Teleogryllus commodus. J Insect Physiol

1994,40:803-811.

CAB International (2002). Crop protection compendium. Wallingford, UK. —f

Caldwell, J.B., Strike, P.M., Kortt, A.A. Amino acid sequence of the acidic Kunitz type trypsin

inhibitor from winged-bean seeds (Psophocarpus tetragonolobus L. DC). J Prot Chem

1990,9:493-500.

Campos, F.A.P., Richardson, M. The complete amino acid sequence of the bifunctional a-

amylase/trypsin inhibitor from seeds of ragi (Indian finger millet, Eleusine coracana

Gaertn.). FEBS Lett 1983, 152: 300-304.
4

159



>

Chakraborty, M., Nath, A.C., Khasnobis, S., Chakrabarty, M., Konda, Y., Harigaya, Y.,

Komiyama, K. Carbazole alkaloids from Murraya koenigii. Phytochemistry 1997, 46:

751-755.

Chaudhary, N.S., Shee, C, Islam, A., Ahmad, F., Yernool, D., Kumar, P., Sharma, A.K.

Purification and characterization of a trypsin inhibitor from Putranjiva roxburghii seeds.

Phytochemistry 2008:

Chi, L., Hung, C, Peng, P., Huang, C, Wang, H., Chen, Y., Chen, Y. Genomic and cDNA

Cloning, Characterization of Delonix regia Trypsin Inhibitor (DrTI) Gene, and

Expression of DrTI in Escherichia coli. Biosci Biotechnol Biochem 2007: 71 (1), 98-

103.

Cohen, T., Gertler, A., Birk, Y. Pancreatic proteolytic enzymes from carp (Cyprinus carpio). I.

Purification and physical properties of trypsin, chymotrypsin, elastase and

carboxypeptidase B. Comp Biochem Physiol 1981a, 69: 639-646.

Chomczynski, P., Sacchi, N. Single-step method of RNA isolation by acid guanidinium

thiocyanate-phenol-chloroform extraction. Anal Biochem 1987, 162(1): 156-159.

Cohen, T., Gertler, A., Birk, Y. Pancreatic proteolytic enzymes from carp (Cyprinus carpio). II.

Kinetic properties and inhibition studies of trypsin, chymotrypsin and elastase. Comp

Biochem Physiol 1981b, 69: 647-653.

Confalonieri, M., Allegro, G., Balestrazzi, A., Fogher, C, Delledone M. Regeneration of

Populus nigra transgenic plants expressing a Kunitz proteinase inhibitor (KTI3) gene.

Mol Breed \99S, 4: 137-145.

160



Das, K.C., Chakraborty, D.P., Bose, P.K. Antifungal activity of some constituents of Murraya

koenigii. JSpreng Experientia 1965, 21: 340-345.

Dattagupta, J. K., Podder, A., Chakrabarti, C, Sen, U.,Dutta, S. K. & Singh, M. Structure of a

Kunitz-type chymotrypsin inhibitor from winged bean seeds at 2.95 °A resolution. Acta

CrystallogSect D, 1996: 52, 521- 528.

DeLano, W.L. The PyMOL Molecular Graphics System."DeLano Scientific LLC, San Carlos,

CA, USA. http: //www.pymol .org

De-Meester, P., Brick, P., Lloyd, L.F., Blow, D.M., Onesti, S. Structure of the Kunitz-type

soybean trypsin inhibitor (STI): Implication for the interactions between members of the

STI family and tissue-plasminogen activator. Acta Crystallogr Sect D Biol Crystall

1998,54:598-597.

Derbyshire, E., Wright, D., Boulter, D. Legumin and vicilin storage proteins in legume seeds.

Phytochemistry 1976, 15: 3-24.

Di-Ciero, L., Oliva, M.L., Torquato, R., Kohler, P., Weder, J.K.P., Camillo-Novello, J., Sampaio,

C.A., Oliveira, B., Marangoni, S. The complete amino acid sequence of a trypsin

inhibitor from Bauhinia variegate var. Candida seeds. J Protein Chem 1998, 17: 827-

834.

Downing, W.L., Mauxion, F., Fauvarque, M.O., Reviron, M.P., De-Vienne, D., Vartanian, N.,

Giraudat, J. A Brassica napus transcript encoding a protein related to the Kunitz

protease inhibitor family accumulates upon water stress in leaves, not in seeds. Plant J

1992,2:685-693.

161

-t

V



Edmonds, H.S., Gatehouse, L.N., Hilder, V.A., Gatehouse, J.A. 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).

Ent et ExpAppl 1996 78, 83-94.

Emlen, W. Burdick, G., Purification of DNA antibodies using cibacron blue F3GA affinity

cheomatography. J Immunol Methods 1983, 62: 205-215.

Emsley, P., Cowtan, K. Coot: model-building tools for molecular graphics. Acta Crystallogr D

Biol Crystallogr 2004: 60, 2126-2132.

Eriksson, A. E., Causens, L. S., Weaver, L. H. Matthews, B. W. Three-dimensional structure

of human basic fibroblast growth factor. ProcNatlAcadSci USA 1991: 88, 3441-3445.

Facchiano, A.M., Paladino, A., Costantini, S., Colonna G. Molecular modelling of miraculin:

Structural analyses and functional hypotheses. Biochem Biophy Res Comm 2008: 367,

26- 32.

Finzel, B. C, Clancy, L. L., Holland, D. R., Muchmore, S. W., Watenpaugh, K. D. Einspahr, H.

M. Crystal structure of recombinant human interleukin- ip at 2.0 °A resolution. J Mol

Biol 1989: 209, 779- 791.

Fontana, A. Structural and stability of thermophilic enzymes studies on thermolysin. Biophys

Chem 1988,29: 181-193.

