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The world we live in is full of various harmful microorganisms. Our body

temperature and wealth of nutrients provide an ideal home for these organisms to thrive.

This has lead to the development of various serious infectious diseases which cause great

suffering and burden on human health. Besides, some of the harmful microorganisms also

cause serious diseases in plants that affect crops productivity. All animals and plants have

developed one or other type of defense mechanism to protect themselves from these

pathogenic microorganisms (Tenover, 2006; Sanglard and Odds, 2002). However more

often these protections failed, pathogen invades the system and we need to use other

means to combat them. Chemotherapy has been the common approach to control these

diseases and a large number of chemical agents and antibiotics have been developed or

synthesized (Lee, 2005). They have been very effective in controlling the infections but

widespread and indiscriminate use of these drugs has resulted in emergence of drug

resistance (Lee, 2005) and more recently multidrug resistant pathogenic strains for

various human and plant pathogens. The control of infection by these resistant and

multidrug resistant strains has been a great challenge mainly because of the existing

armory of drug/antibiotics becomes failed to control these infections. In addition, these

conventional synthetic drugs and microbial origin antibiotics have side effects (Butler

and Buss, 2006). Therefore, there is an urgent need to search for a safer and effective

alternative to control and treat these infections. The search for new safer and effective

drug which do not cause resistant development is one of the thrust area of biomedical and

agriculture sciences (Butler and Buss, 2006).

S^ Attempts have been made to isolate therapeutic agents from diverse group of

organisms including microbes (Chernin et al., 1997), fungi (Hao et ah, 1999; Hao et ah,



2000), animals (Iijima et ai, 1993) and plants (Lee et ah, 2007; Huynh et al, 1992).

Because of the highly diversified flora and their diversified phytochemical constituents,

plants are thought to be a better choice for search of new therapeutic agents (Butler and

Buss, 2006). Among the numerous compounds, bioactive proteins have been found of

prime importance because they often have very specific interactions with a

macromolecular target in the body. On the basis of their beneficial health effects they

may be classified as antimicrobial, antioxidative, antidiabetic, antithrombotic,

antihypertensive, anticancer and immunomodulatory (Liu et al, 2007; Ghosh and Maiti,

2007; Hsu et al, 1997; Fisher and Yang, 2002; Sheu et al, 2004). Among the various

biologically active proteins identified, the present discussion is mainly inclined towards

antimicrobial and immunomodulatory proteins. A large number of antimicrobial

proteins/peptides (AMP) have been isolated from various plant sources (Wang and Ng,

2002; Hao et al, 1999; Hao et al, 2000; Lee et al, 2007; Huynh et al, 1992; Iijima et

al, 1993) and extensive research has been done on their structure and mode of action

(Brogden, 2005; Otvos Jr et al, 2005). The best known plant's antimicrobial proteins

comprising thaumatin-like proteins (Chu and Ng, 2003; Graham et al, 1992; Huynh et

al, 1992; Pressey, 1997; Vu and Huyhn, 1994; Wurms and Greenwood, 1999; Ye and

Ng, 2000), chitinases (Van Damme et al, 1993; Vergauwen, 1993), chitinase-like

proteins (Lam et al, 2000; Ye et al, 2000), chitin binding proteins (Huang et al, 2000;

Van Den Bergh et al, 2004), defensins, defensin-like proteins (Ngai and Ng, 2004; Wong

and Ng, 2003; Wong and Ng, 2005), miraculin-like proteins (Ye and Ng, 2000), embryo-

abundant proteins (Wang and Ng, 2000), ribosome inactivating proteins (Leah et al,

1991), lipid transfer protein-like proteins (Cammue et al, 1995; Wang et al, 2004),

+

\
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protease inhibitors (Chen et al., 1998; Chilosi et al, 2000; Joshi et al, 1998; Loritoet et

al, 1994) and new proteins/peptides (Chu et al, 2005; Ng and Wang, 2000; Xia and Ng,

2005). A 42 kDa chitin-binding proline-rich protein (PRP) from French bean has been

characterized through its involvement in plant-pathogen interactions (Bindschedlera et

al, 2006). An antifungal protein was purified from Alocasia esculenta rhizomes showing

activity toward Botrytis cinerea and resembles pisavin, the miraculin-like anti-fungal

protein from sugar snap in N-terminal sequence (Wang and Ng, 2003). Ginkbilobin, a

novel antifungal protein from Ginkgo biloba seeds was isolated with sequence similarity

to embryo-abundant protein (Wang and Ng, 2000). An antibacterial and antifungal

protein was also isolated from Indigofera oblongifolia leaves (Dahot, 1999) with activity

toward Escherichia coli, Klebsiella aerogenes, K. pneumoniae, Staphylococcus aureus,

Bacillus subtilis, Aspergillus fumigatus, A. niger and A.flayus. A 21 kDa thaumatin-like

protein has been isolated from green kiwi fruits, and exhibits HIV-1 reverse transcriptase

inhibitory activity and antifungal activity against a number of fungi (Lixin and Ng, 2004).

There are several excellent review articles discussing various aspects of AMP (Ghosh and

Maiti, 2007; Wasser, 2002; Winder et al, 1998; Wong and Ng, 2005).

"* The immune system plays an important role in the protection of the body from

disease. It protects against not only those diseases which result from an attack by

bacteria, virus, and other pathogens, but also cancer, as well as disease states which result

from immune imbalance; opportunistic infections, or autoimmune disorders. Modulation

of the immune system through pharmaceutically induced stimulation or suppression

\ offers an important approach to the control of diseases. Therefore, search for the novel

immunomodulatory agents have been one of the important area of biomedical research. A



number of naturally occurring proteins from plants with in vitro and/or in vivo

immunomodulatory activities have been reported from various plants (Pugh et al, 2001; v

Wasser, 2002; Hsu et al, 2004; Ou et al, 2005; Liu et al, 2007; Hsu et al, 1997;

Vivanco 1997). Some of the known immunomodulatory proteins are 13 kDa LZ-8

protein from Ganoderma lucidum, 15 kDa Fip-vvo protein from Volvariella volvacea,

31.5 kDa and 205 kDa lectins from Agrocybe cylindracea, and Cteropharyngodon

idellus, 13.8 kDa napin-like polypeptide from Chinese cabbage seed, arabinogalactan

(AG) from Nerium oleander and arabinogalactan-proteins (AGPs) from Echinacea

purpure.

In recent few years, there has been sudden increase in bacterial and fungal

infections caused by opportunistic and drug resistant pathogens particularly in immuno

compromised host and patients who has gone for transplant surgery. A therapeutic

molecule with inherent properties of both antimicrobial as well as immunomodulatory

activity will be more effective in controlling and treating the antimicrobial infections in

general and in immunocompromised hosts in particular. As such novel molecules will

have dual action, first by killing the pathogen and second by boosting the immunesystem

of the host, but finding such molecules is difficult task. However, the observations that

several antimicrobial proteins/peptides besides their antimicrobial action also found to

have immunomodulatory effects provide strong basis that such proteins do exist in

nature. Keeping this fact in mind, an attempt has been made in the present study to search

for such a novel proteins from Nerium odorum a well known medicinal plant.

Nerium odorum Syn. N. indicum (Mill) common name oleander is a widely <

distributed evergreen plant belonging to the family of Apocynaceae. It is a large, erect,
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stout shrub with milky juice, linear lanceolate, thickly coriaceous, acuminate leaves, with

faintly sweet-scented white or red colored flowers. N odorum is well known for its

medicinal uses in immune deficient diseases including cancer and AIDS. Whole plant is

said to have anticancer properties (Manna et al, 2000). An immunologically active acidic

pectic polysaccharide has been isolated and characterized from the leaves (Mueller et al,

1991). Oleandrin, a polyphenols cardiac glycoside from leaves possess anti

inflammatory and tumor cell growth-inhibitory effects (Stenkvist, 1999). The fresh juice

of leaves is dropped into the eyes for inducing lachrymation in ophthalmia (Hussain, and

Gorsi, 2004). A decoction of the leaves has been applied externally in the treatment of

scabies (Kirtikar et al, 1975). Paste of the root is used as an external application in

hemorrhoids, and ulcerations (Chopra et al, 1956). The root of this plant is a good tonic

for chronic pain in the abdomen and joints and used as an antidote to snake-venom

(Hussain and Gorsi, 2004). Oil extracted from the root bark is used in leprosy and other

diseases of a scaly nature. However, there is no report on the study of therapeutic proteins

from this plant. The present work was emphasized to search a protein with potential

antimicrobial and immunomodulatory activity from TV. odorum. This study was

^ undertaken with the following objectives:

1. Isolation and purification of antimicrobial protein from the leaves of TV. odorum.

2. Characterization of purified protein by different biochemical methods (SDS

PAGE and HPLC) and biophysical methods (N-terminal sequencing, and mass

spectrometric technique).

S, 3. Evaluation of antimicrobial potential of purified protein using standard methods

(disk diffusion and broth dilution assays, SEM and TEM).



4. Evaluation of immunomodulatory activity of purified protein in in vitro and in

vivo system. v-

5. Evaluation of cytotoxicity of purified protein.
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2.1. Brief overview

The medicinal value of plants has been known since ancient times. People on all

continents have used poultices and imbibed infusion from thousands of indigenous plants

for various aliments (Lee, 2005; Akinpelu and Onakoya, 2006; Heinrich, 2003). Indian

Ayurvedic medicine, Unani and Chinese system of medicines have well documentations

of a large number medicinal plants and there possible uses (Fabricant and Farnsworth,

2001; Guleria and Kumar, 2006; Janovska, 2003). Thus, the plants are the oldest source

of pharmacologically active compounds, and have provided humankind with many

medicinal useful compounds for centuries (Cordell, 1981). However, in spite of rich

diversified antimicrobials and other therapeutics constituents, since the advent of

antibiotics in the 1950s, the use of plant derivatives as antimicrobials has been virtually

ignored, as the emphasis was given to the search and development of microbial origin

drugs. Diversified group of bacteria and fungi from various sources were collected from

all over the world and screened for new antibiotics which lead to an impressive arsenal of

antimicrobial agents such as the cephalosporins, tetracyclines, aminoglycosides,

rifamycins, and chloramphenicol by the early 1970s. It was believed that virtually any

bacterial infection could be treated by the use of these antibiotics. However, the euphoria

over the potential conquest of infectious diseases was proven wrong in short time due to

following main factors:

1. Prolong and indiscriminate use of these microbial antibiotics gave rise to various

drug resistant and more recently multi drug resistant strains worldwide. Hospitals

have become breeding grounds for human associated micro organisms (Mainous

and Pomeroy, 2001).



2. The alarming increase in the incidence of bacterial and fungal diseases, due to

diseases caused by these drug resistant strains andalso by opportunistic pathogens

in immunocopromised host, patients with organtransplants and AIDS patients.

3. Nonetheless, the same time-bomb effect is also found to be developing with plant

and animal associated pathogens in commercially driven activities, such as

aquaculture and confined poultry breeding, where the indiscriminate use of

antibiotics is perceived as essential for industries survival.

4. In addition, these side effects are associatedwith these commonlyused antibiotics.

The control and treatment of infectious diseases caused by these resistant strains

has presently become one of the major health problems globally. Consequently, there is

an urgent need to search for safer alternatives to synthetic antibiotics. Once again the

attention has been drawn towards plants, due to its century's old established therapeutic

potentials and thought to be relatively safer. A wide variety of active phytochemicals

with different biological activity have been reported from plants but the present

discussion focuses mainly around the antimicrobial agent.

2.2. Major groups of antimicrobial compounds from plants

Plants have an almost limitless ability to synthesize wide variety of

phytochemicals. These phytochemical are divided into different categories according to

their mechanism of function like chemotherapeutic, bacteriostatic, bactericidal and

antimicrobial (Cowan, 1999). In many cases, these substances serve as plant defense

mechanisms against predation by microorganisms, insects and herbivores. Some, such as

terpenoids, give plants their odors; others (quinones and tannins) are responsible for plant
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pigmentation. Many compounds are responsible for plant flavour (e.g., the terpenoid

capsaicin from chili peppers), and some of the herbs and spices used by humans to season

food yield useful medicinal compounds. Useful antimicrobial phytochemicals can be

divided into several categories, summarized in Table 1. A brief description of various

antimicrobial compounds are given below, however, the antimicrobial proteins/peptides

have been discussed separately in great details as the focus of the present study is on

plant derived antimicrobial proteins.

2.2.1. Phenolics and Polyphenols

2.2.1.1. Simple phenols and phenolic acids

A number of phenol and phenolic acids are thought to be toxic to microorganism.

Caffeic acid from terragon and thyme is effective against virus (Wild, 1994), bacteria

(Thomson, 1978), and fungi (Duke, 1985). Catechol and pyrogallol both are hydroxylated

phenols and are toxic to microorganisms. Eugenol is a phenolic compound from clove oil

is having antimicrobial activity (Thomson, 1978; Duke, 1985).

2.2.1.2. Quinones

Quinones are ubiquitous in nature and are highly reactive compounds containing

aromatic rings with two ketone substitutions. Anthraquinone isolated from Cassia italica,

and shows antimicrobial activity against Pseudomonas pseudomalliae, P. aeruginosa,

and Corynebacteriumpseudodiphthericum,Bacillus anthracis. (Kazmi et al, 1994).

i
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Table 1. Major classes of antimicrobial compounds from plants (Cowan, 1')99)

VClass Subclass Example(s) Mechanism References

Phenolics Simple Catechol Substrate deprivation Wild, 1994
phenols Epicatechin Membrane disruption
Phenolic Cinnamic acid - Duke, 1985
acids

Quinones Hypericin Bind to adhesins, complex
with cell wall, inactivate
enzymes

Kazmi et

al, 1994

Flavonoids Chrysin Bind to adhesions Hunter, and
Hull, 1993

Flavones

Abyssinone

Complex with cell wall

Inactivate enzymes
Inhibit HIV reverse

transcriptase

Batista et

al, 1994

+

Flavonols Totarol Fessenden,
and

Fessenden,
1982

Tannins Ellagitannin Bind to proteins
Bind to adhesins Enzyme
inhibition Substrate

deprivation
Complex with cell wall
Membrane disruption
Metal ion complexation

Scalbert,
1991

-V

Coumarins Warfarin Interaction with eucaryotic
DNA (antiviral activity)

O'Kennedy
and

Thornes,
1997

Terpenoids, Capsaicin Membrane disruption Cowan,
essential oils 1999

Alkaloids Berberine Intercalate into cell wall Omulokoli X
Piperine and/or DNA etal, 1997

Peptides and Fabatin Form disulfide bridges Block Zhang and
lectins Mannose-

specific
agglutinin

viral fusion or adsorption Lewis,
1997;
Meyer et
al, 1997

2.2.1.3. Flavones, flavonoids and flavonols

Flavones are phenolic structures containing one carbonyl group. The addition of a <

3-hydroxyl group yields a flavonol (Fessenden and Fessenden, 1982). Phloretin, an

isoflavone isolated from apples, has antimicrobial activity against a variety of

10



microorganisms (Hunter and Hull, 1993). Galangin (3,5,7-trihydroxyflavone) was

isolated from Helichrysum aureonitens, shows antimicrobial activity against a wide range

of gram-positive bacteria as well as fungi and viruses, in particular HSV-1 and coxsackie

B virus type 1 (Afolayan, and Meyer, 1997). Catechins is the most reduced form of the

C3 unit in flavanoid compounds and showed in vitro antimicrobial activity against

Streptococcus mutans (Batista et al, 1994), Vibrio cholerae (Bonis, 1996), Shigella

(Sakanaka et al, 1989; Sakanaka et al, 1992), and other bacteria and microorganisms.

2.2.1.4. Tannins

Tannins are polymeric phenolic substances and are divided into two groups,

hydrolyzable and condensed tannins. Alternatively, tannins may be formed by

polymerization of quinone units (Geissman, 1963). In 1991, Scalbert (Scalbert, 1991)

reviewed 33 studies on antimicrobial properties of tannins, according to these studies,

tannins can be toxic to filamentous fungi, yeasts, and bacteria. Condensed tannins bind to

the cell walls of ruminal bacteria thereby preventing the growth and protease activity of

microorganism (Jones et al, 1994). Tannins are considered to be responsible for the

antibiotic activity of methanolic extracts of the bark of Terminalia alata (Taylor et al,

+ 1996).

2.2.1.5 Coumarins

Coumarins are phenolic substances made up of fused benzene and a-pyrone rings

(O'Kennedy and Thornes, 1997). Coumarin has been used to prevent recurrences of cold

sores caused by HSV-1 in humans (Berkada, 1978). Hydroxycinnamic acids are member

\ of coumarins and seem to be inhibitory to gram positive bacteria (Fernandez et al, 1996).

i
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Phytoalexins, which are hydroxylated derivatives of coumarins, isolated from canots,

showed antifungal activity (Hoult and Paya, 1996). \

2.2.2. Terpenoids and Essential Oils

The fragrance of plants is due to essential oil fraction. These oils are secondary

metabolites that are highly enriched compounds based on an isoprene structure. They are

called terpenes, their general chemical structure is C10H16, and they occur as diterpenes,

triterpenes, and tetraterpenes (C20, C30, and C40), as well as hemiterpenes (C5) and

sesquiterpenes (C15) (Cowan, 1999). When the compounds contain additional elements,

usually oxygen, they are termed as terpenoids.

Terpenenes or terpenoids are active against bacteria (Amaral et al, 1998; Barre et

al, 1997; Kubo et al, 1992; Mendoza et al, 1997), fungi (Rana et al, 1197; Suresh et

al, 1997), viruses (Fujioka and Kashiwada, 1994; Sun et al, 1996; Xu et al, 1996), and

protozoa (Ghoshal, 1996). The triterpenoid betulinic acid shows inhibitory activity

against HIV. The mechanism of action of terpenes is not fully understood but is

speculated to involve membrane disruption by the lipophilic compounds. Food scientists

have found the terpenoids present in essential oils of plants to be useful in the control of

Listeria monocytogenes (Aureli et al, 1992).