Fontana, A., Polverino, de Laureto, P., De Filipis, V., Scremella, E., Probing the partly folded

statesof proteins by limited proteolysis. FoldDe 1997, 2: 17-26.

Frenkel, K., Chrzan, K., Ryan, C.A., Wiesner, R., Troll, W. Chymotrypsin-specific protease

> inhibitors decrease H202 formation by activated human polymorphonuclear leukocytes.

Carcinogenesis 1987, 8: 1207-1212.

162



Fukusima, D. Recent progress of soybean protein foods: chemistry, technology, and nutrition.

FoodRevInt 1991, 7: 323-351. *

Fumagalli, L., Businaro, R., Nori, S.L., Toesca, A., Pompili, E., Evangelisti, E., Giannetti, S.,

Ippoliti, F., De Renzis, G. Proteinase inhibitors in mouse skeletal muscle, tissue-

associated components of serum inhibitors, calpastatin. CellMolBiol 1996, 42: 535-546.

Garcia-Olmeda, F., Sakedo, G., Sanchez-Monge, R., Gomez, L., Royo, J., Carbonero, P. Plant

proteinaceous inhibitors of proteinases. OxfSurv Plant CellMol Biol 1987, 4: 275-334. ,

Garcia, V.A., Freire, M.G., Novello, J.C, Marangoni, S., Macedo, M.L. Trypsin inhibitor from

Poecilanthe parviflora seeds: purification, characterization, and activity against pest

proteases. ProteinJ200A, 23: 343-350.

Gatehouse, L.N., Shannon, A.L., Burgess, E.P.J., Christeller, J.T. Characterization of major

midgut proteinase cDNAs from Helicoverpa armigera larvae and changes in gene

expression in response to four proteinase inhibitors in the diet. Insect Biochem Mol Bio

1997:27,929-944.

Gatehouse, A.M.R., Norton, E., Davison, G.M., Babbe, S.M., Newell, C.A., Gatehouse, J.A.

Digestive proteolytic activity in larvae of tomato moth, Lacanobia oleracea: effects of

plant protease inhibitors in vitro and in vivo. J Insect Physiol 1999, 45: 545-558. -^

Girard, C, Le Metayer, M., Bonade-Bottino, M., Pham-Delegue, M.H., Jouanin, L. High level

of resistance to proteinase inhibitors may be conferred by proteolytic cleavage in beetle

larvae. Insect Biochem Mol Biol 1998: 28, 229-237.

Giri, A.P., Harsulkar, A.M., Deshpande, V.V., Sainani, M.N., Gupta, V.S., Ranjekar, P.K.

Chickpea defensive proteinase inhibitors can be inactivated by podborer gut proteinases.

Plant Physiol 1998: 116, 393^101.
4

163



Giri, A.P., Harsulkar, A.M.,. Ku, M.S.B., Gupta, V.S., Deshpande, V.V., Ranjekar, P.K.,

Franceschi, V.R. Identification of potent inhibitors of Helicoverpa armigera gut

proteinases from winged bean seeds. Phytochemistry 2003: 63 (5), 523-532.

Graves, B. J., Hatada, M. H., Hendrickson, W. A., Miller, J. K., Madison, V. S. Satow, Y.

Structure of interleukin-la at 2.7 °A resolution. Biochemistry 1990: 29, 2679- 2684.

Green, T.R. Ryan, CA. Wound-induced proteinase inhibitor in plant leaves: a possible defense

mechanism against insects. Science 1972, 175: 776-777.

Greenfield, N.J. Methods to estimate the conformation of proteins and polypeptides from

circular dichroism data. Anal Biochem 1996, 235: 1-10.

Gupta, G.P., Birah, A., Rani, S. Development of artificial diet for mass rearing of American

bollworm, Helicoverpa armigera. IndJAgri Sci 2004a : 74 (10), 548-551.

Gupta, G.P., Birah, A., Rani S., Raghuraman, M. Studies of azadirachtin- rich neem formulation

on growth and development of Helicoverpa armigera and Spodoptera litura. Pest Res J

2004b: 16,28-32.

Habazetti, J., Gondol, D., Witscheck, R., Otlewski, J., Schleicher, M. & Holak, T. A. Structure

of hisactophilin is similar to interleukin-lb and fibroblast growth factor. Nature 1992:

359, 855-858

Haldar, U.C, Saha, S.K., Beavis, R.C, Sinha, N.K. Trypsin inhibitors from ridged gourd (Luffa

acutangula Linn.) seeds: purification, properties, and amino acid sequences. J Protein

Chem 1996, 15: 177-184.

Hamato, N., Takano, R., Hayashi, K., Hara, S. Purification and characterization of serine

proteinase inhibitors from gourd (Lagenaria leucantha Rusby var. Gourda Makino)

seeds. Biosci Biotechnol Biochem 1992, 56: 275-279.

164



Hammond, R. W., Foard, D. E., Larkins, B. A. Molecular cloning and analysis of a gene coding

for the Bowman-Birk protease inhibitor in soybean. J Biol Chem, 1984: 259, 9883-9890.

Haq, S.K. and Khan, R.H. Characterization of a Proteinase Inhibitor from Cajanus cajan (L.) J

Prot Chem 2003, 22: 543-554.

Haq, S.K., Atif, S.M., Khan, R.H. Protein proteinase inhibitor genes in combat against insects,

pests, and pathogens: natural and engineered phytoprotection. Arch Biochem Biophys

2004,431:145-159 ^

Harsulkar, A.M., Giri, A.P., Patankar, A.G., Gupta, V.S., Sainani, M.N., Ranjekar, P.K.,

Deshpande, V.V. Successive use of non-host plant proteinase inhibitors required for

effective inhibition of gut proteinases and larval growth of Helicoverpa armigera. Plant

Physiol 1999: 121,450-497..

Hayashi, K., Takehisa, T., Hamato, N., Takano, R., Hara, S., Miyata, T, Kato, H. Inhibition of

serine proteases of the blood coagulation system by squash family protease inhibitors. J

Biochem (Tokyo) 1994, 116: 1013-1018.

Hou, W.C, Lin, J.S., Chen, H.J., Chen, T.E., Chang, C.F., Lin, Y.R. Dioscorin, the major tuber

storage protein of yam (Dioscorea batatas Decne), with carbonic anhydrase and trypsin

inhibitor activities, JAgricFoodChem 1999, 47: 2168-2172. -y

Huang, C, Ma, W.Y., Ryan, C.A., Dong, Z. Proteinase inhibitors I and II from potatoes

specifically block UV-induced activator protein-1 activation through a pathway that is

independent of extracellular signal-regulated kinases, c-jun N-terminal kinases, and P38

kinase. Proc Natl Acad Sci USA 1997, 94: 11957-11962

Huang, B., Ng, T.B., Fong, W.P., Wan, C.C., Yeung, H.W. Isolation of a trypsin inhibitor with

<
deletion of N-terminal pentapeptide from the seeds of Momordica cochinchinensis, the

165



Chinese drug mubiezhi. Int J Biochem CellBiol 1999, 31: 707-715.

. Hubbard, S. The structural aspects of limited proteolysis of native proteins. Biochem. Biophys.

Acta 1998, 1382: 191-206.

Huber, R., Carrell, R. Implications of the three-dimensional structure of a1-antitrypsin for

structure and function of serpins. Biochemistry 1989, 28: 8951-8966.

Igeta, H. Tamura, Y. Nakaya, K. Nakamura Y. and Kurihara, Y. Determination of disulfide

array and subunit structure of tastemodifying protein, miraculin, Biochim Biophys Acta

1991: 1079(3), 303-307.

Iwasaki, T, Kiyohara, T, Yoshikawa, M. Preparation of active fragment of potato proteinase

inhibitor Ha and its properties. J Biochem (Tokyo) 1974, 75: 843-851.

Johnston, K.A., Gatehouse, J.A., Anstee, J.H. Effects of soybean proteinase inhibitors on the

growth and development of larval Helicoverpa armigera. J Insect Physiol 1993, 43: 885-

895.

Jongsma, M.A. The resistance of insects to plant proteinase inhibitors. Center for Plant

Breeding and Reproduction Research. Wageningen. Wageningen university, 1995.

Jongsma, M.A., Bakker, P.L., Peters, J., Bosch, D., Stiekema, W.J. Adaptation of Spodoptera

exigua larvae to plant proteinase inhibitors by induction of gut proteinase activity

insensitive to inhibition. Proc Natl Acad Sci USA 1995: 92, 8041-8045.

Jongsma, M.A., Bolter, C. The adaptation of insects to plant proteinase inhibitors. J Insect

Physiol 1997: 43 (10), 885-895.

Joshi B.N., Sainani M.N., Bastawade K.B., Deshpande V.V., Gupta V.S., Ranjekar P.K. Pearl

millet cysteine protease inhibitor: Evidence for the presence of two distinct sites

166



responsible for anti-fungal and anti-feedent activities. Eur J Biochem 1999, 265: 556-

563. -*

Joubert, F.J., Heussen, C, Dowdle, E.B. The complete amino acid sequence of trypsin inhibitor

DE-3 from Erythrina latissima seeds. J Biol Chem 1985, 260: 12948-12953.

Joubert, F.J., Dowdle, E.B. The primary structure of the inhibitorof tissue plasminogen activator

found in the seeds of Erythrina caffra. Thromb Haemostasis 1987, 57: 356-360.

Kashlan, N. Richardson, M. The complete amino acid sequence of a major wheat protein

inhibitor of a-amylase. Phytochemistry 1981, 20: 1781-1784.

Kassel, B. Naturally occurring inhibitors of proteolytic enzymes. Methods Enzymol 1970, 19:

839-906.

Kataoka, H., Itoh, H., Koono, M. Emerging multifunctional aspects of cellular serine proteinase

inhibitors in tumar progression and tissue regeneration. Pathol Int2002, 52: 89-102. .

Kato, G.J. Human genetic diseases of proteolysis. HumMutat 1999, 13: 87-98.

Kato, H. Regulation of functions of vascular wall cells by tissue factor pathway inhibitor-basi

and clinical aspects. Arteriosclerosis Thrombosis and Vascular Biol 2002, 22: 539-548.

Kennedy, A.R. Chemopreventive Agents: Protease Inhibitors. Pharmacol Ther 1998, 78: 167-

209. ^

Khan, B.A., Abraham, A., Leelamma, S. Hypoglecemic action of Murraya koenigii (curry leaf)

and Brassicajuncea (mustrad): Mechanism of action. Indian J Biochem Biophys 1995,

32: 106-108.

Kim, S.-H., Hara, S., Hase, S., Ikenaka, T., Toda, H., Kitamura, K., Kaizuma, N.. Comparative

study on amino acid sequences of Kunitz-type soybean trypsin inhibitors, Tia, Tib, and

4
Tic. J Biochem, 1985: 98, 435- 448.

167



Kim, C.H., Kim, S.I., Choy, Y.D. Identification of the precursor for the soybean Kunitz trypsin

inhibitor. J Korean Agric Chem Soc 1989, 32: 222-231.

Kortt, A.A., Strike, P.M. and De Jersey, J. Amino acid sequence of a crystalline seed albumin

(winged bean albumin-1) from Psophocarpus tetragonolobus (L.) DC. Eur J Biochem,

1989:181,403-408

Koshiyama, I. Purification and physico-chemical protperties of US globulin in soy bean seeds.