2.2.3. Alkaloids

Heterocyclic nitrogen compounds are called alkaloids. The first medically useful

alkaloid, morphine was isolated in 1805 from the opium poppy Papaver somniferum.

Diterpenoid alkaloids, commonly isolated from the plants of the Ranunculaceae, are

commonly found to have antimicrobial properties (Omulokoli et al, 1997). Solamargine,

a glycoalkaloid from the berries of Solanum khasianum, and other alkaloids may be

t
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useful against HIV infection (McDevitt et al, 1996) as well as intestinal infections

associated with AIDS. Berberine is an alkaloid, inhibits trypanosomes and plasmodia

(Freiburghaus, et al, 1996).

-+
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2.3. Antimicrobial peptides and proteins

Plants and their products have been used for centuries to prevent and cure

diseases. More than a quarter of all the medicines used in the world today contain

ingredients derived from plants (Luzhetskyy et al, 2007). There are two classes of

antimicrobial peptides are, non-ribosomally synthesized (Hancock and Chappie, 1999)

present in bacteria, lower eukaryotes and plants; and ribosomally synthesized peptides of

wider distribution (Broekaert et al, 1997; Zasloff, 2002). The knowledge acquired in the

past two decades and the discovery of new groups of antimicrobial peptides makes

natural antibiotics, the basic element of a novel generation of drugs for the treatment of

bacterial and fungal infections (Butler and Buss, 2006; Chin et al, 2006; Selitrennikoff,

2001). Because of their important role in protection against infections, the search for

antimicrobial peptides (AMP) and proteins have been one of the thrust areas of research

globally and large number of AMP have been isolated and characterized from diversified

sources (Dahanukar et al, 2000; Fernandez et al, 1996; Guerbette et al, 1999; Guo et

al, 1999; Koehn F.E. and Carter G.T. 2005; Ghebremichaela et al, 2005; Sharma et al,

2004; Vivanco et al, 1999; Silphaduang et al, 2006). Over the past 20 years, a wide

anay of antimicrobial proteins has been discovered throughout plant and animal

kingdoms, which provide insights into the innate defensive system and has attracted

increasing attention recently (Zasloff, 2002). It is well known that plants have no immune

13



system but can live in harmony with various microbial pathogens. They have evolved

highly effective defense mechanisms to prevent the invasion of microorganisms. The

wide spread of antimicrobial proteins, produced either in a constitutive or in an inducible

manner, are believed to be involved in these mechanisms (Broekaert et al, 1997; Xiang

et al, 2004; Fritig et al, 1998; Agrawal et al, 2000; Almeida et al, 2000). The diversity

of AMPs is so high that it is difficult to categorize them except broadly on the basis of

their secondary structure (Marshall and Arenas, 2003; Reddy et al, 2004) Basically,

AMPs can be classified in four major classes: B-sheet, a-helical, loop and extended

peptides (Brodgen, 2005). In addition to the natural peptides, thousands of synthetic

variants have been produced which also fall into these structural classes. A rich collection

of all known AMPs can be found in the Antimicrobial Peptide Database

(http://aps.unmc.edu/AP/main.php). The Antimicrobial Peptide Database offers an

interface to predict the antimicrobial activity of any submitted sequence, based on a

simple residue analysis and count method and some useful statistical information on

peptide. Extensive studies have been performed revealing their structure and mode of

action which has been described in detail in several recent reviews (Marshall and Arenas,

2003; Reddy et al, 2004; Brodgen, 2005). Based on its amino acid composition,

structural features and mode of action, antimicrobial proteins are classified in different

groups. The best known plant antimicrobial peptides and proteins are pathogenesis

related proteins (PR), hydroxyproline rich glycoproteins, cycophilin-like proteins,

ribosome-inactivating proteins, lipid transfer proteins, lectins and protease inhibitors.

These groups of protein are described below in bit more details. -4-
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2.3.1. Pathogenesis related protein (PR protein)

Plants when exposed to microbes such as fungi and viruses produce low

molecular weight antimicrobial compounds called phytoalexins, antimicrobial peptides,

and small proteins (e.g., heveinlike proteins, and knottin-like peptides (Segura et al,

1993), defensins (Broekaert et al, 1995), thionins (Bloch et al, 1998; Florach and

Stiekema, 1998)) and large antimicrobial proteins. These plant proteins, called

pathogenesis-related (PR) proteins are classified on the basis of serological and amino

acid sequence analysis, PR have been classically divided into five groups, PR-1, 2, 3, 4,

and 5 (Van Loon, 1985). Each of the five classical groups of PR proteins has two

subclasses: a basic subclass found in the plant cell vacuole and an acidic subclass usually

found in the extracellular space (Kitajima and Sato, 1999). Each group has members with

antimicrobial activity, and cognates of most groups have been found in a diversity of

other organisms.

2.3.1.1. PR-1 proteins

PR-1 proteins are produced after pathogen infection and are antifungal both in

plants (transgenic plants overexpressing tobacco PR-1) and in vitro (Niderman et al,

-^ 1995). PR-1 proteins have been found in rice, wheat, maize, tobacco, Arabidopsis

thaliana barley, and many other plants. PR-1 proteins have antifungal activity at the

micromolar level against a number of plant pathogenic fungi, including Uromyces fabae,

Phytophthora infestans, and Erysiphe graminis (Niderman et al, 1995). PR-1 proteins

have molecular masses of 15 to 17 kDa and have homology to the superfamily of

•V cysteine-rich proteins. Precise mechanism of antifungal activity is not understood for

plant PR-1 proteins.

15



2.3.1..2. PR-2 proteins (P -glucanases)

PR-2 proteins have P-endoglucanase in vitro activity and on the basis of amino

acid sequence PR-2 have been categorized into three classes (Beffa and Meins, 1996;

Leah, 1991; Nielsen, 1997). Class I glucanases are basic proteins of 33 kDa and are found

in the plant vacuole, while Classes II and III are acidic, extracellular proteins of 36 kDa.

PR-2 proteins have been found in a wide variety of plants, including tobacco,

Arabidopsis thaliana, peas, grains, and fruits (Kim and Hwang, 1997; Rezzonico et al,

1998). The PR-2 proteins are active against number of fungi at micromolar levels (-50

ug/ml), including human and plant pathogens (e.g., Rhizoctonia solani, Candida,

albicans, and. Aspergillusfumigatus). PR-2 proteins by hydrolyzing the structural (1-3) P-

glucan present in the fungal cell wall, particularly at the hyphal apex of filamentous

molds where glucan is most exposed, resulting in cell lysis and cell death.

2.3.1.3. PR-3 proteins (chitinases)

PR-3 proteins have chitinase activity in vitro. Most of the PR-3 proteins have

molecular mass of between 26 and 43 kDa (Nielsen, 1997; Watanabe et al, 1999).

Chitinases (both from plant and other sources) have been divided into five groups, class I

chitinases contain an N-terminal cysteine-rich domain of 40 amino acids, a chitin-binding

hevein-like domain, a highly conserved central portion, and a hinge region; most class I

proteins have molecular mass of 32 kDa. Class II proteins are similar in amino acid

sequence to class I proteins, but they lack the N-terminal cysteine-rich domain and have

molecular mass of 27 to 28 kDa. Class III proteins do not share amino acid sequence

homology to anyother class and have molecular mass of 28 to 30 kDa. Class IVproteins ~^

resemble class I chitinases but are significantly smaller due to four major deletions. Class

16
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V chitinases show sequence similarities to bacterial exo-chitinases and have molecular

mass of 41 to 43 kDa. Chitinases have been isolated from fungi (Kang et al, 1999),

grains (Huynh et al, 1992) cucumber, beans (Ye et al, 2000), tobacco (Melchers et al,

1994), peas, and many others (Lee et al, 1999) and bacteria (Chernin et al, 1997) which

have potent antifungal activity against a wide variety of human and plant pathogens,

including Trichoderma reesei, Botrytis cinerea, Alternaria solani, A. radicina, Fusarium

oxysporum, Rhizopus solani, Guignardia bidwellii, and Coprinus comatus. By analogy

with p-glucanases, the mode of action of PR-3 proteins is relatively straightforward, PR-3

proteins are endochitinases that cleave cell wall chitin polymers in situ, resulting in a

weakened cell wall and lysed fungal cells osmotically.

2.3.1.4. PR-4 (chitin-binding) proteins

PR-4 proteins are chitin-binding proteins, have molecular mass of 13-14.5 kDa,

and have been categorized into two groups (Van Loon, 1985). Class I proteins have

amino acid sequence similarities to hevein (a chitin binding polypeptide) and belong to

the superfamily of chitin binding lectins, but class II proteins lack the chitin binding

domain. PR-4 proteins have been isolated from potato, tobacco, barley, tomato and many

+ other plants (Van Damme et al, 1999; Ponstein et al, 1994). Both classes of PR-4

proteins have potent antifungal activity against a wide variety of human and plant

pathogens (e.g., Fusarium culmorum, Trichoderma harzianum, Bacillus cinerea and F.

graminearum). The mechanism of action of PR-4 proteins is not understood.

2.3.1.5. PR-5 (TL) proteins

-V PR-5 proteins share significant amino acid homology to thaumatin protein from

the South African ketemfe beny bush and are known as thaumatin like (TL) proteins. TL

17



proteins have been isolated from tobacco (Koiwa et al, 1997), A. thaliana (Hu and

Reddy, 1997), corn (Huynh et al, 1992), flax (Borgmeyer et al, 1992), soybeans, rice,

wheat, tomato (Singh et al, 1987), pumpkin (Cheong et al, 1997), beans (Ye et al,

1999), barley (Hejgaard et al, 1991) and many other plants. Most of PR-5 proteins have

molecular masses of 22 kDa and are stabilized by eight disulfide bonds. This highly

stabilized structure allows PR-5 proteins to be very resistant to protease degradation

(Roberts and Selitrennikoff, 1990), although the precise mechanism of action of PR-5

proteins is not completely understood.

2.3.2. Defensins

Defensins are a diverse group of low-molecular mass cysteine rich proteins found

in plants (Broekaert et al, 1995), fungi (Ng, 2004), mammals, and insects (Lamberty et

al, 1999). Plant defensins are cysteine rich proteins ranging from 45 to 54 amino acids,

are positively charged, and in most cases, it contain four disulfide bonds (Almeida et al,

2000; Liu et al, 2000). Defensins are categorized into four groups. Group I defensins

cause morphological changes in microbes and are known as morphogenic defensins,

group II proteins inhibit fungal/bacterial growth but do not cause morphological changes,

group III are inactive against test fungi but inhibit a-amylases in vitro, and group IV are

unique in terms of antimicrobial specificity and structure. Defensins are broadly active,

inhibiting a large number of human and plant pathogens, including F. solani, B. cinerea,

F. culmorum, F. oxysporum, Alternaria brassicola, and C. albicans at micromolar levels.

18
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Table 2. Major classes of antimicrobial proteins from plants

Antimicrobial Molecular Mechanism of Source Example References
>^

proteins weight action

Pathogenesis- 6 - 43 kDa Permeability Vitis vinifera, Thaumatin Koiwa et al.,
related protein changes in Nicotiana tobacum, like protein, 1997; Hu
(PR) fungal cell wall, Arabidopsis thaliana chitinases,

P-lucanases,
cysteine-rich
proteins

and Reddy,
1997; Chu
andNg,
2003;
Bindschedle

ra et al.,
2006

~r Ribosomal 11 - 60 kDa Inactivate Mirabilis expansa, - Vivanco et

inactivating ribosomes, Pisum sativum, al., 1999;
proteins (RIPs) RNA damage Momordica

charantia

Lam et al,
1998

Protease 4.5 -55 kDa Membrane Eleusine coracana, Serine Joshi et al,
inhibitors channel and pore Triticum aestivum, proteases 2000; Park

formation Hordeumvulgare cysteine
proteases

et al, 2000

Cyclophilin- 5-18 kDa Not known Phaseolus mungo mungin Ye and Ng,
like protein 2000; Lee et

al, 2007
Glycine/ 8 kDa Not known Holotrichia Holotrichin, Lee et al.,

i~ histidine-rich diomphalia, 1995; Lee et
proteins Sarcophaga al, 1999

peregrina,
Tenebrio molitor

Defensins 3-5 kDa Morphological
changes

Raphanus sattvas,
Arabidopsis
thaliana,
Brassica napus

thionin Wong and
Ng, 2005;
Liu et al,
2000; van
Dijk et al,
2007

Lipid transfer 8.7 kDa Penetrate into the Beta vulgaris, - Guerbette et

proteins cell, Spinacia oleracea, al., 1999

\
(LTPs) membrane, Lycopersicon

-f forms a pore
and allowing
efflux of

intracellular ions

esculentum

Killer proteins 10.7-156.5 Disrupt cell wall Saccharomyces - Hiraga et
kDa synthesis,

DNA synthesis,
P-glucan
synthesis, arrest
the cell cycle

cerevisiae,

Ustilago maydis,
Hanseniaspora
uvarum

al, 1999;
Komiyama
etal, 1998

Other proteins 6 - 65 kDa Not known Trichoderma viride,
Solanum tuberosum,

Viridin,
Snakin-1

Hao et al,
2000;

* Engelmannia
pinnatifida

Vicilin Segura et
al, 1999;
Ribeiro et

al, 2007
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2.3.3. Cyclophilin-like protein

Cyclophilins are a highly conserved group of proteins that are the intracellular

receptors for cyclosporine. They have been found in a wide variety of organisms,

including bacteria, plants, animals, and fungi (Ostoa-Saloma et al, 2000; Lee et al,

2007). A 18 kDa with antimicrobial activity has been isolated from mung bean

(Phaseolus mungd) and showed activity against R. solani, F. oxysporum, B. cinerea and

Coprinus comatus (Ye and Ng, 2000). This protein called mungin, showed significant

homology to cyclophilins and inhibit P-glucosidases in vitro. However, the antifungal

mechanism of action of mungin is not known.

2.3.4. Glycine/histidine-rich proteins

Insects synthesize a number of glycine/histidine-rich antimicrobial proteins and

polypeptides, including Sarcophaga peregrina (Iijima et al, 1993), Holotrichia

diomphalia larvae (Lee et al, 1995) and Tenebrio molitor (Lee et al, 1999). These

proteins have been reported to inhibit the most common human pathogen like C.

albicans. The mechanism of action of these proteins is not understood.

2.3.5. Ribosome Inactivating Protein (RIPs).

Ribosomal inactivating proteins are RNA N-glycosidases that function to

depurinate rRNA results in the arrest of protein synthesis due to ribosome damage

(Barbieri et al, 1993; Hwu et al, 2000). Plant RIPs inhibit mammalian, bacterial, fungal,

and plant protein synthesis in vitro and in vivo (Iglesias et al, 1993). RIPs have been

categorized into three classes. Type 1 RIPs are single-chain iV-glycosidases with

molecular mass of 11 to 30 kDa. Type 2 RIPs contain two chains, a cell-binding lectin (B ^

chain) and an JV-glycosidase (A chain), with molecular masses of 60 kDa (Zhang et al,
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1999). Type 2 RIPs include toxic members such as ricin and nontoxic members such as

ebulin 1 (Girbes et al, 1993) and nigrin b. Type 3 RIPs consist of four chains organized

as two dimers of type 2 RIPs. RIPs have been isolated from a number of plants like

(Momordica charantia (Leung et al, 1997), Mirabilis expansa (Vivanco et al, 1999),

Pisum sativum (Lam et al, 1998), Ricinus communis (Arias et al, 1994), Viscum album,

and many others) as well as from fungi, e.g., Aspergillus giganteus (a-sarcin (Krietensen

etal, 1999))

2.3.6. Lipid transfer proteins (LTPs)

Lipid transfer proteins have the ability to transfer phospholipids between

membranes. LTPs are small proteins (8.7 to 10 kDa) stabilized by four disulfide bonds

with a central tunnel-like hydrophobic cavity. They have been isolated from a number of

sources, including mammals, plants, fungi and bacteria (Nielsen et al, 1996; Tassin et

al, 1998). This may also play several in vivo roles, such as lipid exchange between

cytoplasmic organelles and importantly defense against pathogens (Guerbette et al,

1999). A 10 kDa LTP has been isolated from onion seed and showed antimicrobial

activity against different bacterial and fungal strains. LTPs are active in in vitro against a

number of bacteria and fungi, however, the mechanism of action is still unknown. It may

be that these proteins insert themselves into the cell membrane and the central

hydrophobic cavity forms a pore which allows efflux of intracellular ions and finally

leading to cell death. How this is related to their lipid transfer function is unclear.

2.3.7. Killer proteins (killer toxins)

\ A number of yeasts secrete proteins that are lethal to bacterial and fungal cells.

These proteins, called killer proteins or killer toxins, are encoded either by double-

21



stranded RNA, linear double-stranded plasmid DNA, or nuclear genes (Ahmed et al,

1999; Clausen et al, 1999; Izgu et al, 1999). More than 20 killer toxins have been

identified, varying in molecular mass from 10.7 to 156.5 kDa. The killer toxins have

broad and potent antimicrobial activity against a number of human and plant pathogens

(Hiraga et al, 1999; Komiyama et al, 1998), their MICs vary from 20 ug/ml to far less.

Although they have varied mechanisms of action, the first step of killer protein activity

involves binding of the protein to specific cell surface receptors. Once bound, killer

proteins are internalized and can disrupt cell wall synthesis, DNA synthesis, and Kl

channel activity, inhibit (1-3) P-glucan synthesis, or arrest the cell cycle (Ahmed et al,

1999). Any one of these effects leads to inhibition of growth and to cell death.