IntJPept Prot Res 1972, 4: 167-176.

Kouzuma, Y., Suetake, M., Kimura, M., Yamasaki, N. Isolation and primary structure of

proteinase inhibitors from Erythrina variegata var. orientalis seeds. Biosci Biotechnol

Biochem 1992,56: 1819-1824.

Kuehn, L., Rutschmann, M., Dahlmann, B., Reinauer, H., Proteinase inhibitors in rat serum:

Purification and partial charactyerization of three functionally distinct trypsin inhibitors.

Biochem J1984, 218: 953-959.

Kunitz, M. Crystalline soybean trypsin inhibitor II. General properties. J Gen Physiol 1947a, 30:

291-310.

Kunitz, M. Isolation of a crystalline protein compound of trypsin and of soybean trypsin

inhibitor.J GenPhysiol 1947b, 30: 311-320.

Kureel, S.P., Kapil, R.S., Popli S.P. Terpenoid alkaloids from Murraya koenigii Spreng. II. The

constitution of cyclomahanimbine, bicyclomahanibine, and mahanimbidine. Tetrahedron

Lett 1969, 44: 3857-3862.

Lamelli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage

T4. Nature 1970, 227: 680-685.

168



Lampart-Szczapa, E. Legume and oilseed proteins. In Z. E. Sikorski (Ed.), Chemical and

Functional Properties ofFood Proteins. New York: CRC Press 2001: 407-434.

Laskowski, M.Jr. Kato, I. Protease inhibitors of proteinases. Ann Rev Biochem 1980: 49, 593-

626.

Laskowaski, R.A., MacArthur, M.W., Moss D.S. and Thornton, J.M. PROCHECK: a program

to check the stereochemical quality of protein structures. JAppl Cryst 1993: 26, 283-291

Laurent-Matha, V., Farnoud, M.R., Lucas, A., Rougeot, C, Garcia, M., Rochefort, H.

Endocytosis of pro-cathepsin D into breast cancer cells is mostly independent of

mannose-6-phosphate receptors. J Cell Sci 1998: 111,2539-2549.

Leah, R. Mundy, J. The bifunctional a-amylase/ subtilisin inhibitor of barley: nucleotide

sequence and patterns of seed-specific expression. PlantMolBiol 1989: 12,673- 682

Lee, C.R, Lin, J.Y. Amino acid sequences of trypsin inhibitors from the melon Cucumis melo. J

Biochem (Tokyo) 1995, 118: 18-22.

Lee, S.I, Lee, S.H, Koo-Ja, C, Chun, H.J, Lim, CO, Mun, J.H, Song, Y.H, Cho, M.J.

Soybean Kunitz trypsin inhibitor (SKTI) confers resistance to the brown planthopper

(Nilaparvata lugens Stal) in transgenic rice. MolBreed 1999, 5: 1-9.

Leung, D, Abbenante, G, Fairlie, D.P. Protease inhibitors: current status and future prospects. J ^

Med Chem 2000, 43: 305-341.

Levinsky, H, Birk, Y, Applebaum, S.W. Isolation and characterization of a new trypsin-like

enzyme from Tenebrio molitor L. larvae. IntJPept Protein Res 1977, 12: 252-264.

Liener, I.E. Protease inhibitors and lectins. Int Rev Biochem 1979, 27: 97-122.

Liener, I.E. Kakade, M.L. Protease inhibitors. In: Liener IE (ed) Toxic constituents of plant

foodstuffs, 2nd ed. New York: Academic Press 1980, 7-71.

169

y

<



Liener, I.E. Antinutrifional factors. In: Matthews DJ (ed) Legumes-chemistry, technology and

human nutrition. New York: Marcel Decker 1989, 339-382.

Lin, J.Y, Chu, S.C, Wu, H.C, Hsieh, Y.S. Trypsin inhibitor from the seeds of acaciaconfusa. J

Biochem (Tokyo) 1991, 110: 879-883.

Lipke, H, Liener, I.E., Fraenkel, G. Effect of soybean inhibitors on growth of Tribolium

confusum. J Agri Food Chem 1954, 2: 410-414.

Longstaff, C, Campbell, A.F, Fersht, A.R. Recombinant chymotrypsin inhibitor 2: expression,

kinetic analysis of inhibition with alpha-chymotrypsin and wild-type and mutant

subtilisin BPN', and protein engineering to investigate inhibitory specificity and

mechanism. Biochemistry 1990, 29: 7339-7347.

Lorito, M, Broadway, R.M, Hayes, C.K., Woo, S.L., Noviello, C, Williams, D.L, Harman,

G.E. Proteinase inhibitors from plants as a novel class of fungicides. Mol Plant Microbe

Interact 1994, 7: 525-527.

Lyons, A, Richardson, M, Tatham, A.S, Shewry, P.R. Characterization of homologous

inhibitors of trypsin and alpha-amylase from seeds of rye (Secle cereale L.). Biochim

BiophysActa 1987, 915: 305-313.

Macedo, M.L, de Matos, D.G, Machado, O.L, Marangoni, S, Novello, J.C. Trypsin inhibitor

from Dimorphandra mollis seeds: purification and properties. Phytochemistry 2000, 54:

553-558.

Macintosh, S.C, Kishore, G.M, Perlak, F.J, Marrone, P.G, Stone, T.B, Sims, S.R, Fuchs,

R.L. Potentiation of Bacillus thuringiensis insecticidal activity by serine protease

inhibitors. J AgricFood Chem 1990,38: 1145-1152.