2.3.8. Protease inhibitors

Serine (e.g., trypsin and chymotrypsin) and cysteine proteases and have emerged

as a class of antimicrobial proteins that have potent activity against number of human and

plant pathogens. Cysteineprotease inhibitors have been isolated from a number of plants

and form a group of cystatins called phytocystatins (Joshi et al, 2000; Kouzuma et al,

2000; Park et al, 2000). These proteins are bifunctional as they inhibit enzymes as well

as inhibiting cell growth. Blanco-Labra (1980) identified a bifunctional a-amlyase/trypsin

inhibitor from corn (Blanco-Labra et al, 1980). The mechanism of antimicrobial activity

of these proteins is not fully understood.

2.3.9. Other proteins

There are number of new proteins that have antimicrobial activity but do not neatly fall

into any of the above classes are being discovered at a rapid pace. Only a few can be ^

mentioned here. Vicilins, 7S globulin protein with antimicrobial activity has been
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isolated from different legume seeds. The mechanism of its action is based on the ability

to bind to the cell wall and the plasma membrane of fungi (Ribeiro et al, 2007). Viridin,

a novel protein isolated from the culture medium of Trichoderma viride, has a molecular

mass of 65 kDa and is active at 6 mM against number of fungi (Hao et al, 1999; Hao et

al, 2000). Snakin-1 has been isolated from potato, has a molecular mass of 6.9 kDa and

is active at 10 mM (Segura et al, 1999). A 30-kDa protein with very potent antimicrobial

activity (50 ng/disk in an agar diffusion assay) was isolated from Engelmann's daisy

{Engelmanniapinnatifida). The mechanism of action of none of these proteins is known.

2.4 Mode of action

Although the exact mechanism of action of AMPs remains a matter of

controversy, there is consensus that these peptides selectively disrupt the cell membrane.

The molecular mechanism of membrane permeation and disruption of AMPs depends on

a number of parameters such as the amino acid sequence, membrane lipids and peptide

concentration. These studies have indicated that all AMPs interact with membranes and

tend to divide peptides into two mechanistic classes: 1) membrane disruptive and 2) non-

membrane disruptive (intracellular targets) (Brodgen, 2005). Various models of mode of

killing by antimicrobial proteins and peptides are shown in Table 3 and figure 1.
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Table 3. Membrane and intracellular models of antimicrobial peptide killing and lysis
(Brodgen, 2005)

Mode of Antimicrobial activity Synonym Examples of peptides
Transmembraneporeforming mechanisms
Toroidal pore Wormhole disk Magainin 2, proteogrin-1,

Melititin, LL-37 and MSI-78
Carpet Dermasceptin S, cercopin,

melititin, Caerin 1.1 and
ovisprin

Barel stave Helical-bundle model Alamethicin

Mode ofIntracellular killing
Rocculation of intracellular contents Anionic peptide
Alter cytoplasmic membrane septum PR-39, PR-26, Indolicidin and
formation microcin 25

Inhibit cell-wall synthesis Mersacidin
Binds nuclec acids Buforin II and tachyplesin
Inhibit nucleic acid synthesis Pleurocidin, dermasceptin, PR-

39, HNP-1,-2 and indolicidin
Inhibit enzymatic activity Histatins, pyrrhocoricin,

drosocin, and apidaecin

Antimicrobial peptides must first be attracted to bacterial/fungal cell surfaces, and

one obvious mechanism of action is electrostatic bonding between anionic or cationic

peptides and structures on the bacterial surface were formed. Once close to the microbial

surface, peptides must traverse capsular polysaccharides before they can interact with the

outer membrane, which contains LPS in Gram-negative bacteria and, teichoic acids and

lipoteichoic acids in Gram-positive bacteria. The initial association between the cationic —w

peptide and anionic lipopolysaccharide, a major Gram-negative bacterial component is

stabilized by interactions between divalent cations such as Mg2+ and Ca2+ (Brodgen,

2005). Removal of these ions or their displacement by cationic AMPs facilitates the

formation of destabilized areas through which the peptide translocates the outer

membrane in a process termed self-promoted uptake. Once peptides have gained access i

to the cytoplasmic membrane they can interact with lipid bilayers. In vitro studies of

antimicrobial peptides incubated with single or mixed lipids in membranes or vesicles
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show that peptides bind in two physically distinct states (Otvos et al, 2005). At low

peptide/ lipid ratios, a-helical peptides, P-sheet peptides and 0-defensins adsorb and

embed into the lipid head group region in a functionally inactive state (surface or S state)

that stretches the membrane (Reddy et al, 2004). The extent of membrane thinning is

specific to the peptide and directly proportional to the peptide concentration. At high

peptide/lipid ratios, peptide molecules are orientated perpendicularly and insert into the

bilayer, forming transmembrane pores (I state). The peptide/lipid ratio varies with both

the peptide and target lipid composition (Brodgen, 2005).

Attar* cytoplasmic membra**
(inhibit* *#pturn fwmatk>n>:
FFW0, PR-26, irtdfokidn,
microci»»23

Inhibit* call-waM
•MtthMis:
Mer&addn

u. J ActiviHon of mAcAymm
iV-ac«tylnfWMarr«^l-L-dann«
arridsw

Bind* to DNA;

Buforin H, tadhypleain
Inhibits DMA. RNA and
protein *yrtth**i»,-
H«UfOCi*ft, dtoiMMpHni,!
FR3AHHM.HNM,
indjlcidn

Inhibit* enzymatic activity:
Htetairt*, pyirhoccricin,
<±o*«if» ond apicteec«nt

Figure 1. Mode of action for intracellular antimicrobial peptide activity. In this figure
Escherichia coli is shown as the target microorganism. (Brodgen, 2005)
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2.4.1 Membrane disruptive mechanisms

A number of models for antimicrobial peptide membrane permeabilization and

subsequent disruption have been proposed (barrel stave, toroidal, carpet and micellar

aggregate models) however, there is no universal consensus among investigators in this

regard.

2.4.1.1. Barrel stave model

The barrel stave mechanism is proposed for a selected group of peptides. This

model involves the perpendicular insertion and aggregation of a relatively small number

of individual peptides (or peptide complexes) also referred as staves in a barrel-like ring

inside the membrane leading to a transmembrane pore or channel with a cylindrical

structure. The transmembrane pore formation involves the following steps; binding of

peptide monomers to the membrane in a helical fashion followed by insertion of the

helices into the hydrophobic core of the membrane (He et al., 1995). Progressive

recruitment of additional monomers increases the pore size leading to leakage of cell

contents and thereby death of the cell. Pore formation accompanies the reorientation of

the helix from the parallel state to the perpendicular membrane spanning state.

Alamethicin, a member of the peptabiol family, behaves in a similar manner (Yang et al,

2001). This peptide forms an open pore consisting of 3-11 helical rods arranged around a

water filled pore that forms transmembrane helical bundles or barrel staves.

2.4.1.2. Carpet Model

This model was proposed for the first time to describe the mode of action of

dermaseptin (Dagan et al, 2002) and has also reported in cecropin PI (Gazit et al, 1995) -r-

and ovispirin (Yamaguchi, 2001). In the 'carpet model', peptides accumulate on the
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bilayer surface (Wildman et al, 2003). This model explains the activity of antimicrobial

peptides such as ovispirin that orientate parallel ('in-plane') to the membrane surface.

Peptides are electrostatically attracted to the anionic phospholipid head groups at

numerous sites covering the surface of the membrane in a carpet-like manner. At high

peptide concentrations, surface-oriented peptides are thought to disrupt the bilayer in a

detergent-like manner, eventually leading to the formation of micelles (Ladokhin and

White, 2001). At a critical threshold concentration, the peptides form toroidal transient

holes in the membrane, allowing additional peptides to access the membrane. Finally, the

membrane disintegrates and forms micelles after disruption of the bilayer curvature

(Bechinger, 1999).

2.4.1.3. Toroidal pore model

••a

More recent studies often support the toroidal pore model (Brodgen, 2005). This

model is an extension of the transmembrane helical bundle in which the pores are lined

with peptides and lipids. In this model, antimicrobial peptide helices insert into the

membrane and induce the lipid monolayers to bend continuously through the pore so that

the water core is lined by both the inserted peptides and the lipid head groups (Matsuzaki

-T- et al, 1996). This type of transmembrane pore is induced by magainins, protegrins and

melittin (Matsuzaki et al, 1996). In forming a toroidal pore, the polar faces of the

peptides are associated with the polar head groups of the lipids. The lipids in these

openings tilt from the lamellar and connect the two leaflets of the membrane, forming a

continuous bend from the top to the bottom in the fashion of a toroidal hole. The pore is

v lined by both the peptides and the lipid head groups, which are likely to screen and mask

cationic peptide charges (Yang et al, 2001). The toroidal model differs from the barrel-
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stave model as the peptides are always associated with the lipid head groups even when

they are perpendicularly inserted in the lipid bilayer (Yang et al, 2001). The formation of

the toroidal pore and translocation of the peptide depend on a critical peptide-lipid ratio.

It has been suggested that ion channels, transmembrane pores and extensive

membrane rupture do not represent three completely different modes of action, but

instead are a continuous graduation between them (Dathe and Wieprecht, 1999). This

concept correlates with the observation that the formation of peptide induced

ultrastructural lesions behind the loss of cell viability (Lehrer et al, 1989).

2.4.2 Alternative mechanism of action (intracellular target)

Although the formation of ion channels, transmembrane pores and extensive

membrane rupture eventually leads to the lysis of microbial cells, there is increasing

speculation that these effects are not the only mechanisms of microbial killing. Peptides

must cross the cytoplasmic membrane and they have developed unique mechanisms to

translocate to the cytoplasm. Buforin II, which is a linear, a-helical peptide with a proline

hinge, does not permeabilize the cytoplasmic membrane but penetrates it and

accumulates in the cytoplasm. Arginine-rich peptide groups, such as arginine-rich TAT-

related peptides, NLS peptides, RNA-binding peptides, DNA-binding peptides and

polyarginine and arginine-rich antimicrobial peptides, all readily and efficiently

translocate across both cellular and nuclear membranes (Futaki et al, 2001). In

eukaryotic cells, the TAT peptide are internalized by endocytosis (Richard et al, 2003),

and TAT-fusion proteins are internalized by lipid-raft-dependent macro pinocytosis

(Wadia et al, 2004). Apidaecin, a short, proline-rich antibacterial peptide, is translocated +

by a permease/transporter-mediated mechanism (Casteels et al, 1993). Once in the
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cytoplasm, translocated peptides can alter the cytoplasmic membrane septum formation,

inhibit cell-wall synthesis, nucleic-acid synthesis, protein synthesis or enzymatic activity.

PR-39, which is a proline-arginine-rich neutrophil peptide, induces filamentation of

Salmonella typhimurium, and indolicidin was proposed to inhibit DNA synthesis leading

to filamentation in E. coli (Shi et al, 1996; Subbalakshmi and Sitaram, 1998). Cells

exposed to these peptides have an extremely elongated morphology, which indicates that

the peptide-treated cells are unable to undergo cell division. Some AMPs were found to

interfere with the metabolic processes of microbes; an example is the glycine-rich

attacins that have been shown to block the transcription of the omp gene in E. coli

(Carlson et al., 1991), whereas magainins and cecropins induce selective transcription of

its stress-related genes micF and osmY at non-bactericidal concentrations (Oh et al,

2000). Buforin II, a histone H2A-derived antimicrobial peptide originally isolated from

the Asian toad, inhibits the cellular functions of E. coli by binding to DNA and RNA

after penetrating the cell membranes (Park et al, 1999). Two bovine bacteriocins, Bac5

and Bac7, inhibit protein and RNA synthesis of E. coli and Klebsiella pneumoniae and

inhibit their respiration inducing a drop in ATP content (Skerlavag et al, 1990). Histatins

•^ bind to a receptor on the fungal cell membrane, enter the cytoplasm and induce the

nonlytic loss of ATP from actively respiring cells. Their action can also disrupt the cell

cycle and lead to the generation of reactive oxygen species. The class of short, proline-

rich antimicrobial peptides secreted by insects, such as pyrrhocoricin, apidaecin, and

drosocin, are thought to kill bacteria by entering cells and inhibiting the molecular

-Y" chaperone DnaK (Otvos et al, 1999). DnaK is a 70-kDa molecular chaperone that

functions co-translationally and post-translationally to promote protein folding and to
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inhibit the formation of toxic protein aggregates. The killing of bacteria and DnaK

binding are related events, as an inactive pyrrhocoricin analogue made of D-amino acids

failed to bind to DnaK. These inhibitors could represent an important new class of

antimicrobial agents, since they demonstrate to selectively bind to the prokaryotic but not

to the eukaryotic chaperone (Chesnokova et al, 2004). Alternative, mechanisms of action

may act independently or synergistically with membrane permeabilization. Nevertheless,

the interaction with the bacterial cell membrane appears to be the killing mechanism of

the vast majority of AMPs (Toke, 2005).

2.5 The basis of peptide activity and specificity

Although many relationships between peptide/protein structure and antibacterial

activity have been described (Boman, 1995; Tossi et al, 2000) but little is known about

the molecular basis of the marked differences in peptide/protein activity and specificity.

The susceptibility of AMPs to the bacterial and fungal membrane compared to

mammalian membrane is due to the membrane composition. Bacterial membranes are

negatively charged with lipids bearing phospholipid headgroups such as

phosphatidylglycerol, cardiolipin, or phosphatidylserine. On the contrary, mammalian

membranes are enriched in zwitterionic phospholipids (neutral in net charge) as

phosphatidylethanolamine, phosphatidylcholine, or sphingomyelin. Moreover, the

presence of cholesterol, a major constituent of mammalian cellular membranes, can

reduce the activity of AMPs stabilizing the lipid bilayer or by directly interacting and

neutralizing them. Composition likely provides an important determinant by which

AMPs selectively target microbial versus host membranes.
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The differences in the susceptibility of a single microorganism to a panel of

antimicrobial peptides indicates that the size, sequence, degree of structuring (for

example, helical content), charge, overall hydrophobicity, amphipathicity and respective

widths of the hydrophobic and hydrophilic faces of the helix are all important (Boman,

1995). Additional traits like y-loop sequence found in defensins, brazzein and scorpion

neurotoxin, charybdotoxin, are also important and found to correlate with antimicrobial

activity (Matsuzaki et al, 1995). Altering any of the above parameters, including the

hydrophobic moment and the angle subtended by charged residues can modify

antimicrobial and haemolytic activity of peptides (Dathe et al, 2002).

On the other hand, the differences in the susceptibility of a panel of

microorganisms to a single peptide indicate that the composition of the microbial surface

and cytoplasmic membrane is equally important (Powers and Hancock, 2003). A certain

amount of innate antimicrobial resistance is related to the structure and composition of

the LPS molecule in the outer membrane of Gram-negative bacteria and phospholipids in

the cytoplasmic membrane of both Gram-negative and Gram-positive bacteria.

Membrane lipid composition is important (Matsuzaki et al, 1995) and bacteria with

-T" cytoplasmic membranes that are enriched in acidic phospholipids are more susceptible to

antimicrobial peptides (Costerton et al, 1999). Finally, effective definitions of

antimicrobial peptide activity and specificity should take into consideration the

physiological conditions in vivo. This includes the concentrations of antimicrobial

peptides at the sites of infection, the role of synergistic substances that might be present

-y- in tissues and fluids (for example, the presence of lysozyme, other antimicrobial peptides

and proteins and the absence of divalent cations), the role of inhibiting substances that
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might be present (for example, physiological concentrations of salts and serous proteins)

and the unusual characteristics of bacteria replicating in vivo, particularly those in -w

biofilms (Matsuzaki et al, 1997)

2.6. Other biological activities of antimicrobial proteins/peptides

It has been known for quite some time that antibiotics may also exert other

biological effects other than direct antimicrobial ones. Beyond their antimicrobial

function, these peptides are known to be multi-functional. Modulation of the immune

system through pharmaceutically induced stimulation or suppression offers an important

approach to the control of diseases. Compounds which nonspecifically stimulate the

immune system are of potentially significant medicinal importance and have been the

objectof lengthyresearch efforts. In fact, it has been demonstrated that their multiple role

as mediators of inflammation with effects on epithelial and inflammatory cells, and their

roles over such diverse processes as proliferation, immune induction, wound healing,

cytokine release, chemotaxis, protease-antiprotease balance, and redox homeostasis

(Ganz, 2002; Cole et al, 2003; Com et al, 2003; Liu et al, 2003). There are few review

articles highlighting various biological activities of antimicrobial peptides (Marshall and

and Arenas, 2003; Brodgen, 2005; Butler, 2006; Reddy et al, 2004). Some of the other

activities of antimicrobial proteins /peptides are describe below.

2.6.1. Immunomodulatory Activity

In order to survive in a world laden with microorganisms, most multi-cellular

organisms ought to depend on a network of host defense mechanisms which in most

cases, involves several levels of interacting systems. In higher vertebrates such as

V

-V-
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mammals, there are two types of immunity: innate (or natural) and adaptive (or acquired).

Innate immune system is primitive type and wide spread in all organisms including

plants. In complex system such as humans, an invading microorganism can simply be

eliminated by this primary reaction, without requiring an activation of the adaptive

immunity, the next step in this complex cascade (Bals, 2000). If the invading microbe

outgrows the innate host defense, endogenous effector mechanisms of the innate system

are up-regulated and have direct antimicrobial activity and mediator functions to attract

inflammatory cells and cells of the adaptive immune system. In lower eukaryotes, mostly

invertebrates, the adaptive system is non existent, thus innate system control the

invasiveness of pathogens (Otvos, 2000).

Antimicrobial peptides, due to their membrane permeabilizing properties towards

a wide spectrum of microbes, are classified as effector molecules of innate immunity.