170



Mackey, A.J, Haystead, T.A, Pearson, W.R. Getting more from less: algorithms for rapid

protein identification with multiple short peptide sequences. Mol Cell Prot, 2002: 1(2),

139-147

Malnoy, M, Reynoird, J.P, Mourgues, F, Chevreau, E, Simoneau, P. A Method for Isolating

Total RNA from Pear Leaves. P Mol Bio Rep 2001, 19: 69a-69f.

Manjunath, T.M, Bhatnagar, V.S. Pawar, CS. Sithanantham, S. Economic importance of

Heliothis spp. in India and assessment of their natural enemies and host plants, in: E.G. v

King, R.D. Jackson (Eds.). Proceedings of the workshop on biological control of

Heliothis: increasing the effectiveness of natural enemies, Far Eastern Regional Office,

U.S. Department of Agriculture, New Delhi, India 1989, 197-228.

MaresI, M, Meloun, B, Pavlik, M, Kostka, V. and Baudys'l, M.. Primary structure of cathepsin

D inhibitor from potatoes and its structure relationship to soybean trypsin inhibitor .

family. FEBS Letters, 1989: 251, 94- 98

McGrain, A.K, Chen, J.C, Wilson, K.A, Tan-Wilson, A.L. Proteases catalyzing processing

and degradation of Kunitz soybean trypsin inhibitor during seed maturation.

Phytochemistry (Oxford) 1992, 31: 421-426.

McManus, M.T, Burgess, E.P.J. Effects of the soybean (Kunitz) trypsin inhibitor on growth and -4,

digestive proteases of larvae of Spodoptera litura.J Insect Physiol 1995, 41: 731-738

.McManus, M.T, Ryan, S, Laing, W.A. The functions of proteinase inhibitors in seeds. Seed

symposium 1999, 3-13.

Millerd A. Biochemistry of legume seed proteins. AnnuRev Plant Physiol 1975, 26: 53-72.

Mosolov, V.V, Valueva, T.A. Plant Protein Inhibitors of Proteolytic Enzymes [in Russian],

Bach Institute ofBiochemistry, Russian Academy ofSciences, Moscow, 1993.
i

171



Mosolov V.V., Grigoreva L.I, Valueva, T.A. Plant proteinase inhibitors as multifunctional

proteins. Appl Biochem Microbiol (Moscow) 2001, 37: 643-650.

Murdock, L.L, Shade, R.E. Lectins and protease inhibitors as plant defense against insects. J

Agri Food Chem 2002, 50: 6605-661.

Murzin, A.G, Lesk, A.M. Chothia, C. Patterns of Structure and Sequence in Kunitz Inhibitors

Interleukins- ip and la and Fibroblast Growth Factors. J MolBiol, 1992, 223: 531- 543.

Negreiros A.N.M, Carvalho M.M, Javier-Filho J, Blanco-Labra A, Shewry P.R, Richardson

M.J. The complete amino acid sequence of the major Kunitz trypsin inhibitor from the

seeds of Prosopis. Phytochemistry (Oxford) 1991, 30: 2829-2834.

Neurath, H. Evolution of proteolytic enzymes. Science 1984, 224

Odani, S. Ikenaka, T. Studies on soybean trypsin inhibitors, Disulphide bridges in soybean

Bowman-Birk proteinase inhibitor. J Biochem (Tokyo) 1973a, 74: 697-715.

Odani, S, Koide, T, Ono, T The complete amino acid sequence of barley trypsin inhibitor. J

Biol Chem 1983, 258: 7998-8003.

Odani, K, Koide, T, Ono, T. Wheat germ trypsin inhibitors: Isolation and structural

characterization of single-headed and double-headed inhibitors of the Bowman-Birk

type.JBiochem (Tokyo) 1986, 100: 975-983.

Onesti, S, Brick, P, Blow, D.M. Crystal structure of a Kunitz-type trypsin inhibitor from

Erythrina caffra seeds. J MolBiol 1991, 217: 153-156.

Onesti, S, Matthews, D.J, Aducci, P, Amiconi, G, Bolognesi, M, Menegatti, E, Ascenzi, P.

Binding of the Kunitz type trypsin inhibitor DE-3 from Erythrina caffra seeds to serine

proteinases: a comparative study. J Mol Recognit 1992, 5: 105-114.

172



Oppert, B, Morgan, T.D, Hartzer, K, Kramer, K.J. Compensatory proteolytic responses to

dietary proteinase inhibitors in the red flour beetle, Tribolium castaneum (Coleoptera: *

Tenebrionidae). Comparative Biochemistry and Physiology C, Comp. Pharmacol.

Toxicol 2005,140, 53-58.

Otwinowski, Z, Minor, W. Processing of X-ray Diffraction Data Collected in Oscillation Mode.

Methods Enzymol 1997, 276: 307-326.

Pando, L.A, Di-Ciero, L, Novello, J.C, Oliveira, B, Weder, J.K.P, Marangoni, S. Isolation and \

characterization of a new trypsin inhibtor from Crotalaria paulina seeds. IUBMB Life

1999,4:519-523.

Papastoitsis, G. Wilson, K. Initiation of the degradation of the soybean kunitz and Bowman-

Birk trypsin inhibitors by a cysteine protease. Plant Physiol 1991, 96: 1086-1092.

Patankar, A.G, Giri, A.P, Harsulkar, A.M., Sainani, M.N, Deshpande, V.V, Ranjekar, P.K,

Gupta, V.S.Complexity in specificities and expression of Helicoverpa armigera gut

proteases explains polyphagous nature of the insect pest. Insect Biochem Mol Bio 2001,

31:453-464.

Pearce, G, Sy, L, Russell, C, Ryan, CA, Hass, G.M. Isolation and characterization from

potato tubers of two polypeptide inhibitors of serine proteases. Arch Biochem Biophys

1982,213:456^162.

Pearson, W.R, Lipman, D.J. Improved Tools for Biological Sequence Comparison. Proc Nat

AcadSci USA, 1988, 85: 2444-2448.

Pearson, W.R. Rapid and Sensitive Sequence Comparison with FASTP and FASTA. Methods

Enzymol 1990: 183,63-98

V

173



1

Plunkett, G, Senear, D.F, Zuroske, G, Ryan CA. Proteinase inhibitors I and II from leaves of

wounded tomato plants: purification and properties. Arch Biochem Biophys 1982, 213:

463^72.

Polikarpov, I, Golubev, A.M., Pedes, L.A, Pando, S.C, Novello, J.C, Marangoni, S.

Purification, crystallization and preliminary crystallographic study of a Kunitz-type

trypsin inhibitor from Delonix regia seeds. Acta crystallogr 1999, 55: 1611-1613.

Potempa, J, Kwon, K, Chawla, R, Travis, J. Inter-a-trypsin inhibitor: Inhibition spectrum of

native and derived forms. J Biol Chem 1989, 264: 15109-15114.

Priestle, J.P, Schaer, H.-P, Grutter, M. Crystal structure of the cytokine interleukin-ip. EMBO

J 1988,7:339-343.

Pritchard, L, Dufton. M.J. Evolutionary trace analysis of the Kunitz/BPTI family of proteins:

functional divergence may have been based on conformational adjustment. J Mol Biol

1999,285:1589-1607.

Pruthi, J.S. Spices and condiments. 5th ed. India: National book trust. 1998, 38-48.

Pusztai, A. Metabolism of trypsin-inhibitory proteins in the germinating seeds of kidney bean

(Phaseolus vulgaris). Planta 1972, 107: 121-129.

Radisky, E.S, Koshland, D.E.Jr. A clogged gutter mechanism for protease inhibitors. Proc Natl

AcadSci2002, 99: 10316-10321.

Ramakrishna, V, Ramakrishna, R.P, Purification of acidic protease from the cotyledons of

germinating Indian bean (Dolichos lablab L.var lignosus) seeds. Afr J biotechnol 2005,

4: 703-707.

Reisch, J, Adebajo, A.C, Kumar, V, Aladesanmi, A.J. Two carbazole alkaloids from Murraya

koenigii. Phytochemistry 1994, 36: 1073- 1076.

174



Richardson, M. The proteinase inhibitors of plants and microorganisms. Phytochemistry 1977,

16: 159-169.

Richardson, M. Seed storage proteins: the enzyme inhibitors. In: L.J. Rogers, Editor, Methods

in Plant Biochemistry, Amino Acids, Proteins and Nucleic Acids vol. 5, Academic Press,

New York 1991,259-305.

Ries-Kautt, M, Ducruix, A. Inferences drawn from physicochemical studies of crystallogenesis

and precrystalline state. Methods Enzymol 1997, 276: 23-59.

Rodrigues, M.M.L, Machado, F.M.G, Cabrini, E.C, Toyama, M.H, Novello, J.C, Marangoni,

S. A trypsin inhibitor from Peltophorum dubium seeds active against pest proteases and

its effect on the survival ofAnagasta kuehniella (Lepidoptera: Pyralidae). Biochimica et

Biophysica Acta (BBA) - General Subjects 2003, 1621: 170-182.

Roychaudhuri, R, Sarath, G, Zeece, M, Markwell, J. Reversible denaturation of the soybean

Kunitz trypsin inhibitor.Arch Biochem Biophys 2003, 412: 20-26.

Rutenber, E, Robertus, J. D. Structure of ricin B-chain at 2.5 °A resolution. Proteins: Struct

Fund Genet 1991, 10: 260- 269.

Ryan, CA, Balls, A.K. An inhibitor of chymotrypsin from Solanum tuberosum and its

behavior toward trypsin. Proc Natl Acad Sci U SA 1962,48: 1839-1844.

Ryan, CA. Proteolytic enzymes and their inhibitors in plant. Ann Rev Plant Physiol 1977, 24:

173-196.

Ryan, CA. Protease inhibitors in plants: genes for improving defences against insects and

pathogens. Annu Rev Phytopathol 1990, 28: 425^149.

175

i i

V



Saborowski, R, Thatje, S, Calcagno, J.A, Lovrich G.A, Anger, K. Digestive enzymes in the

* ontogenetic stages of the southern king crab, Lithodes santolla. Marine Biol 2006, 149:

865-873.

Saha, C, Chowdhury, B.K. Carbazoloquinones from Murraya koenigii. Phytochemistry 1998,

48: 363-366.

Sai Annapurna, S, Siva Prasad, D. Purification of trypsin/chymotrypsin inhibitor from jack fruit

l seeds. JSci FoodAgri 2006, 54: 399 - 411.

Sakal, E, Applebaum, S.W, Birk, Y. Purification and characterization of Locusta migratoria

chymotrypsin. IntJPept Protein Res 1988, 32: 590-598.

Sakal, E, Applebaum, S.W, Birk, Y. Purification and characterization of trypsins from the

digestive tract of Locusta migratoria chymotrypsin. Int J Pept Protein Res 1989, 34:

, 498-505

Sali, A, Blundell, T. Comparative protein modeling by satisfaction of spatial restraints. J Mol

5/o/1993,234:779-815

Sali, A, Blundell, T. Definition of general topological equivalence in protein structure. J Mol

Biol, 1990, 212: 403-428.

± Sampaio, C.A.M, Socorro, M.D, Cavalcanti, M, Oliva, M.L.V, Fritz, H, Jochum, M,

Mentele, R, Sampaio, M, Luana, C. B. B. & Coelho, §. & Batista, I.F.C.