Besides direct antimicrobial properties, these peptides are able to modulate other

components of innate immunity. Efficacy of an antimicrobial drug depends on both its

antimicrobial potential as well as the host immune system. It has been suggested long

back that at the bottom there is only one genuine scientific treatment for all diseases, and

V that is to stimulate the phagocytes. On other hand, the response of the host to infection

may be deleterious as pro-inflammatory cytokines (e.g. TNF-a, IL-1, IL-8) and secretory

products of WBC (reactive oxygen metabolites, chloramines) are able to produce serious

tissue damage. Lysis of micro-organisms by host factors (complement, lysosomal

enzymes, perforins etc) as well as by antibiotics may increase these deleterious effects.

-V Therefore to cope up with these effects, the drug that had immunomodulatory activity
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have been searchedfor. In general, immunomodulatory effect of drugs fall into one of the

following categories or combinations thereof;

1. Stimulation of the inflammatory response either by increasing the pro

inflammatory cytokines (TNF-a, il-1, IL-8) or by augmenting the phagocytes or

T-cell function.

2. Inhibition of the inflammatory response either by decreasing the pro

inflammatory cytokines or by inhibiting phagocytes or T-cell function or by

inducing apoptosis of inflammatory cells.

3. Stimulation of the counter regulatory ant-inflammatory responses by increasing

anti-inflammatorycytokines such as IL-4, IL-10 & TGF-p.

4. Inhibition of the counter anti-inflammatory response by inhibiting an anti

inflammatorycytokines (eg. IL-10, IL-4, TGF-p).

A number of antimicrobial peptides/ proteins with immunomodulatory activity

have been reported from various sources including plant preparations (Hsu et al, 1997;

Tan and Vanitha, 2004; Liu et al, 2007). HBDl and LL37 are produced constitutively

by keratinocytes and other epithelial cells and contribute to the barrier functions in the

first line ofantimicrobial defense (Nizet et al, 2001; Elsbach, 2003). Defensins and PR- "^

39 act as chemoattractants for monocytes and neutrophils, respectively (Territo et al,

1989; Huang et al, 1997). Since neutrophils and monocytes are phagocytes, such action

enhances the innate immunity. Moreover, defensins influence the production of several

cytokines. In monocytes, TNF and IL-1 expression is stimulated by defensins (Chaly et

al, 2000), while in lung epithelial cells defensins enhance the expression of IL-8 (van ^

Wetering et al, 1989). This indicates that defensins could exert chemotaxic activity not
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only towards nonspecific phagocytes but also towards cells engaged in adaptive immune

response. Human hBD2 and LL37 induce the activation and degranulation of mast cells

resulting in the release of histamine and PDG2 (Galkowska.and Olszewski, 2003).

Because mast cell granule products increase neutrophil influx, antimicrobial

protein/peptides can indirectly promote accumulation of these cells at inflammatory sites.

Degranulation of neutrophils releases more defensins and upregulates innate host

inflammatory defense against microbial invasions. HNP1 and HNP2 are chemotactic for

human monocytes, dendritic cells and T cells (Elsbach, 2003). Murine P-defensin 2 acts

directly on immature dendritic cells as an endogenous ligand for Toll-like receptor 4

(TLR-4), inducing up-regulation of co-stimulatory molecules and, subsequently, dendritic

cell maturation, acting as the natural adjuvant (Elsbach, 2003). In addition to their role in

host defense, defensins may also contribute to some pathophysiologic mechanisms.

Neutrophil defensins can inhibit fibrinolysis and modulate tissue-type plasminogen

activator and plasminogen binding to fibrin and endothelial cells (Galkowska.and

Olszewski, 2003.). Cathelicidin LL37 can also play a part in wound closure and its

reduction in chronic wounds can impair re-epithelialization (Elsbach, 2003). Defensins

also act as adjuvants (Tani et al, 2000). Mice, when immunized and treated with

defensins, increase the production of antigen-specific IgG antibodies. At a molecular

level, production of IFN-y and IL-4 was increased. Thus, defensins enhance the antigen-

specific immune response by inducing the production of lymphokines, which promote the

adaptive immune response.

Among the many classes of compounds which non-specifically stimulate the

immune system is a number of naturally occurring proteins form plants. In the literature,
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several proteins were reported to have immunomodulatory activities in vitro and/or in

vivo (Pugh et al, 2001; Wasser, 2002; Brown and Gordon, 2003; Hsu et al, 2004; Ou et

al, 2005; Liu et al, 2007; Hsu et al, 1997; Vivanco 1997). LZ-8, a protein from

Ganoderma lucidum with a molecular mass of 13 kDa, exhibited mitogenic activity

toward spleen cells (Kino et al, 1989). Fip-vvo, from Volvariella volvacea with a

molecular mass of 15 kDa, exhibited proliferation activity in human peripheral blood

lymphocytes and enhanced the IL-2, IL-4, IFN-y, TNF-a gene expressions by RT-PCR in

mouse spleen cells (Hsu et al, 1997). The lectin from Agrocybe cylindracea with

molecular mass of 31.5 kDa (Wang et al., 2002) or from Cteropharyngodon idellus with

a molecular mass of 205 kDa (Ng et al, 2003) exhibited mitogenic activity toward mouse

splenocytes. A napin-like polypeptide (13.8 kDa), from Chinese cabbage seeds,

stimulated nitric oxide production from murine peritoneal macrophages (Ng and Ngai,

2004). FIP-/vo, with its 114 amino acids from Flammulina velutipes, was able to inhibit

the development of allergic reactions in mice by oral administration (Hsieh et al, 2003)

and stimulated IFN-y and IL-4 secretions in peripheral blood mononuclear cells (Wang et

al, 2004). The lactotransferrin (or lactoferrin) (Zeimeck et al, 1991), a component of

milk with a molecular mass of 80 kDa, and its peptic hydrolysates (nor casein ^

hydrolysates or whey protein hydrolysates) have been reported to have

immunomodulatory activities (Miyauchi et al, 1997). The oral administration of

recombinant human lactoferrin could stimulate IL-18 secretions, systemic NK cell

activation, circulating CD8+ T-cell expansion and inhibit the growth of established

tumors in mice. The immunity-related gene was expressed in the small intestines of 4

BALB/c mice after oral administration of lactoferrin (Varadhachary et al, 2004). The
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influences of arabinogalactan (AG) and arabinogalactan-proteins (AGPs) from Nerium

oleander and Echinacea purpurae on proliferation and IgM-production of mouse

lymphocytes as well as nitrite and IL-6 production of mouse macrophages were

investigated in vitro and in vivo (Linda et al, 2002; Classen et al, 2006). AGPs from

cell culture of E. purpurea stimulate nitrite and IL-6 productions in alveolar mouse

macrophage culture.

2.6.2 Antitumor Activity

Antimicrobial peptides/proteins exert their effect by interacting with negatively

charged molecules in a target membrane and its specificity depends on the membrane

composition. Tumor cells can differ in membrane composition from non-transformed

cells and such differences can result in higher susceptibility of tumor cells to membrane

y
permeabilizing peptides. The difference in phosphatidylserine content has been reported

in the membrane of melanoma and carcinoma cells in comparison to that in normal

human keratinocytes (Utsugi et al 1991). Magainins a cationic peptide isolated from the

skin of amphibians has been reported to lyse many types of tumour cells at a much lower

concentration than that for normal cell lysis (Jacob & Zasloff, 1994). Magainin 2 and

magainins' synthetic analogues have been studied both in vitro and in vivo, and showed

antitumour activity towards murine ascites tumours, leukaemia, and spontaneous ovarian

tumor cells (Baker et al (1993). Defensin found to induce tumour cell lysis in the

concentration dependentmanner. In vitro incubation of murine teratocarcinomacells with

defensins reduces their oncogenecity in vivo (Lichtenstein et al, 1986). In vitro

\ experiments proved that Cecropins (insect derived peptides 0 are able to lyse multidrug-

resistant tumor cell lines (Moore et al, 1994). Expression of antimicrobial peptides has
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been reported in several tumor cell lines where depending on their concentrations, they

exert mitogenic or necrotic activity (Muller et al, 2002).

2.6.3 Role as signaling molecules

Another aspect of antimicrobial peptides activity is their possible role in

modulation of signal transduction. The molecule, which was first discovered and

described as the EGF receptor kinase inhibitor has been reported to have antimicrobial

properties towards different species of Gram-positive and Gram-negative bacteria

(Pogrebnoy et al, 1998). Several others antimicrobial proteins/peptides have been

reported to influence the activity of kinases. Human defensins are potent inhibitors of

protein kinase C (PKC), whereas they have little or no effect on the activity of myosin

light chain kinase and protein kinase A (Charp et al, 1988). PR-39 is a proline and

arginine-rich peptide which can bind to the adapter protein pi30 (Cas) (Tanaka et al,

2001), involved in various cellular processes including cell adhesion, migration and

transformation (Kirsch et al, 2002). It has been reported bind to a subunit of

phosphoinositide 3-kinase (PI3-kinase) and thereby inhibiting kinase activity (Tanaka et

al, 2001). The PR-39 gene transfected cells showed a reorganisation of actin structure

and suppression of cell proliferation. These cells have also been characterized by

decreased activity of c-Jun N-terminal kinase (JNK), mitogen-activated protein kinase

(MAP) and decreased expression of cyclin D. The epidermoid carcinoma derived

antimicrobial peptide (ECAP) found to be responsible for inhibition of EGFR auto

phosphorylation and decreased activity of non-receptor kinases like Lyn and Syk (Hobta

et al, 2001). Such results may suggest that protein kinases are the physiological targets ^

for antimicrobial peptides.
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2.7 Potential as therapeutics

2.7.1. Clinical application of antimicrobial protein

In order to be a good candidate for therapeutic use, a drug needs to show good

activity, appropriate function, low toxicity and have stability in vivo and be reasonably

inexpensive to manufacture. So far only a few protein and peptides have made their way

to clinical trials.

As the problem of emergence of bacterial and fungal resistance to current

antibiotic drugs continues to grow, there has been considerable interest in the

development of antimicrobial proteins as a novel therapeutic approach to treat infections.

To date, several antimicrobial proteins have been developed and entered into clinical

trials. Antimicrobial protein based therapies are attractive candidates as alternative

antibiotic treatments, since they offer several potential advantages over currently used

classes of drugs. First, they represent a naturally occurring means of combating

pathogenic challenge by rapid microbicidal activity. In addition, the emergence of

resistance is thought to be considerably reduced compared with that for many current

antibiotics, which have more specific molecular targets (Tenover, 2006). This prediction

has been substantiated in several studies in which, despite serial passage in sub-inhibitory

concentrations of peptide, resistant bacteria did not arise (Chopra et al, 1997).

Interestingly, a number of evidence has shown efficacy of some antimicrobial proteins

and peptides against systemic infections, including a-helical-peptide (SMAP29) efficacy

against P. aeruginosa peritoneal infections, p-sheet-protegrin efficacy against methicillin-

resistant S. aureus (MASA), vancomycin-resistant Enterococcus faecalis (VRE) and P.
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aeruginosa infections, and indolicidin in liposomal formulation against Aspergillus

fungal infections (Thies et al, 2005).

The new generation of native protein/peptide molecules, also known as

antimicrobial proteins and peptides isolated from a full range of organisms and species

from bacteria to man, seems to fit this description. As a consequence, they have been

termed "natural antibiotics", because they are active against a large spectrum of

microorganisms, including bacteria and filamentous fungi in addition to protozoan and

metazoan parasites (Butler and Buss, 2006). All of these molecules are key elements

directly implicated in the innate immune response of their hosts, which includes the

expression of fluid phase proteins that recognize pathogen associated molecular patterns,

instead of specific features of a given agent to promote their destruction. As a result, the

response is very fast, highly efficient and applicable to a wide range of infective

organisms (Lewis and Ausubel, 2006).

2.7.2. Development of disease resistance plants

A number of antibacterial and antifungal proteins have been identified fromplants

and other sources, and have been used for developing disease resistant transgenic plants.

Inplants, tobacco has been the target for successful engineered-production of mammalian ^

AMPs (Morassutti et al, 2002) as well as amphibian anti microbial peptides, where

vertical transmission of resistance occurs. In addition, AMPs from other origins have

been added to confer disease resistance in transgenic tobacco, banana and potato, thus

opening unsuspected alternatives to provide agronomically relevant levels of disease

control worldwide. Besides, number of antimicrobial protein of plant origin have also 4-

been used for developing disease resistantplants (Devdas and Raina, 2002; Jagdeeswaran

40

-•

*



r

\

et al, 2007). Poplar tree has been transformed in the transgenic tobacco and was resistant

to bacterial pathogens but not to the fungal pathogen (Mentag et al, 2003). Cotton plants

have been transformed similarly with the gene coding for D4E1 showed resistance to

fungi including Fusarium, Verticillium and Aspergillus, hence the synthetic peptide was

proposed to be effective against mycotoxin-causing fungal pathogens (Rajaskaran et al,

2005). Meanwhile, researchers at the National Agricultural Research Center, Niigata, in

Japan have created transgenic rice with genes of the antimicrobial peptide, defensin, from

Brassica. The transgenic rice plants were resistant to rice blast disease caused by the

fungus Magnaporthe grisea. The researchers went a step further and systematically

altered the genetic code for defensin to produce synthetic peptides that were far more

toxic to the fungus than the natural peptides (Kawata et al, 2003). Rice with the synthetic

genes and peptides are being proposed for field-testing prior to commercial release in

Japan, and little effort appears to have been devoted to evaluate the safety for human

health and the environment.

2.7.2. Introduction of therapeutic protein antibiotics on the market

The widespread increase of microbial resistance towards many conventional

—^- antibiotics has resulted in an intensive search for alternative antimicrobial agents. In this

respect, antimicrobial proteins are on the brink of a breakthrough. Due to the increasing

interests, many companies are making efforts to introduce the antimicrobial protein

products on the market. Natural antimicrobial peptides have potential application in food

preservation as they specifically kill microbial cells by destroying their unique

_y membranes. Interest in LAB bacteriocins has been sparked by growing consumer

demands for natural and minimally-processed foods. LAB bacteriocins have well
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documented lethal activity against food borne pathogens and spoilage microorganisms,

and can play a vital role in the design and application of food preservation technology

(Cotter et al, 2005). Cunently, nisin has been approved as a food preservative in more

than 40 countries (Montville and Chen, 1998) and the use of pediocin PA-1 is covered by

several European and US patents (Montville and Chen, 1998). Both nisin and pediocin

PA-1 have applications in dairy and canned products. Studies of model food systems

demonstrate that pediocin-like bacteriocins are better at killing pathogens in meat

products, where nisin is ineffective (Vandenbergh, 1993).

The potential to develop antimicrobial protein/peptide with broad spectrum

characteristics, especially in multiple pathogens could potentially be targeted with one

treatment possessing antibacterial, antiviral, or antifungal activity. Novel antimicrobial

treatments could also potentially be used in conjunction with existing drugs as part of a

"combination therapy" to create an additive or synergistic effect. The multidrug target

approach has been successful in improving the efficacy of and reducing emergence of

resistance to HIV therapies (De Clercq, 2004). Thus, in combination, peptides have the

potential to ultimately reduce the rate of emergence of resistant microbes, since selective

pressure is deviated away from one specific molecular target. The potential for additional

antiseptic activity (Gough et al, 1996) also proved to be defined asset; for example,

researchers at Migenix (Vancouver, British Columbia, Canada) have developeda peptide

"indolicidin" with anti-inflammatory activity which able to cure acne. Antimicrobial

pharma have developed human lactoferrin, hLFl-11 that has proved efficacious in animal

models of osteomyelitis (Faber et al, 2005) and other bacterial infections (Nibbering et 4

al, 2001). Iseganan, an antimicrobial protein was originally developed by Intrabiotics
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Pharmaceuticals Inc. (Mountain View, CA) as a mouth rinse to prevent polymicrobial

infection associated with oral mucositis in patients receiving chemotherapy (Trotti et al,

2004). Another antimicrobial peptide in mouth wash, used for the treatment of oral

candidiasis, was developed using a variant of histatins, which are naturally occurring

cationic peptides in saliva. This has been recently licensed to the Vancouver, Canada,

company Pacgen.

2.8. Limitations as therapeutics

The future of antimicrobial protein as antibiotics appears to be great and as

mentioned above, a number of antimicrobial proteins with therapeutic potential have been

developed in the past two decades. Antimicrobial proteins and peptides are generally

considered to be highly selective antimicrobial agents. However, they do not discriminate

absolutely between eukaryotes and prokaryotes, although the former are less sensitive.

Several studies showed that simple eukaryotes, such as yeasts, fungi, parasites (Jaynes et

al, 1988; Ahmad et al, 1995), and large ones as planaria (Zasloff, 2002) are effectively

killed. In addition, their unique pharmacological properties have limited their application

to topical use. Recent publications describe also changes in bacterial cell wall

components induced by environmental conditions, which may be involved in bacterial

resistance towards antimicrobial protein (Groisman et al, 1997; Wosten and Groisman,

1999). Technical difficulties and high production costs have made the pharmaceutical

industry reluctant to invest much effort in the development of antibiotic protein/peptide

therapeutics so far. The antimicrobial proteins are too expensive or with a too limited

spectrum to be used on a large scale commercially. The biggest challenge of the near
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future will be to overcome the pharmacological limitations of these interesting molecules

and to develop them into therapeutics.

2.9. Future Prospects

Several applications of natural occwring antimicrobial proteins have been

discussed during the last two decades. They seem to be an attractive alternative for

chemical food additives and may also be a new source of clinically useful therapeutics.

Antimicrobial proteins and polypeptides have been isolated from diverse groups

of organisms including plants, fungi, bacteria, insects and animals (both vertebrates and

invertebrates). The mechanisms of action of these proteins are as varied as their sources

and include cell wall polymer degradation, membrane channel and pore formation,

damage to cellular ribosomes, inhibition of DNA synthesis and inhibition of the cell

cycle. The mode of action of many proteins remains unknown and is the subject of active

research. The range of inhibition by antimicrobial proteins is extremely broad, with plant

pathogens and human's pathogens being sensitive at micromolar levels; in some cases,

even more potent inhibition was found. Food preservation by use of antimicrobial

proteins is not a totally new concept. The use of the antimicrobial protein nisin, which is

produced by several Lactococcus lactis strains, has been approved by eight European

countries. The protein inhibits the growth of a wide range of gram positive bacteria

(Hurst, 1981), and its mode of action is comparable to magainin (Breukink and De

Kruijff, 1999). It has been shown that an additional plasma membrane-based factor,

named Lipid II, is needed for pore formation (Brotz et al, 1998), which might also be a

reason for the lack of antifungal activity of nisin.
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The genes encoding many antimicrobial proteins are being cunently used by

agribusiness to create genetically modified plants that have increased fungal resistance in

the field. Whether these transgenic plants and the crops derived from them gain

acceptance in the market place remains to be seen. Antimicrobial proteins and peptides

are being tested for use as pharmaceutical agents for the treatment of human and animal

fungal diseases. This is particularly exciting since the modes of action of these proteins

are vastly different from the currently used therapeutics, resistance to which is becoming

a clinical problem. There are a number of antimicrobial proteins in various stages of

preclinical development and the results of these experiments and of the subsequent

human clinical trials are eagerly anticipated.
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3.1. Materials

The certified plants of Nerium odorum used in the present study were procured

from Dr. B. K. Pandey, Research Institute of Medicinal Plants, Shantikunj, Haridwar.

The bacteria Staphylococcus aureus (MTCC 2940), Bacillus substilis (MTCC 2423),

Pseudomonas putida (MTCC 2453), Escherichia coli (MTCC 739)) and fungi

Aspergillus fumigatus (ITCC 4880), Aspergillusflavus (ITCC 5290), Aspergillus niger

(ITCC 5454), Fusarium oxysporum (ITCC 4998) and Candida albicans (MTCC 227)

were purchased from Institute of Microbial Technology, Chandigarh, India and Indian

Agriculture Research Institute, Pusa New Delhi, India. All chemicals used were of

analytical grades and purchased from Sigma (USA), Merck (Germany) and Hi Media

(India). Cytokines estimation ELISA kits were purchased from Endogen, Pierce, USA.

SGPT, SGOT, Bilirubin and urea estimation kits were purchased from Span diagnostics,

Surat, India.

3.2 Methods

(A) Isolation, purification and characterization of antimicrobial protein

3.2.1 Protein extraction

One hundred gram of fresh leaves of Nerium odorum was grounded to powder in

liquid nitrogen and mixed with 100 ml of extraction buffer (50 mM Tris-HCl pH 8.0; 10

mM EDTA; 0.1 % P- mercaptoethanol; and 1 % (w/v) Triton X-100) containing 1 mM

phenylmethylsulfonyl fluoride and incubated at 4°C for 3 h with occasional stirring. The

homogenate was centrifuged at 14,000 x g for 20 min and the supernatant which

designated as the crude extract was collected. The amount of protein and antimicrobial
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activity of the crude protein extract were determined using standard methods described in

later sections.

3.2.2. Ammonium sulfate fractionation

The proteins present in the crude extract were fractionated using 10% to 80%

ammonium sulfate saturation series. The pellet of each fraction was collected by

centrifugation at 14,000 x g for 20 min, and resuspended in 50 mM Tris-HCl, pH 8.0,

dialyzed over night against distilled water in a cold room. Each fraction was tested for

antimicrobial activity and the fractions (20-50%) having antimicrobial activity were

pooled and concentrated by ultrafilteration using Amicon filter (100 kDa cut off)

(Millipore, USA). The fraction was stored at -80°C in aliquots for further use.

3.2.3. Gel filtration and ion-exchange chromatography

The ammonium sulfate precipitated active fraction (20-50% saturation) was

further purified by gel filtration chromatography. The concentrated protein fraction was

applied directly to gel filtration Sephadex G-100 column (1.5 x 100 cm), and pre-

equilibrated with 50 mM Tris-HCl buffer (pH 8.0). The proteins were eluted using same

buffer and 2 ml fractions were collected and the elution was monitored at 280 nm. Each

elutionpeak was tested for its protein content and antimicrobial activity. The elutionpeak ^

with antimicrobial activity was further purified by CM-cellulose ion-exchange column

(1.0 x 30 cm), which had been pre-equilibrated, with 50 mM Tris-HCl buffer (pH 8.0).

The proteins were eluted using NaCl step gradient (0 to 1 M) in the same buffer. 2 ml

fractions were collected at a flow rate of 22.5 ml/h, and the elution profile was monitored

at 280 nm. The protein peaks were tested for antimicrobial activity and the peak with > /
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antimicrobial activity was dialyzed and concentrated using Amicon filter (100 kDa cut

off) (Millipore, USA). The purity of protein was tested and used for further studies.

3.2.4. Protein estimation

The concentration of protein in the sample was estimated by Bradford (1976)

assay. BSA was used as protein standard.

3.2.5. Polyacrylamide gel electrophoresis (SDS-PAGE & Native-PAGE)

The purity test and further analysis of purified protein were performed using SDS

and Native PAGE Laemmli (1970) with little modifications. The various gel

electrophoresis constituents and its compositions of the gel are listed below.

3.2.5.1. Preparation of reagents

The stock solutions of various gel components were prepared as mentioned

below.

1. Acrylamide solution (30%): 30% w/v acrylamide solution containing 0.8% w/v

N, N-methylene-bis-acrylamide: 29.2 g of acrylamide and 0.8 g of bisacrylamide

was dissolved in 70 ml of deionised water. When acrylamide was completely

dissolved, deionised water was added to make a final volume of 100 ml. Solution

•^ was filtered with a whatman No. 1paper and was stored at 4°C in a dark bottle.

2. Resolving buffer (1.5 M Tris-HCl, pH 8.8): 18.2 g of Tris base was dissolved in

80 ml of deionised water and the pH was adjusted to 8.8 with HC1 and deionised

water was added to make a final volume of 100 ml and was stored at 4°C.

3. Stacking buffer (0.5 M Tris-HCl, pH 6.8): 6.1 g of Tris base was dissolved in

80 ml of deionised water and pH was adjusted to 6.8 with HC1 and deionised

water was added to make a final volume of 100 ml and was stored at 4°C.
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4. Sodium dodecyl sulphate (SDS, 10% w/v): 10 g SDS was dissolved in 60 ml of

deionised water and kept at room temperature overnight without shaking. Then

the volume was leveled at 100 ml by deionised water and was stored at room

temperature.

5. Catalyst: 10% ammonium per sulphate (APS): 10 mg APS was dissolved in

100 ul of deionised water (Freshly prepared solution was used). +

6. TEMED (N, N, N, N-tetra methylethylenediamine): It was used undiluted from

the bottle stored at cool, dry and dark place.

7. Electrode buffer: (0.025 M Tris, 0.192 M glycine, 0.1% (w/v) SDS, pH 8.3) 0.3

g Tris base, 1.4 g glycine, 1 ml 10% SDS/100 ml electrode buffer. Electrode

buffer was also prepared as stock solution 5X concentration, consisting of 15 g

Tris base, 72 g glycine and 5 g SDS/litre. It was stored at room temperature and

was diluted to 5 times by adding 4 parts of deionised water before use.

8. Stock sample buffer (2X) (0.125 M Tris pH 6.8, 2.5% SDS, 20% glycerol,

0.002% Bromophenol blue, 10% p-mercaptoethanol).

The sample buffer (2X) was prepared by mixing the stock solutions as per the

given composition.

3.2.5.2. Preparation of sample buffer

Ingredient Volume

Water 3.0 ml

0.5M Tris-HCl, pH 6.8 2.5 ml

10% SDS 2.5 ml

Glycerol 2.0 ml

0.5% Bromophenol blue (w/v) 0.5 mg
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Stored at room temperature, SDS-reducing sample buffer was prepared by adding

100 u.1 of P-mercaptoethanol to each 0.9 ml of stock sample buffer, before use.

3.2.5.3. Casting of gel

Twelve percent denaturing discontinuous gel was prepared by mixing gel stock

solutions as per given composition. The monomer solution was prepared for resolving gel

by mixing all of the reagents given below except the ammonium per sulfate and TEMED.

Recipe for resolving gel (12%): (10 ml)

Ingredient Volume

Acrylamide solution 30% 3.3 ml

1.5 M Tris-HCl pH 8.8 2.5 ml

10% SDS 0.1ml

10% APS 0.1ml

Water 4.0 ml

TEMED 4.0 ul

Recipe for stacking gel (5%): (5 ml)

Ingredient
Acrylamide solution 30%
0.5 M Tris-HCl pH 6.8
10% SDS

10% APS

Water

TEMED

Volum

0.83 ml

0.63 ml

0.05 ml

0.05 ml

3.40 ml

5.00 ul

The solution was degassed for at least 3-5 min. The APS and TEMED were

gently mixed into the degassed monomer solution. The solution was well mixed

uniformly and poured gently in between the plates. The resolving gel was cast up to 2/3

height on pre marked plates followed by layering of 200 ul butanol overlaying solution.

After 15 min, the demarcation occurred between the acrylamide layer and butanol layer

indicated the complete polymerization of gel. Butanol was decanted and the space was

washed with distilled water. Similarly 5% stacking gel was also layered on top of the
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resolving gel. The wells were cast in stacking gel by placing the teflon comb in between

and at the top of the two plates. After 15-20 min the comb was removed carefully.

3.2.5.4. Sample preparation

Protein concentration 150 p.g/50 ul were mixed with 1 volume of sample

treatment buffer (0.125 M Tris pH 6.8, 2.5% SDS, 20% glycerol, 0.002% bromophenol

blue, 10% P-mercaptoethanol) and heated to boiling point for 5 min.

3.2.5.5. Electrophoresis

Electrophoretic separation was done by using BIO-RAD Mini-PROTEAN® 3

Cell electrophoresis unit. The prepared samples were loaded into the wells with different

protein concentration of each sample and electrophoresed at 80 V through stacking gel.

Once the sample was concentrated at the interface of the stacking and separating gel as

sharp blue line, the voltage was increased to 120 V and the electrophoresis was continued

until the tracking dye reached at the bottom of the gel.

3.2.5.6. Staining and destaining of gel

After the run, gel was removed from plates and kept in staining solution (0.1%

coomassie brilliant blue R-250 w/v in 40% methanol, 10% acetic acid w/w) for 4-6 h

with mild shaking at room temperature. Then, the gel was destained with several changes

of destaining solution I (40% methanol, 10% glacial acetic acid) and finally kept in

destain II (10% glacial acetic acid).

Gels after electrophoresis were photographed and analyzed using Gel

documentation system (BioRad, USA). Native-PAGE was performed similarly except the

SDS and other denaturing agents in gel and samples buffers were not added.
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3.2.6. Silver staining

Since the silver staining is more sensitive compared to coomassie blue to ensure

the purity of the protein, gel was also analyzed after silver staining. Silver staining was

performed according to Wray's method (1981). Sample was separated on 12% SDS-

PAGE and fixed for 20 min in a solution containing 50% (v/v) methanol, 10% (v/v)

acetic acid and deionised water. The gels were washed for 30 min in 10% (v/v) methanol,

5% (v/v) acetic acid and deionized water. The gels were then soaked in a 3.4 mM

potassium dichromate solution containing 3.2 mM nitric acid for 5 min. The gels were

rinsed with deionized water and placed in 12 mM silver nitrate for 20 min. The Image

development was achieved by rinsing the gel in 0.28 M sodium carbonate containing 0.5

ml formaldehyde per liter of deionized water. Image development was stopped when

slightly yellowish background appears by placing the gel in 3% acetic acid for 5 min.

Gels were stored in 7% glycerol (v/v) and 10% (v/v) acetic acid. Gels were

photographed and analyzed using under Gel documentation system (BioRad, USA).

3.2.7. Reverse phase high performance liquid chromatography (RP-HPLC)

Purified protein was diluted in a solution containing 0.1% (v/v) TFA and injected

•4* onto CI8 column (25 x 0.4 cm) equilibrated with (0.1% (v/v) TFA) on reverse phase high

performance liquid chromatography (Agilent series 1100 Model, USA). The column was

developed at 1 ml/min with a linear gradient of (0.1% (v/v) TFA to 99.9% (v/v)

acetonitrile in 0.1% (v/v) TFA) over 60 min. The elution was monitored by absorbance at

280 nm. Protein concentration of the elution peak was determined by the method of

W Bradford (Bradford, 1976) using bovine serum albumin (BSA) as a standard. A part of
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the eluates was used for protein determination and electrophoresis, and the other was

filtered through a 0.45 um syringe filter and used for antimicrobial activity assays.

3.2.8. Molecular mass determination

MALDI-TOF studies were canied out for molecular mass determination at The

Centre for Genomics Application (TCGA), New Delhi, India. For MALDI-TOF analysis,

I ul of sample was mixed with 1 ul of saturated solution of matrix (sinnapinic acid in

0.1% TFA:Acetonitrile, 2:1) and spotted on MALDI target plate. The instrument (Bruker

Daltonik Ultraflex TOF/TOF, USA) was calibrated by using protein calibration standard

II Bruker Daltonics. The spectrum was acquired using Flexcontrol 2.2 software with ion

source voltage 25 KV and accelerating voltage 23.2 KV in linear mode. The spectrum

was processed using flexianalysis™ 2.2 software.

(B) Evaluation of Antimicrobial activity of Purified protein

3.2.9 Growth and maintenance of bacteria and fungi

All bacteria (P. putida, S. aureus, B. substilis and E. coli) used in the present

study were maintained on nutrient agar (Hi Media) media for routine maintenance. For

experimental work, the bacteria were grown in nutrient broths at 37°C on incubator

shaker at 100 rpm, unless otherwise mentioned. All the filamentous fungi (A. fumigatus,

A. flavus, A. niger and F. oxysporum) and C. albicans used in the present study were

maintained on PDA and YPD agar plates, respectively. For the experiments the

filamentous fungi were grown in PD broths while C. albicans in YPD medium, unless

otherwise mentioned. All the bacteria and fungi were preserved in lyophilized condition

and also in glycerol containing medium at -80°C.
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3.2.10. Antimicrobial activity assay using disk method

Antibacterial activity of crude protein fraction and purified protein (NOP-51)

towards P. putida, S. aureus, B. substilis and E. coli was carried out by disk diffusion

method as described (Espinel-Ingroff, 2003). Mid log phase grown cultures of respective

bacteria were used for testing antibacterial activity. Briefly, nutrient agar plates were

prepared under aseptic condition and 100 ul from a freshly grown mid log phase culture

stocks (1 x 106 cell /ml) of respective bacteria were spread on plates. Several sterile

Whatman no.l filter paper disks (6 mm dia) were placed on each plate and loaded with

different amount of crude (10, 20, 30, 40, and 50 ug /disk) and purified protein (NOP-51)

(10, 15, 20, 25, and 30 ug /disk). Tris-HCl (50 mM, pH 8.0) and Gentamicin (30

ug/disk) were used as negative and positive control, respectively. The plates were

incubated at 37°C for 24 h. Antibacterial activity was evaluated by measuring the zone of

inhibition around the discs.

The antifungal activity of crude protein fraction and NOP51 against A. fumigatus,

A. flavus, A. niger, F. oxysporum and C. albicans was tested using disk diffusion method

as described (Espinel-Ingroff, 2003). The PDA plates for A. fumigatus, A. flavus, A.

•^ niger, F. oxysporum and YPD agar plates for C. albicans, respectively, were prepared

and used for the study. After solidification of the plates 100 ul volume of freshly

prepared fungal spore suspension stocks (1.0 x 105 spores/ml) ofA. fumigatus, A. flavus,

A. niger and F. oxysporum and Candida albicans (1 x 106 cell/ml) were spread on

respective plates. Several sterile Whatman no.l filter paper disks (6 mm dia) were placed

v on each plate and loaded with different amounts of crude (10, 20, 30, 40 and 50 ug/disk)

and NOP-51 (10, 15, 20, 25 and 30 ug/disk). Negative and positive controls were 50 mM
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Tris-HCl (pH 8.0) buffer and Fluconazole (20 ug/disk), respectively. The plates were

incubated at 28 °C for 72 h and 48 h for C. albicans. Plates were examined for the

presence of zones of inhibition to evaluate the antifungal activity.

3.2.11. Minimum inhibitory concentration (MIC) determination

Minimum inhibitory concentrations (MICs) of crude protein fraction and NOP-51

against various bacteria used in the study were determined by microdilution broth method

as per method described (Espinel-Ingroff, 2003)). From the master stocks of the crude

protein and NOP-51, a series of dilutions (ranging from 1 to 200 pg/ml) were prepared

using sterile nutrient broth medium. In 96 well round bottom microtiter plate, 0.1 ml of

various serial dilutions of crude protein and NOP-51 were taken in triplicate in their

respective wells as per predetermined plan. Pre-inoculum of various bacteria used were

prepared in nutrient broth. From the pre-inoculum, the final inoculum of each bacteria

were prepared using sterile broth to give 105 cells/ml, as was determined by counting

using hematocytometer. To the microtiter plate wells containing 0.1 ml of serially diluted

protein, 0.1 ml of each inoculum was added. For control, 0.1 ml of medium alone and 0.1

ml of inoculum were taken. Gentamicin was used as reference drug. The experiment was

carried out in triplicates. The microtiter plates were incubated at 37°C for 24 h. The

growth in each well was determined visually. The MIC was defined as lowest crude and

NOP-51 concentration whichresulted in complete inhibition of visible growth.