Characterization of a Kunitz Trypsin Inhibitor with One Disulfide Bridge Purified from

Swartziapickellii. Biochem Biophy Res Comm 2002: 291, 635- 639.

Sambrook, J, Russell, D.W. "Molecular Cloning: a Laboratory manual" 2nd & 3rd ed. Cold

Spring Harbor Laboratory Press, Cold Spring Harbor.

Sanderson, P.E. Small, noncovalent serine protease inhibitors. MedRes Rev 1999, 19: 179-197.

176



Satyavaty, G.V, Gupta, A.K, Tandon, S.N. Medicinal Plants of India, vol. 11. New Delhi:

Indian Councilfor Scientific andIndustrial Research. 1987. 289.

Schaefer, M, Sommer, M, Karplus, M. pH-dependence of protein stability: absolute

electrostatic free energy differences between conformations. J Phys Chem B 1997, 101:

1663-1683.

Schaller, A, Ryan, CA. Systemin- a polypeptide defense signal in plants. Bioessays 1995, 18,

27-33.

Seelmeir, S, Schmidt, H, Turk, V, Vonder Helm, K. Human immunodeficiency virus has an

aspartic-type protease that can be inhibited by pepstatin A. Proc Natl Acad Sci USA

1988,85:6612-6616

Shee, C, Sharma, A.K. Purification and characterization of a trypsin inhibitor from seeds of

Murraya koenigii. JEnz Inhib MedChem 2007, 22(1): 115-120.

Shee, C, Islam, A, Ahmad, F, Sharma, A.K. Structure-function studies of Murraya koenigii

trypsin inhibitor revealed a stable core beta sheet structure surrounded by alpha-helices

with a possible role for alpha-helix in inhibitory function. Int J BiolMacro 2007a, 41(4):

410-414.

Shee, C, Singh, T.P, Kumar, P, Sharma, A.K. Crystallization and preliminary X-ray diffraction

studies of Murraya koenigii trypsin inhibitor. Acta Crystall 509 Section F: Struc Biol

Crystallogra Commu 2007b, 63: 318-319.

Shee C, Sharma A.K. Storage and affinity properties of Murraya koenigii trypsin inhibitor.

Food Chemistry 2008, 107 (1): 312-319.

Shewry, P.R. Tuber storage proteins. Ann Bot 2003, 91: 755-769.

177

\



Shibata, H, Hara, S, Ikenaka, T, Abe, J. Purification and characterization of proteinase

inhibitors from winged bean (Psophocarpus tetragonolobus (L.) DC.) seeds. J Biochem

1986,99: 1147-1155

Shieh, H.S, Leimgruber, N.K, Palmier, M.O, Wu, T.C, Leimgruber, R.M, Abdel-Meguid,

S.S. Crystallization of a chymotrypsin inhibitor from Erythrina caffra seeds. J Mol Biol

1990,212: 15-16

Silva, J.A, Macedo, M.L.R, Novello, J.C, Marangoni, S. Biochemical characterization and N-

terminal sequences of two new trypsin inhibitors from Capaifera langsdorffii seeds. J

Prot Chem 2001,20: 1-7.

Silva, F.C.B.L, Alcazar, A, Macedo, L.L.P, Oliveira, A.S, Macedo, F.P, Abreu, L.R.D,

Santos, E.A, Sales, M.P. Digestive enzymes during development of Ceratitis capitata

(Diptera: Tephritidae) and effects of SBTI on its digestive serine proteinase targets.

Insect Biochem Mol Bio 2006, 36: 561- 569.

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.J, Moyer, R.W, Pemberton, P.A, Remold-0 Donnell, E,

Salvesen, G.S, Travis, J, Whisstock, J.C. The serpins are an expanding superfamily of

structurally similar but functionally diverse proteins. Evolution, mechanism of

inhibition, novel functions, and a revised nomenclature. J Biol Chem 2001, 276: 33293-

33296.

Smirnoff, P, Khalef, S, Birk, Y, Applebaum, SW. A trypsin and chymotrypsin inhibitor from

Chick Peas (Cicerarietinum). Biochem J 1976, 157: 745-751.

178



Song, S. I, Kim, C. H, Baek, S. J, and Choi, Y. D, Nucleotide sequences of cDNAs encoding

the precursors for soybean (Glycine max) trypsin inhibitors (Kunitz type). Plant Physiol \

1993: 101, 1401-1402

Srinivasan, A, Giri, A.P, Harsulkar, A.M., Gatehouse, J.A, Guptta, V.S. Kunitz trypsin

inhibitor from chickpea (Cicer arietinum) that exerts anti-metabolic effect on podborer

(Helicoverpa armigera) larvae. Plant Mol Bio 2005, 57: 359-374.

Stoop, A.A, Craik, CS. Engineering of a macromolecular scaffold to develop specific protease v

inhibitors. Nature Biotechnology 2003, 21: 1063-1068.

Suh, S.W, Song, H.K. 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 caffra and Tissue-type Plasminogen Activator. J

Mol Biol 1998, 275: 347-363. .

Sweet, R.M, Wright, H.T, Janin, J, Chothia, C.H, Blow, D.M. Crystal structure of the

complex of porcine trypsin with soybean trypsin inhibitor (Kunitz) at 2.6A resolution.

Biochemistry 1974, 13: 4212-4228.

Sweet, R. M. Facilities at the National Synchrotron Light Source at Brookhaven National

Laboratory. In Synchrotron Radiation in Structural Biology Plenum Press, New York 4,

1989,63-66.

Tamhane, V.A, Chougule, N.P, Giri, A.P, Dixit, A.R, Sainani, M.N, Gupta, V.S. In vitro and

in vivo effects of Capsicum annum proteinase inhibitors on Helicoverpa armigera gut

proteinases. Biochim Biophy Acta: General Subjects 2005, 1722: 155-167.