The susceptibility testing of crude protein fraction and NOP-51 against A.

fumigatus, A. flavus, A. niger, F. oxysporum and C albicans was studied. MICs were

determined by microdilution broth method as per standard norms. Like the bacteria MIC V

determination, a series of dilutions (1 to 200 ug/ml) were prepared from the master stock
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of the crude protein and NOP-51 using sterile nutrient broth medium. In 96 well round

bottom microtiter plate 0.1 ml of various serial dilution of crude protein and NOP-51

were taken intriplicate. From the pre-inoculum a final inoculum (1 x 105 spores/ml) using

potato dextrose broth for filamentous fungi (A. fumigatus, A. flavus, A. niger, F.

oxysporum) and YPD broth for Candida albicans (1 x 106 cells/ml) were determined by

using hematocytometer. To the microtiter plate wells containing 0.1 ml of serially diluted

proteins, 0.1 ml of each inoculum was added. For control 0.1 ml of medium alone and 0.1

ml of inoculum were taken. Fluconazole was used as standard drug for reference. The

experiment was carried in triplicate. The microtiter plates were incubated at 28°C for 72

h and 48 h for Candida. The growth in each well was determined visually. The MIC was

defined as lowest protein concentration in complete inhibition of visible growth.

3.2.12. Determination of MBC and MFC

The minimum bactericidal concentration (MBC) was determined by measuring

the number of CFU on nutrient agar plates. Just after determination of the MICs, 20 pi of

respective bacteria sample from wells that showed no growth were spread on plate and

incubated at 37°C for 24 h. The MBC was established at lowest concentration of protein

—f- at which CFU was found to be negative.

The minimum fungicidal concentration (MFC) was determined by measuring the

number of CFU on PDA and YPD plates. Just after determination of the MIC, 20 ul of

respective fungi samples from wells that showed no growth were spread on PDA or YPD

plate and incubated at 28°C for 72 h. The MFC was established at lowest concentration

~v of protein at which CFU found to be negative.
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3.2.13. IC50 Determination

To determine the IC50 of NOP-51 against various bacteria, nutrient agar plates ^

containing different concentrations of NOP-51 (10, 20, 30, 40 and 50 ug /ml) were

prepared. The experiments were performed in triplicate for each concentration. Briefly, to

the autoclaved nutrient agar medium which was cooled down to 45°C different amount of

protein were added to give above mentioned final concentrations, mixed rapidly and

poured into Petri dishes. After solidification of the medium, 0.1 ml (1 x 10 cells) of the

respective bacteria was spread on plates. Buffer alone without protein served as a control.

After incubation at 37°C for 24 h, the numbers of colonies were counted and the

percentage inhibition of bacterial growth was calculated as per below mentioned formula.

Percent inhibition of bacterial growth =

No. of colonies in absence - presence ofpurified protein -Y
xlOO

No. of colonies in absence ofpurified protein

Similarly the IC50 of protein against fungi were also determined. Briefly, the PDA

plates for filamentous fungi and YPD agar plates for C. albicans were used. To the

autoclaved PDA and YPD agar media which were cooled down to 45°C, different amount

of NOP-51 were added to give final concentrations (10, 20, 30, 40 and 50 ug/ml), mixed

rapidly and poured into Petri dishes. After solidification of the medium, the same amount

of mycelia and 0.1 ml (1 x 105 cells) in case of yeast was inoculated on plates. Buffer

alone without protein served as a control. After incubation at 28°C for 72 h, the area of

the mycelia was measured and the percentage inhibition of fungal growth was determined

by given formula. In case of Candida the YPD plates were incubated at 28°C for 48 h, the

no. of colonies was measured and the percentage inhibition of C. albicans growth was

determined similarly as in case of bacteria.

f
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Percent inhibition of fungal growth =

Area of mycelial colonyin absence - presence of purified protein

Area of mycelial colonyin absence of purified protein
xlOO

A graph between percentage inhibition of bacterial growth and the concentration

of NOP-51 was plotted and used to determine the IC50 of NOP-51. IC50 value was defined

as the concentration of protein at which 50% inhibition was observed.

3.2.14. Concentration dependent time-killing curve

Time killing curve studies of purified protein (NOP-51) were performed

according to Mangoni et al, (2004). S. aureus, B. substilis, P. aeroginosa and E. coli

were grown at 37°C in nutrient broth medium until an absorbance at X,59o reached to one.

The cells were centrifuged, washed and resuspended in 10 mM sodium phosphate buffer

(pH 7.4). Approximately, 1 x 106 cells were incubated with different concentrations (10,

20, 30, 40, 50 ug/ml) of purified protein at 37°C. Aliquots of 10 pi were withdrawn at

different time intervals and spread on nutrient agar plates. After overnight incubation at

37°C, the surviving bacteria expressed as colony forming units (CFU) were counted. The

media containing protein solvent alone (50 mM Tris-HCl, pH 8.0) and inoculum was

used as controls.

The time killing curve of purified protein (NOP-51) against A. fumigatus, A.

flavus, A. niger, and F. oxysporum and C. albicans was also determined as per method

described (Chryssanthou and Sjolin, 2004). Approximately, 1 x 105 spores/ml were

incubated with different concentrations of purified protein (10, 20, 30, 40, 50 pg/ml) at

28°C. Aliquots of 10 pi were withdrawn at different time intervals and spread on potato

dextrose agar plates. After incubation at 28°C for 72 h, the surviving fungi expressed as
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CFU (colony forming units), were counted. C. albicans were grown at 28°C in yeast

peptone dextrose broth medium similarly. Aliquots of 10 pi were withdrawn at different

intervals and spread on YPD agar plates. After overnight incubation at 28°C, the

surviving yeast expressed as CFU (colony-forming unit) were counted. The media

containing protein solvent alone (50 mM Tris-HCl, pH 8.0) and inoculum was used as

control.

3.2.15. Electron microscopy study

To evaluate the affect of protein on the cell surface morphology and anatomy of

bacteria and fungi, scanning electron microscopy (SEM) and transmission electron

microscopy (TEM) studies were performed.

3.2.15.1. Scanning electron microscopy

Bacteria from the exponential phase were incubated with 10, 30 and 50 ug/ml of

purified protein for 30 min. After 30 min incubation, the cells were harvested by

centrifugation at 2000 x g for 5 min, washed three times with phosphate buffer saline and

resuspended in the same buffer. Controls were run in the presence of 50 mM Tris-HCl

buffer, pH 8.0. Each sample was spread on a poly (L-lysine)-coated glass slide (18 mm x

18 mm) to immobilize bacterial cells. Glass slides were incubated at 30°C for 90 min.

Slide-immobilized cells were fixed with 2.5% (w/v) glutaraldehyde in 0.1 M sodium

phosphate buffer, extensively washed with the same buffer and dehydrated with a graded

ethanol series (70%, 80%, 90% for 5 min each and 100% 3 x 5 min each). They were

finally dried under vacuum. Samples were then mounted, sputter coated with gold and

examined under scanning electron microscope, (LEO, model 435 VF, England. y

>-

\
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Fresh fungal culture of A. fumigatus, A. flavus, A. niger and F. oxysporum on

potato dextrose agar were used for scanning electron microscopy studies. A 5 x 5 mm

segment were cut from culture growing on potato dextrose agar plates and treated with

10, 30, 50 ug/ml of purified protein for 30 min and was promptly placed in vials

containing 2.5 % (w/v) glutaraldehyde in 0.1 M sodium phosphate buffer pH 6.8 at 4 °C,

samples were kept in this solution for 24 h for fixation and then washed with distilled

water three times for 20 min each. Following, they were dehydrated in ethanol series

(70%, 80%, 90%) for 20 min each and finally with absolute alcohol for 45 min. They

were finally dried under vacuum. Samples were then mounted, sputter coated with gold

and examined under scanning electron microscope, (LEO, model 435 VF, England).

Cells of C. albicans from the exponential phase were incubated with 10, 30, 50

ug/ml of purified protein for 30 min and were harvested by centrifugation at 2000 x g for

5 min, washed three times with phosphate buffer saline and resuspended in the same

buffer. Controls were run in the presence of 50 mM Tris-HCl buffer pH 8.0. Each sample

was spread on a poly (L-lysine)-coated glass slide (18 mm x 18 mm) to immobilize yeast

cells. Glass slides were incubated at 30°C for 90 min. Slide-immobilized cells were fixed

with 2.5% (w/v) glutaraldehyde in 0.1 M sodium phosphate buffer, extensively washed

with the same buffer and dehydrated with a graded ethanol series (70%, 80%, 90% for 5

min each and 100% 3x5 min each). They were finally dried under vacuum. Samples

were then mounted, sputter coated with gold and examined under scanning electron

microscope, (LEO, model 435 VF, England).
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3.2.15.2 Transmission electron microscopy

TEM analysis was performed at the Department of Microscopy, All India Institute

of Medical Sciences (AIIMS), New Delhi, India. Samples containing S. aureus, B.

substilis and E. coli (1 x 106 cells/ml) were incubated at 37°C for up to 30 min with 50

pg/ml of purified protein (NOP-51) and were centrifuged at 2000 x g. Controls were run

in the presence of 50 mM Tris-HCl buffer pH 8.0. The bacterial cells were fixed by

incubation with 2% glutaraldehyde, 2% paraformaldehyde in PBS for 20 min. After

washing with 0.1 M sodium phosphate buffer pH 6.8, four times 10 min each, samples

were post fixed with osmium tetroxide in the same buffer (1% osmium tetroxide, 0.8%

potassium fenocyanide) for 3 h at room temperature. They were washed three times with

buffer and dehydrated in acetone series and embedded in epon resin. Ultrathin sections

were mounted on copper grid and stained with 2% (w/v) phosphotungstic acid. The grids

were examined by using a transmission electron microscope (Phillips, model CM 10,

Holland).

Fresh fungal culture of A. fumigatus, A. flavus, A. niger and F. oxysporum was

treated with 50 pg/ml of purified protein, incubated at 28°C for 30 min. After treatment,

culture were fixed in 2% glutaraldehyde, 2% paraformaldehyde in PBS for 20 min and

then processed for TEM by using an agar bubble to enclose the sample. After washing

with 0.1 M sodium phosphate buffer pH 6.8, four times 10 min each, samples were post

fixed with osmium tetroxide in the same buffer (1% osmium tetroxide, 0.8% potassium

ferrocyanide) for 3 h at room temperature. They were washed three times with buffer and

dehydrated in acetone series, and embedded in epon resin. Ultrathin sections were Y"

mounted on regular copper grids and stained with uranyl acetate and lead acetate. The
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grids were examined by using a transmission electron microscope (Phillips, model CM

10, Holland).

Samples containing C. albicans cells (1 x 106 cells/ml) were incubated at28°C for

up to 30 min with 50 pg/ml of NOP-51 and were centrifuged at 2000 x g. Controls were

run in the presence of 50 mM Tris-HCl buffer pH 8.0. The cells were fixed by 2%

glutaraldehyde, 2% paraformaldehyde in PBS for 20 min. They were post fixed with

osmium tetroxide in the same buffer (1% osmium tetroxide, 0.8% potassium

fenocyanide) for 3 h at room temperature. They were washed three times with buffer and

dehydrated in acetone series, and embedded in epon resin Ultrathin sections were

mounted on copper grid and stained with uranyl acetate and lead acetate. The grids were

examined using a transmission electron microscope (Phillips, model CM 10, Holland).

3.2.16. Effect of temperature and pH on antimicrobial activity

Effect of temperature on the antimicrobial activity of purified protein was studied

by heating the protein at different temperature for 20 min. Aliquots of purified protein

were heated at 20, 30, 40, 50, 60, 70, 80, 90 and 100°C for 20 min. After incubation, each

aliquot was tested for antimicrobial activity. NOP-51 was also stored at room temperature

and antimicrobial activity was monitored on alternate days for one month.

The effect of pH on the purified protein preparation were investigated within a pH

, range between pH 2.2 to pH 12.0 using 0.2 M citrate buffer (pH 2.2, 3.0, 4.0, 5.0 and

6.0), 0.2 M Tris-HCl buffer (pH 7.0, 8.0, and 9.0), and 0.2 M glycine-NaOH buffer (pH

10.0, 11.0, and 12.0). Each sample was incubated at room temperature for 1 h. After the

^ treatment, antimicrobial activity of the purified protein was determined.
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(C) Immunomodulatory activity of purified protein (NOP-51):

3.2.17 Animals

The study was conducted on male Swiss albino mice (32 ± 3 g). The animals were

bred and maintained under standard laboratory conditions: temperature (25 ± 2°C) and

photoperiod of 12 h. Commercial pellet diet and water were given ad libitum. All the

animal handling and related experimental work got the approval of the animal ethical

committee of the Indian Institute of Technology Roorkee, Uttarakhand, India.

3.2.18. Study of in vitro immunomodulatory activity of NOP-51

3.2.18.1. Macrophage cell cultures

A standard and established method for peritoneal macrophage cell culture was

adopted (Edelson and Colin, 1976). Briefly, the mouse peritoneal macrophages were

elicited by injecting 4% thioglycollate medium into swiss male albino mice. Peritoneal

cells were exudated 72 h after injection by flushing peritoneal cavity with ice-cold RPMI

1640 incomplete medium using a 22 Gl needle. Peritoneal lavage were pooled and

collected in 50 ml conical centrifuge tube and centrifuged at 1500 rpm, (10 min, 4°C).

The pellet was resuspended in complete RPMI 1640 medium supplemented with 10%

heat inactivated FCS containing 15 mM HEPES buffer, 2 mM L-glutamine, 100 U/ml

penicillin, 100 U/ml streptomycin. Cells were counted and their viability was checked by

Trypan blue dye exclusion method. The peritoneal macrophages were examined

microscopically for their morphological identification on phase contrast microscope.

Cells (1 x 105 /well in a final volume of 200 pi) were seeded in flat bottom 96-well

polystyrene microtiter plate (Coster, Corning, NY) and incubated at 37°C, 5% C02 and

85% humidity chamber for 3 h to achieve adherence. The non-adherent cells were
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removed by repeated washing with ice-cold serum RPMI 1640 medium while adherent

cells were cultured for further studies.

3.2.18.2. Measurement of total nitrite

The thioglycollate-elicited peritoneal macrophages (1 x 105 /well) were cultured

with different concentrations of NOP-51 in presence or absence of LPS (5ug/ml) at 37°C,

5% CO2 and 85% humidity chamber for 24 h. Cells without protein either in presence or

absence of LPS were used as control. NO synthesis was determined by assaying the

culture superaatants for nitrite, the stable reaction product of NO with molecular oxygen,

using Griess reagent as described by Green et al, (1982) was performed. An equal

volume of the culture supernatant (100 pi) from different treatment groups was mixed

with 100 pi of Griess reagent (1 % sulphanilamide and 0.1 % N-[naphthyl]

ethylenediamine dihydrochloride; 1:1) and the absorbance was measured at 550 nm by

ELISA reader (BIOTEK instrument INC, Canada). LPS (5 pg/ml) was used as a positive

control for the stimulation of macrophages to produce nitrite. The amount of nitrite was

calculated from a NaN02 standard curve.

3.2.18.3 Quantification of TNF-a

~4~ The peritoneal macrophage culture supernatants used for TNF-a assay. The assay

was carried out using mouse TNF-a ELISA kit from Endogen, Pierce, USA. The kit was

a solid phase sandwich ELISA. A monoclonal antibody specific for mouse TNF-a was

coated onto the wells of the microtitre strip plate provided. The antigen and a biotinylated

monoclonal antibody specific for mouse TNF-a were simultaneously incubated.

>; Revelation step included Steptavidin-HRP and 3,3,5,5-tetramehylbenzidine (TMB) as

chromogen. Results were read immediately at 450 nm using a microtitre plate reader

64



BIO-TEK instrument Inc., Canada). LPS (10 ng/ml) was used as positive control for the

stimulation of TNF-a. A standard curve was obtained by plotting known concentration of

TNF-a vs absorbance at 450 nm.

3.2.18.4 Preparation of mouse splenocytes

The spleens were excised from mice aseptically and kept in incomplete RPMI

1640 medium. The single-cell suspension was prepared as per procedure described by Ly

& Mishell (1974). The spleen was minced using a pair of scissors and passed through a

fine steel mesh to obtain a homogeneous cell suspension and the suspension was layered

on incomplete serum free RPMI 1640 medium in a 60 mm Petri dish for 10 min to allow

cellular debris to settle down. The suspension was carefully transferred to a 15 ml conical

centrifuge tube and centrifuged at 300 x g, (10 min, 4°C). Red blood cells were removed

by centrifuging the pellet in RBC lysing buffer (0.1 M NH4C1). The cell suspension was

again centrifuged at 300 x g, (10 min, 4°C) and the pellet was resuspended in complete

RPMI 1640 medium. 1 x 106 cells/well in a final volume of 200 pi were seeded in flat

bottom 96-well polystyrene microtitre plate and cultured for further studies.

3.2.18.5. Effect on splenocytes proliferation

The proliferation assay of splenocytes was tested according to 3-(4,5-

dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Mossmann,

1983). Briefly, 1 x 105 cells/well was incubated with various concentration ofpurified

protein (25-150 ug/ml) for 24 h at 37°C in humidified 5% C02. Proliferation of cells in

the absence andpresence of mitogens were investigated by using predetermined optimum

doses of lipopolysaccharide (LPS) and concanavalin A (Con A) (5 pg/ml) for stimulating Y

B and T lymphocytes respectively. After 72 h, MTT (5 pg/ml) in PBS was added and the
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plate was further incubated for 2-5 h at 37PC. Culture medium was discarded by

aspiration after incubation and added with 100 pi of 0.04 M HC1 in isopropanol to lyse

cells. Then, 100 pi of distilled water was added to dilute the solution and the absorbance

was measured at 570 nm.

3.2.18.6. In vitro cytotoxicity assay

Viable counts of macrophages and splenocytes were measured by the Trypan blue

dye exclusion method described by Ignacio et al, (2001). Thioglycollate-elicited

adherent peritoneal macrophages (1 x 105 cells/well) and splenocytes (1 x 106 cells/well)

were placed in microtiter plates with medium supplemented with 10% FCS, containing

different concentrations of protein (25-150 ug/ml) and incubated up to 24 h at 37°C. The

cell suspensions were mixed with equal volume of dye (0.1% in PBS) and incubated at

room temperature for 5 min. The cells were washed to remove the free dye. Viable cell

counts were taken by using a haemocytometer under 40 x magnification of the Phase

contrast microscope. Cells with dye were excluded and only transparent cells were taken

and counted as viable cells. Triplicate wells were set for each concentration.

3.2.19. Study of in vivo immunomodulatory activity of NOP-51

"^ 3.2.19.1. Treatment of animals

Animals were divided into five groups of six animals each; (Group I) control,

received 50 mM Tris-HCl pH 8.0; (Group II) received 25 pg/ml; (Group III) received 50

pg/ml; (Group IV) received 100 pg/ml; and (Group V) received 150 pg/ml, respectively

of NOP-51. The dose volume of 200 pi in each group was given intraperitoneally (i.p.)

"x; for 15 consecutive days. The animals were sacrificed 24 h after the last dose. Body
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weight and organ weight of kidney, liver, spleen and thymus were determined for each

animal.

3.2.19.2. Peritoneal macrophage primary cell culture

Mouse peritoneal macrophages from the various animal treatment groups were

isolatedand culturedsimilarlyas discussed in in vitro study (section-3.2.18.1).

3.2.19.3. Macrophage function assay

3.2.19.3.1 Total nitrite estimation

The effect of in vivo treatment of NOP-51 on peritoneal macrophages NO

production was studied similarly using Griess reagent as described in section (3.2.18.2)

3.2.19.3.2. Quantification of TNF-a

Theeffectof in vivo treatment of NOP-51 on peritoneal macrophages TNF-a was

studied similar using mouse TNF-a ELISA kit from Endogen, Pierce, USA as described

in section (3.2.18.3)

3.2.19.3.3. Cellular lysosomal enzyme activity assay

The cellular lysosomal enzyme activity (acid phosphatase) was used to determine

the phagocytosis activity of peritoneal macrophages as per method described (Suzuki et

al, 1988) with little modification. Briefly, 30 pi of macrophage suspension (1 x 105

cells/well), 50 pi of RPMI medium and the culture was incubated at 37°C in 5% C02

humidified atmosphere for 24 h. The medium was removed by aspiration and 20 pi of

0.1% Triton X-100, 100 pi of 10 mMp-nitrophenyl phosphate (p-NPP) (Sigma) solution

and 50 pi of 0.1 M citrate buffer (pH 5.0) were added in each well. The platewas further

incubated for 30 min, 150 pi of 0.2 M borate buffer (pH 9.8) was then added and the 7^

absorbance wasmeasured at 405 nm (BIO-TEK instrument Inc., Canada).
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3.2.19.3.4. Assay for candidacidal activity

Candidacidal activity of peritoneal macrophages of in vivo NOP-51 treated

animals was assayed by the method of Nozawa and Yokata (1982) with slight

modifications. Briefly, 200 cells of C. albicans in 100 pi of RPMI 1640 were added to

the macrophage monolayer (1 x 105 cells/well) in 96-well tissue culture plate and

incubate at 37°C for 3 h. Then, the cell suspension was spreaded on Sabouraud agar. The

number of colonies of C. albicans was counted after incubation for 24 h at 28°C. The

candidacidal activity was calculated by the following formula:

Candidacidal activity = 200 - Average no colonies/200

3.2.19.4. Splenocyte primary cell culture

The single-cell suspension of splenocytes was prepared as described in section

3.2.17.4.

3.2.19.5. Splenocyte function assay

3.2.19.5.1 Splenocyte proliferation assay

The effect of in vivo treatment of NOP-51 on splenocytes proliferation was

studied similarly as described insection (3.2.17.5). Briefly, 1 x 105 cells/well ofdifferent

—^, treated animals groups was incubated with various concentrations of purified protein (25-

150 pg/ml) for 24 h at 37°C in humidified 5% C02. Proliferation of cells in the absence

and presence of mitogens were investigated by using predetermined optimum doses of

lipopolysaccharide (LPS) and concanavalin A (Con A) (5 pg/ml) for stimulating B and T

lymphocytes respectively. After 72 h, MTT (5 pg/ml) in PBS was added and the plate

was further incubated for 2-5 h at 37°C. The proliferation was measured similarly as

described above.
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3.2.19.5.2. Quantification of IL-2

The level of IL-2 was determined in the splenocytes cell culture supernatant of

different in vivo protein treated animal groups by an enzyme linked immunosorbant assay

(ELISA) according to manufacturer's instruction (Endogen, Pierce, USA), A monoclonal

antibody specific for mouse IL-2 was coated onto the wells of the microtitre strip plate

provided. Revelation step included anti-IL-2-HRP Conjugate and 3,3,5,5-

tetramehylbenzidine (TMB) as chromogen. Results were read immediately at 450 nm

using a microtitre plate reader. PHA (5 pg/ml) was used as positive control for the

stimulation of IL-2. A standard curve was obtained by plotting known concentration of

IL-2 vs absorbance at 450 nm.

3.2.19.6 Viability assay

Viable counts of macrophages and splenocytes were measured by the Trypan blue

dye exclusion method described by Ignacio et al, (2001). Cells from the different

experimental groups were taken as described in the above sections on cell isolation and

culture. The cell suspensions were mixed with equal volume of dye and incubated at

room temperature for 5 min. The cells were washed to remove the free dye. Viable cell

counts were taken by using a haemocytometer under 40 x magnification of the phase

contrast microscope. Cells with dye were excluded and only transparent cells were taken

and counted as viable cells.
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(D) Toxicological investigation

3.2.20. Lactate dehydrogenase assay

The presence of exclusive cytosolic enzyme, LDH, in cell culture medium is the

indication of cell membrane damage. The assay of LDH was performed as per methods

described (Fry and Hammond, 1993; Freshney, 2000). Splenocytes and peritoneal

macrophages cell culture supematants were collected from each tested group and LDH

activity was measured by using Cayman kit, USA as per the manufacturer instructions.

3.2.21. Hematological parameter

Blood sample of each animal was collected in the presence of a drop of

anticoagulant (4% sodium citrate). Total WBC count (Turke's method), RBC count

(Hayem's method), hemoglobin content (cyanmethemoglobin method) were studied in

treated as well control animals.

3.2.22. Liver function tests

Transaminase activity was used as a diagnostic tool for liver tissue destruction.

The level of serum glutamate oxalate transaminase (SGOT), serum glutamate pyruvate

transaminase (SGPT), bilirubin and urea measured using standard methods. Liver tissues

-i% are rich in GPT and GOT and necrosis to liver tissue results in more rapid changes in

serum GPT and GOT level. All tests were performed by using the kits (Span Diagnostics,

Surat, India) according to the manufacturer's instructions. For this purpose, five groups

of animals (one control + four treatment groups) as described above were used and

treated for 15 days with respective doses of purified protein.
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(E) Identification of NOP-51 protein from N. odorum leaves

3.2.23. N-terminal sequence analysis

To analyze the N-terminal amino acid sequence, purified protein (NOP-51) was

subjected to SDS-PAGE and then electroblotted onto polyvinylidene difluoride

membrane (Immobilone-PSQ, Millipore, USA) in 100 mM CAPS buffer, pH 11.0. After

electroblotting, membrane was stained with 0.1% Coomassie brilliant blue R-250, the

protein bands on the membrane were cut out and rinsed with 50% and 100% methanol

(three times each) to eliminate the staining reagent. Now protein band was analyzed to

determine N-terminal amino acid sequence by using Edman degradation method using an

automated protein sequencer (Shimadzu Automated Protein Sequencer (PPSQ-20), USA)

at the National facility of Protein Analysis, Department of Biophysics, All India Institute

of Medical Sciences (AIIMS), New Delhi, India.

3.2.24. Identification by LC-MS/MS

For LC-MS/MS studies, the purified protein was run on 12% SDS-PAGE and the

band containing the 51 kDa protein of N. odorum leaves was excised by using a clean

scalpel or razor blade from the gel. Band containing gel pieces were successively washed

in H20/methanol/acetic acid (47.5:47.5:5) and in acetonitrile, dried under a vacuum,

rehydrated in 50 mM NH4HCO3 containing 10 ng/pl trypsin (Sigma Aldrich), and

incubated for 5 h at 37°C. This first supernatant was collected and stored at -20°C. The

peptides left in the gel pieces were extracted once with 50 mM NH4HCO3 and twice with

a water/acetonitrile/formic acid (47.5:47.5:5) solution. These three supematants were

pooled to the first one, concentrated in a vacuum centrifuge to a final volume of 30 pi,

acidified by adding 1.8 pi of acetic acid, and stored at - 20°C. The peptide mixtures were
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analyzed for high-performance liquid chromatography nanospray ion trap tandem MS

analyses (LC-MS/MS).

The peptide mixture resulting from trypsin digestion was analyzed by online

capillary high-performance liquid chromatography coupled to a nanospray LCQ ion trap

mass spectrometer. Peptides were separated on a 75 pm (inner diameter) by 15 cm CI8

PepMap column. The flow rate was 200 nl/min, and peptides were eluted using a 5 to

50% linear gradient of solvent B in solvent A; solvent A was 0.1% (v/v) formic acid in

5% acetonitrile, and solvent B was 0.1% formic acid in 80% acetonitrile. The mass

spectrometer was operated at a 1.8 kV needle voltage and a 38 V capillary voltage. Data

acquisition was performed in a data dependent mode consisting of a full-scan MS over

the range m/z 300 to 100,000. Data were analyzed by using the MSDB and NCBI

software.

3.2.25 Statistical analysis

All antimicrobial and immunomodulatory activity studies were carried out in

triplicate and six replicates respectively, experimental results represents the mean of

three/six identical studies. Standard deviation (SD) and standard error (SE) were

calculated using following formula:

SD = ^^

SE =

N

SD

V/v
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(A). Isolation, purification and analysis of antimicrobial protein

4.1 Isolation and purification

Total protein from N. odorum fresh leaves was extracted as described in methods

section and tested for antimicrobial activity. Crude protein preparation with antimicrobial

activity was fractionated by ammonium sulfate fractionation. The fractions (20-50%)

saturation having significant antimicrobial activity was pooled, dialyzed, concentrated

and was subjected to gel filtration chromatography on Sephadex G-100 column. The

protein elution profile of Sephadex G-100 column chromatography is shown in figure 2.

Total five protein peaks named Gl, G2, G3, G4 and G5 were obtained. Each peak (GI

GS) was tested for antimicrobial activity and protein content. The peak G2 exhibited

antimicrobial activity was further purified using ion exchange chromatography on CM-

cellulose column. Proteins were eluted with NaCl step gradient of 0 - 1 M NaCl in 50

mM Tris-HCl (pH 8.0). Single peak was obtained with both 50 mM Tris-HCl (pH 8.0)

(A) and 150 NaCl (B). The elution patterns are shown in figure 3. The antimicrobial

activity and protein content of both peak A and B was tested. The antimicrobial activity

was present in 150 mM NaCl eluted peak only (Peak B). This active peak fraction were

pooled, dialyzed and concentrated using Amicon 100 kDa cut off membrane and was

used for all further studies.

4.2. Analysis of crude and purified protein fraction

4.2.1 SDS-PAGE analysis

To monitor the purification steps and to ensure the purity of the purified protein,

the crude, G2 peak of Sephadex G-100 and peak B of CM-cellulose column which

showed the antimicrobial activity were analyzed on SDS-PAGE. The coomassie blue
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stained 12% SDS-PAGE protein profiles of these fractions are shown in figure 4. As

clear from the gel profile that the crude preparationhas several proteins ranging from 15-

70 kDa (Fig. 4A, lane 2). The G-2 peak after Sephadex G-100 column confening

antimicrobial activity has two protein bands, which were closed in molecular weight.

These proteins were separated on CM cellulose column, due to their different affinity.

The coomassie blue stained gel profile of peak-B with antimicrobial activity has only

single band of 51 kDa without any other contaminating protein. (Figure 4B, Lane 3).

Thus finally a 51 kDa protein with antimicrobial activity from N. odorum leaves was

purified. The 51 kDa purified protein from N. odorum leaves having antimicrobial was

named as N. odorum protein-51 (NOP-51) and the designation will be used for further

discussion throughout the thesis.

The purity of the NOP-51 antimicrobial protein was also checked by silver

staining. Increasing concentration of purified protein was loaded in each well and the gel

after electrophoresis was stained with silver nitrate. Silver stained gel profile of the

protein is shown in figure 5. It was clear from the gel that purified protein does not have

any other contaminating protein even at higher concentration.

4.2.2 Native- PAGE analysis of NOP-51

The purified antimicrobial NOP-51 was further analyzed on Native-PAGE. The

coomassie blue stained 12% native PAGE gel is shown in figure 6 (A). The NOP-51

found to be a monomeric protein as a single 51 kDa band was observed both in Native-

PAGE and SDS-PAGE (Fig. 6 A & B).
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4.2.3. Reverse-phase high performance liquid chromatography (RP-HPLC)

The purity of the purified protein (NOP-51) was also checked on RP-HPLC. The

loading of NOP-51 on reverse phase high performance liquid chromatography on CI8

column, resulted in a single sharp elution peak (Fig. 7). This further confirms the purity

ofNOP-51. Hence it represents purified protein.

4.2.4. Molecular mass determination of NOP-51 using MALDI-TOF

The mass of the purified protein (NOP-51) was determined using Matrix Assisted

Laser Desorption lonization-Time Of Flight (MALDI-TOF). MALDI-TOF further

confirmed the purity of the protein as a single peak of mass 51.4 kDa was obtained

without any contaminating peak (Fig. 8). This was almost similar as revealed from SDS-

PAGE, in which molecular weight of the protein found to be around 51 kDa. Though the

MALDI-TOF result seems to be more accurate usually, however, for simplicity mass 51

kDa has been used throughout the thesis.
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Figure 2. Sephadex G-100 gel filtration chromatography of ammonium sulphate
enriched fraction of Nerium odorum leaves crude protein preparation. The column
was pre-equilibrated and eluted with 50 mM Tris buffer, pH 8.0. Five protein
elution peaks Gl, G2, G3, G4 and G5 are indicated.
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Figure 3. CM-cellulose cation-exchange column chromatography of active peak G2
of Sephadex G-100. The column was pre-equilibrated with 50 mM Tris buffer, pH
8.0, and eluted with step gradient of (0 to 1.0 M) NaCl in 50 mM Tris buffer, pH 8.0.

A and B are buffer and 150 mM NaCl eluted peaks, respectively.
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Figure 4. Coomassie blue stained 12% SDS-PAGE protein profiles of crude fraction, G2
peak of Sephadex G-100 and peak B of CM-cellulose column chromatography. Panel A:
Lane I, Molecular weight marker; Lane 2, 30 pg of total protein extract; Lane 3, 4, 5 are
the protein after gel filtration chromatography (20, 30, 40 pg respectively). Panel B: Lane
1, Molecular weight marker; Lane 2, 30 pg of total protein extract; Lane 3, 30 pg of peak
B after CM-cellulose column chromatography. 51 kDa Protein band is indicated
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Figure 5. Silver stained 12% SDS PAGE protein profile of peak B of CM-
cellulose column chromatography. Lane 1, Molecular weight marker; Lane 2, 3, 4,
5, 6 and 7 are different concentration of peak B eluate (10, 20, 30, 40, 50, and 60
pg, respectively). 51 kDa protein band is indicated.
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Figure 6. Coomassie blue stained 12% native and SDS-PAGE protein profile ofpeak B
of CM-cellulose column chromatography. A: native-PAGE, Lane 1, Molecular weight
marker; Lane 2, 3,4 are the 20, 30 and 40 pg ofpeak B eluate. B: SDS-PAGE, Lane 1,
2, 3 are the 20, 30 and 40 pg ofpeak B eluate. 51 kDa protein band is indicated.
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Figure 7: RP-HPLC profile of peak B of CM-cellulose column chromatography.
Peak B after cation exchange chromatography was loaded on reverse phase
Pharmacia C18 column (25 x 0.4 cm) equilibrated with (0.1% (v/v) TFA). An
elution gradient (0 to 99.9% acetonitrile in 0.1% TFA from 0 - 60 min) was
employed to elute the protein. Three cycles of reverse phase chromatography of
the active protein led to the elution of a single peak containing antimicrobial
activity.
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Figure 8. Molecular mass determination of purified protein using mass
spectrometery.MALDI-TOF analysis showed the exact molecular mass of purified protein
to be 51.4 kDa.
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(B) Evaluation of antimicrobial activity of NOP-51

4.3. Evaluation of antibacterial activity

4.3.1. Antibacterial activity assay using disk diffusion and broth dilution methods

In vitro antibacterial susceptibility tests of the crude protein fraction and purified

protein (NOP-51) against Gram positive and Gram negative bacteria were performed

using disk diffusion method. Both the crude and NOP-51 showed broad spectrum

antibacterial activity as acted against all the Gram positive and Gram negative bacteria

tested. NOP-51 found to be more effective as significant antibacterial activity was

observed against most of the tested bacteria even at much lower concentration compared

to crude protein which showed antibacterial activity relatively at higher concentrations.

There found to be little differences in the susceptibility among different bacterial strains.

The results are summarized in figure 9 and Table 4 & 5.