Tashiro, M, Hashino, K, Shiozaki, M, Ibuki, F, Maki, Z. The complete amino acid sequence

of rice bran trypsin inhibitor. J Biochem (Tokyo) 1987, 102: 297-306.

179



Telang, M, Srinivasana, A, Patankar, A, Harsulkar, A, Joshi, V, Damle, A, Deshpande, V,

* Sainani, M, Ranjekar, P, Gupta, G, Birah, A, Rani, S, Kachole, M, Giri, A, Gupta,

V. Bitter gourd proteinase inhibitors: potential growth inhibitors of Helicoverpa

armigera and Spodoptera litura. Phytochemistry 2003, 63: 643-652.

Teles, R.C.L, Calderon, L.A., Medrano, F.J, Barbosa, J.A.R.G, Guimaraes, B.G, Santoro,

M.M, Freitas, S.M. pH dependence thermal stability of a chymotrypsin inhibitor from

L Schizolobium parahyba seeds. Biophysical J2005, 88: 3509-3517.

Theerasilp, S, Hitotsuya, H, Nakajo, S, Nakaya, K, Nakamura, Y, Kurihara, Y. Complete

amino acid sequence and structure characterization of the taste-modifying protein,

miraculin. J Biol Chem 1989, 264: 6655-6659.

Thompson, M.G, Palmer, R.M. Signaling pathways regulating protein turnover in skeletal

muscle. Cell Signal 1998, 10: 1-11.

Tsukuda, S, Gomi, K, Yamamoto, H. and Akimitsu, K. Characterization of cDNAs encoding

two disnict miraculin-like proteins and stress-related modulation of corresponding

mRNAs in Citrusjambhiri Lush. Plant Mol Biol, 2006, 60: 125- 136.

Tsybina, T.A, Dunaevsky, Y.E, Popykina, N.A, Larionova, N.I, Belozersky, M.A. Cationic

± inhibitors of serine proteinases from Buckwheat seeds: Study of their interction with

exogenous proteinases. Biochemistry (Moscow) 2004, 69: 441-444.

Vagin, A. and Teplyakov A. MOLREP: an automated program for molecular replacement. J

Appl Crystallogr 1997, 30: 1022-1025.

Vriend, G. A molecular modeling and drug design program. J MolGrap, 1990: 8, 52-55.

Walsh, K.A. Trypsinogens and trypsins of various species. Methods Enzymol 1970, 19: 41-63.

180



Wang, W, Zhu, Z, Gao, Y.F, Shi, C.L, Chen, W.X, Guo, Z.C, Li, X.H. Obtaining a

transgenic uplant cotton harboring two insecticidal genes. Acta Bot Sin 1999, 42: 384-

388.

Wieczorek, M, Otlewski, J, Cook, J, Parks, K, Leluk, J, Wilimowska-Pelc, A, Polanowski,

A, Wilusz, T, Laskowski, M.Jr. The squash family of serine proteinase inhibitors.

Amino acid sequence and association equilibrium constants of inhibitors from squash,

summer squash, zucchini, and cucumber seeds. Biochem Biophys Res Commun 1985,

126: 646-652.

Wlodawer, A, Deisenhofer, J, Huber, R. Comparison of two highly refined structures of bovine

pancreatic trypsin inhibitor. J MolBiol 1987, 193: 145-156.

Wolf, W.J, Tamura, T. Heat denaturation of soy bean 1IS protein. Cereal Chemistry 1969, 46:

331-344.

Wu, H.C, Lin, J.Y. The complete amino acid sequence of a Kunitz family trypsin inhibitor from

seeds of Acacia confuse. J Biochem (Tokyo) 1993, 113: 258-263.

Wu, Y.R, Llewellyn, D, Mathews, A, Dennis, E.S. Adaptation of Helicoverpa armigera

(Lepidoptera: Noctuidae) to a proteinase inhibitor expressed in transgenic tobacco. Mol

Breed 1997, 3:371-380.

Yadava, S, Vats, V, Dhunno, Y, Grove, R.J.K. Hypoglycemic and antihyperglycemic activity

of Murraya koenigii leaves in diabetic rats. J Ethnopharmaco 2002, 82: 111-116.

Yamamoto, M, Hara, S. and Ikenaka, T. Amino acid sequence of two trypsin inhibitors from

winged bean seeds (Psophocarpus tetragonolobus (L.) DC). J Biochem 1983: 94, 849-

863.

Yang, S.Q, Craik, CS. Engineering bidentate macromolecular inhibitors for trypsin and

181


	STUDIES ON TRYPSIN INHIBITORS FROM PLANTS OFRUTACEAE FAMILY
	CONTENTS
	CHAPTER 1: - LITERATURE REVIEW
	CHAPTER 2: - BIOINSECTICIDAL ACTIVITY OF MURRAYAKOENIGII TRYPSIN INHIBITOR (MKTI) ONHELICOVERPA ARMIGERA
	CHAPTER 3: - BIOINSECTICIDAL ACTIVITY OF MURRAYAKOENIGII TRYPSIN INHIBITOR (MKTI) ONSPODOPTERA LITURA
	CHAPTER 4: - CLONING, EXPRESSION AND PURIFICATIONOF MURRAYA KOENIGII TRYPSIN INHIBITOR
	CHAPTER 5: - SEQUENCE ANALYSIS AND HOMOLOGYMODELING OF MURRA YA KOENIGII TRYPSININHIBITOR
	CHAPTER 6: -CLONING, SEQUENCE ANALYSIS ANDHOMOLOGY MODELING OF MURRA YAPANICULATA TRYPSIN INHIBITOR
	CONCLUSIONS
	REFERENCES