The MIC and MBC of crude and purified protein (NOP-51) were determined

using microdilution method. Gentamicin was used as reference antibiotic for

comparisons. The MIC and MBC results are summarized in Table-6. Similar to the

observation of inhibition zone formation by disk method, NOP-51 found to be more

effective as it has significantly low MIC 12, 25, 25 and 12 ug/ml, for S. aureus, B.

subtilis, P. putida and E. coli, respectively, compared to crude protein which has 25, 50,

50 and 25 ug/ml against these bacteria. Similarly, the MBC of the NOP-51 found to be

significantly lower (25, 50, 50, 50 ug/ml) compared to crude protein (50, 75, 50, 75

ug/ml). MBC of the NOP-51 was much closer to MBC of Gentamicin (31, 31, 31, 15

|ig/ml), respectively, against these bacteria. It is clear from the inhibition zone formation,

MICs and MBCs values of purified protein (NOP-51) has potent antibacterial activity
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against both Gram positive and negative bacteria. IC50 of NOP-51 against S. aureus, B.

substilis, P. putida and E. coli, were determined and shown in figure 10. The IC50 found

to be 18.4, 19.3, 15.2 and 16.0 ug/ml for S. aureus, B. substilis, P. putida and E. coli,

respectively.

4.3.2 Time killing curve study

The concentration dependent time killing of NOP-51 against S. aureus, B.

substilis, P. putida and E. coli was studied. The result of time killing is represented in

figure 11. As clear from the figure that at lower concentration (10 ug/ml) NOP-51 was

able to cause only 2% decrease in CFU after 2 h in all tested bacteria. However, at higher

concentration (50 ug/ml) the bactericidal effect was rapid and 90% decrease in CFU was

observed in all four bacteria within 15 min. No viable count was detected after 2 h in

each bacterium. These results are in agreement with MIC values results. The

concentration dependent time killing curve study was helpful to choose the optimum

concentration and time study to observe the morphological changes occurred in bacteria

cells after protein treatment using SEM and TEM.
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Figure 9. Antibacterial activity by disk diffusion assay. A&B) S. aureus; C&D) B. substilis;
E&F) P. putida; G&H) E. coli. 1, 2, 3. 4 and 5 are 10, 15, 20, 25, and 30 ug/disk of purified
protein (NOP-51); 6- 50 mM Tris-HCl pH 8.0; 7- 30 ug/disk Gentamicin, respectively.
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Table 4. Antibacterial activity of crude protein extract by disk diffusion method.

Micro

organisms
Inhibition Zone (mm) *

Amount of crude protein extract (ug/disk) Standard

antibiotic
10 20 30 40 50 Gentamicin

(30ug/disc)
Staphylococcus
aureus

(MTCC 2940)

N.D. 6.1+0.12 7.8±0.02 8.7±0.56 12.3±0.43 18.1±0.21

Bacillus

substilis

(MTCC 2423)

N.D. N.D. 6.2+0.31 7.9±0.43 14.2±0.32 18.9+0.52

Pseudomonas

putida
(MTCC 2453)

N.D. N.D. 6.4±0.16 11.1±0.84 16.1±0.45 19.2±0.28

Escherichia.

Coli

(MTCC 739)

N.D. 6.5+0.21 7.2±0.76 8.6±0.76 15.5±0.72 18.8+0.92

Values are zone of inhibition diameter and are mean of triplicate ± SE; N.D.= not
detectable.

Table 5. Antibacterial activity of NOP-51 by disk diffusion method.

Micro

organisms

Inhibition Zone (mm) *
Amount of NOP- 51 (ug/disk) Standard

antibiotic
10 15 20 25 30 Gentamicin

(30jig/disc)
Staphylococcus
aureus

(MTCC 2940)

6.4±0.09 6.9±0.04 8.9+0.12 11.7±0.06 18.7±0.74 18.1±0.21

Bacillus

substilis

(MTCC 2423)

N.D. 6.7±0.73 7.2±0.12 11.9±0.07 19.2±0.64 18.9+0.52

Pseudomonas

putida
(MTCC 2453)

N.D. 6.1±0.07 7.4±0.10 10.1±0.04 18.1+0.65 19.2+0.28

Escherichia.

Coli

(MTCC 739)

N.D. 6.5±0.66 8.4±0.12 11.6+0.06 17.5+0.12 18.8±0.92

aValues are zone of inhibition diameter and are mean of triplicate ± SE; N.D. = not
detectable.
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Table 6. MICs and MBCs determination ofcrude protein extract and NOP-51 against
various bacteria.

Micro

organisms

Minimum inhibitory
concentration (MIC)

(ue/ml)

Minimum fungicidal
concentration (MBC)

(Ug/ml)
Crude

protein
extract

NOP-

51

Gentamicin Crude

protein
extract

NOP-

51

Gentamicin

Staphylococcus 25 12 31 50 25 31
aureus

*
(MTCC 2940)
Bacillus

substilis
50 25 31 75 50 31

JMTCC 2423)
Pseudomonas

putida
(MTCC 2453)

50 25 15 50 50 31

Escherichia.

Coli
25 12 15 75 50 15

-+

(MTCC 739)

-f-
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Figure 10. Determination of the IC50 value of NOP-51 against S. aureus, B.
substilis. P. putida, and E. coli, The IC50 was calculated to be 18.4, 19.3, 15.2 and
16.0 u,g/ml respectively.
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Figure 11. Time kill curve studies of bacteria, S. aureus (A), B. substilis (B), P. putida
(C) andE. coli (D) cells (lxlO6) were incubated with 10 ug/ml ( ), 20 ug/ml ( ),
30 ug/ml ( ) , 40 ug/ml ( ), and 50 ug/ml ( ) of 51 kDa protein at 30 °C. The
number of surviving cells, at different incubation times, is expressed as the percentage
of total cells. The control ( ) is bacteria without protein in the presence of 50 mM
Tris HC1 pH 8.0. The values are means for three independent measurements.
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4.3.3. Effect of NOP-51 on bacterial cell morphology

One of the major modes of antimicrobial proteins and peptides killing of microbes

is cell membrane damage which causes changes in the cell morphology and permeability

and ultimately results in death. Scanning and transmission electron microscopic study

have been the common method to study the cell damage and changes occurring on cell

surfaces of bacteria by exposure to antimicrobial agents. Therefore, to see the effects of

NOP-51 treatment on bacterial surface morphology SEM and TEM studies were

performed.

4.3.3.1. Scanning electron microscopy

The bacterial cells were treated with sub-lethal (10 & 30 M.g/ml) and lethal (50

ug/ml) concentration of NOP-51 for 30 min and changes in cell morphology were

monitored using SEM. The scanning electron micrographs of S. aureus, B. subtilis, P.

putida and E. coli are shown in figure 12 & 13, figure 14 &15, figure 16 &17 and figure

18 & 19, respectively. It is clear from the scanning electron micrograph pictures of all

bacteria that treatment with NOP-51 found to have remarkable changes in the cell surface

morphology and cell shapes of respective bacteria. The untreated cells found to have

normal smooth surface and intact shapes of each bacterium (Fig. 12A & 13A, 14A &

15A, 17A & 17A and 18A & 19A). Even the treatment with sub-lethal concentration (10

Ug/ml) of NOP-51 found to cause significant changes in cell morphology and shape (Fig.

12B & 13B, 14B &15B, 16B &17B and 18B & 19B). On the other hand 30 min treatment

with higher concentration (30 ug/ml) and lethal concentration (50 (xg/ml) found to cause

more remarkable changes, such as surface roughing (Fig. 12C & 13C, 14C &15C, 16C

&17C and 18C & 19C). Cell often showed holes and membrane damage and clumping of
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damage cells could be easily seen in eachbacterium (Fig 12D &13D, 14D & 15D, 16D &

17D and 18D & 19D). Changes in the bacterial cell surface morphology, cell shape

deformity and cell damage was observed in SEM micrographs of all the four tested

bacteria provide evidence for the potentantibacterial activity of NOP-51.

4.3.3.2 Transmission electron microscopy

The effect of purified protein (NOP-51) on bacteria was also studied by TEM.

The bacterial cells were treated with 50 ug/ml of protein for 30 min. The transmission

electron micrographs of control and protein treated cells of S. aureus, B. subtilis, P.

putida and E. coli are shown in figure 20. The TEM picture of untreated cells of each

bacterium showed clear intact cell wall and membrane (Fig 20. A, C, E and G) while the

cell wall and membranes of NOP-51 treated bacterial cells were altered and clear

deformity could be seen both in cell wall and membrane (Fig 20 B, D, F and H). The

shrinkage and damage of cytoplasmic material and membrane could be clearly seen in

protein treated cells compared to control. TEM micrographs indicated that the walls of

treated bacterial cells were completely irregular inoutline, without showing deposition of

membranous material in the cell wall with almost complete solubilization. TEM study

clearly indicates that the NOP-51 was able to cause damage of the cell wall and

membrane in all bacteria whichmay be resulting in their death.
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Figure 12. Scanning electron micrograph showing the effect of NOP-51 on S.
aureus surface morphology after 30 min of incubation. A: Control (50 mM Tris-
HCl pH 8.0); B, C & D are 10, 30, and 50 pg/ml concentration of NOP-51,
respectively. Magnification: 30, 000 X, Bar: 300 nm.
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Figure 13. Scanning electron micrograph showing the effect of NOP-51 on S.
aureus surface morphology after 30 min of incubation. A: Control (50 mM Tris-
HCl pH 8.0); B, C & D are 10, 30, and 50 pg/ml concentration of NOP-51,
respectively. Magnification: 10, 000 X, Bar : 100 nm. Cells with rough surface
and their lysis are indicated.

92



Figure 14. Scanning electron micrograph showing the effect of NOP-51 on B.
substilis surface morphology after 30 min of incubation. A: Control (50 mM Tris-
HCl pH 8.0); B, C & D are 10, 30, and 50 pg/ml concentration of NOP-51,
respectively. Magnification: 30, 000 X, Bar: 300 nm. Cell with rough surface and
its lysis are indicated.
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Figure 15. Scanning electron micrograph showing the effect of NOP-51 on B.
substilis surface morphology after 30 min of incubation. A: Control (50 mM
Tris-HCl pH 8.0); B, C & D are 10, 30, and 50 pg/ml concentration of NOP-51,
respectively. Cells with rough surface and their clumping are indicated.
Magnification: 10, 000 X, Bar: 100 nm.
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Figure 16. Scanning electron micrograph showing the effect of NOP-51 on P.
putida surface morphology after 30 min of incubation. A: Control (50 mM Tris-
HCl pH 8.0); B, C & D are 10, 30, and 50 pg/ml concentration of NOP-51,
respectively. Magnification: 30, 000 X, Bar: 300 nm.
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Figure 17. Scanning electron micrograph showing the effect of NOP-51 on P. putida
surface morphology after 30 min of incubation. A: Control (50 mM Tris-HCl pH 8.0);
B, C & D are 10, 30, and 50 pg/ml concentration of NOP-51, respectively. Cells with
rough surface and clumping of lysed cells are indicated. Magnification: 10, 000 X,
Bar: 100 nm
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Figure 18. Scanning electron micrograph showing the effect ofNOP-51 on E. coli
surface morphology after 30 min of incubation. A: Control (50 mM Tris-HCl pH
8.0); B, C &D are 10, 30, and 50 pg/ml concentration of NOP-51, respectively.
Magnification: 30, 000 X, Bar: 300 nm.
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Figure 19. Scanning electron micrograph showing the effect of NOP-51 on E.
coli surface morphology after 30 min of incubation. A: Control (50 mM Tris-HCl
pH 8.0); B, C & D are 10, 30, and 50 pg/ml concentration of NOP-51,
respectively. Cells with rough surface and their clumping are indicated.
Magnification: 10, 000 X, Bar: 100 nm.
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Figure 20: Transmission electron micrograph showing ultrastructural changes in S. aureus
(A & B); B. coli (C & D); P. putida (E & F); and B. substilis (G & H) after NOP-51
treatment. Cells of S. aureus (B), E. coli (D), P. putida (F) and B. substilis (H) were treated
with 50 pg/ml of NOP-51 for 30 min. Irregular cell wall in outline, retracting membrane
could be seen (D, F & H). Bacterial cell with complete solubilization of cell wall and pore
formation are indicated. Control cells of S. aureus (A), E. coli (C), P. putida (E) and B.
substilis (F) are treated with 50 mM Tris-HCl pH 8.0 (A, C, E & Grespectively). Bar: 1urn.

99



4.4. Antifungal activity evaluation

4.4.1. Antifungal activity assay using disk diffusion and broth dilution methods

The in vitro antifungal activities of crude protein fraction and NOP-51 against

several filamentous fungi (A. fumigatus, A. flavus, A. niger and F. oxysporum) and C.

albicans were tested using disk diffusion method and the results are shown and

summarized in figure 21 & 22 and Table 7 & 8. Similar to the antibacterial activity, crude

protein and NOP-51 showed significant antifungal activity against all the fungi tested as

could be seen from inhibition zone formation. The NOP-51 was more effective, as

significant antifungal activity was observed even at lower concentrations compare to

crude fraction. The 25 pg/disk of NOP-51 and 40 pg/disk of crude protein found to be

most effective concentrations as significant inhibition zone was observed against all fungi

while at lower concentrations inhibition zone could be seen against few fungi only. The

zone of inhibition at 30 pg/disk of fluconazole and 30 pg/disk of NOP-51 against these

fungi were quite comparable and in some case the NOP-51 found to be even better (Table

8).

MIC and MFC of crude protein and NOP-51 against these fungi were determined

4 and summarized in Table 9. The MICs of NOP-51 against A. fumigatus, A. flavus, A.

niger, F. oxysporum and C. albicans, were 25, 25, 25, 50 and 12 pg/ml, while that of

crude protein were 50, 25, 50, 75 and 25 pg/ml, respectively. The MFCs of NOP-51

against most of the fungi found to be 50 pg/ml except for C. albicans which had 25

pg/ml. The MFCs of crude protein against these fungi were 50, 50, 75, 75 and 50 pg/ml,

^ respectively. The MIC and MFC of NOP-51 against the above mentioned fungi were

almost similar as that of fluconazole and in some cases it was found to be lower than
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fluconazole. The IC50 of NOP-51 against A. fumigatus, A. flavus, A. niger, F. oxysporum

and C. albicans were found to be 19.3, 15.1, 18.3, 20 and 18.3 pg/ml, respectively (Fig

23).

4.4.2. Time killing curve study

The concentration dependent time killing of NOP-51 against A. fumigatus, A. flavus, A.

niger, F. oxysporum and C. albicans was studied. The time killing curves are shown in

figure 24. At a concentration of 10 pg/ml, NOP-51 causes only 4% decrease in CFU

within 2 h, however, at higher concentration the fungicidal effect was rapid and at 50

pg/ml almost 90% decrease in CFU was observed with in 15 min. No viable colonies

were detected after 2 h.

101

-r

4

*



Figure 21: Antifungal activity by disk diffusion method. A & B) A. flavus; C &
D) A.fumigatus; E &F) A. niger.X, 2, 3,4 and 5 are 10, 15, 20, 25, and 30 pg/disk
of purified protein (NOP-51); 6- 50 mM Tris-HCl pH 8.0; 7- 30 pg/disk
Gentamicin, respectively.
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Figure 22: Antifungal activity by disk diffusion method A & B) P. oxysporum C &
D) C. albicans. 1, 2, 3, 4 and 5 are 10, 15, 20, 25, and 30 pg/disk of purified protein
(NOP-51); 6- 50 mM Tris-HClpH 8.0; 7- 30 pg/disk Gentamicin, respectively.
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Table 7. Antifungal activity of crude protein extract by disk diffusion method.

Micro

organisms
Inhibition Zone (mm)"

Amount of crude protein extract (pg/disk) Standard

antibiotic
10 20 30 40 50 Flu

(30ug/disc)
Aspergillus
fumigatus
(ITCC 4880)

N.D. N.D. 6.3±0.56 7.7±0.54 13.2±0.52 19.H1.93

Aspergillus
flavus
(ITCC 5290)

N.D. 6.1+0.43 7.2±0.47 8.4±0.32 16.3±0.45 19.3±0.55

Aspergillus
niger
(ITCC 5454)

N.D. N.D. N.D. 6.1+0.36 11.2+0.77 20.3±0.32

Fusarium

oxysporum

(ITCC 4998)

N.D. N.D. N.D. N.D. 6.3±0.41 21.5+0.98

Candida

albicans

(MTCC 227)
a-tr i .

6.1±0.22 6.8±0.81 7.5±0.78 9.1±0.67 20.8±0.11 23.3±1.10

Values are zone of inhibition diameter and are mean of triplicate ± SE; N.D. = not
detectable. (Flu- Fluconazole).
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Table 8. Antifungal activityof NOP-51 by disk diffusionmethod.

Jr Micro

organisms
Inhibition Zone (mm)a

Amount of NOP- 51 (ug/disk) Standard

antibiotic
10 15 20 25 30 Flu

(30ug/disc)
Aspergillus
fumigatus
(ITCC 4880)

N.D. 6.1+0.12 7.8±0.04 8.7±0.20 21.2±0.02 19.1+1.93

Aspergillus
flavus
(ITCC 5290)

N.D. 6.2±0.05 7.5±0.47 8.7±0.02 22.5±0.02 19.3±0.55

Aspergillus
niger
(ITCC 5454)

N.D. N.D. 6.1+0.21 8.1+0.73 24.2±0.34 20.3±0.32

Fusarium

oxysporum

(ITCC 4998)

N.D. N.D. N.D. 6.4+0.24 15.2±0.41 21.5+0.98

Candida

albicans

(MTCC 227)

6.3+0.51 6.9±0.83 7.9+0.01 10.1+0.08 20.8±0.01 23.3±1.10

>
aValues are zone ot inhibition diameter and are mean of triplicate ± SE; N.D.= not
detectable. (Flu- Fluconazole).
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Table 9. MICs and MFCs determination of crude protein extract and NOP-51 against
various fungi.

-\

Micro

organisms
Millimum inhibitory

concentration

(MIC) (pg/ml)

Mi nimum fungic
concentration

(MFC) (ug/ml

idal

)

Crude

protein
extract

NOP- 51 Flu Crude

protein
extract

NOP- 51 Flu

Aspergillus
fumigatus
(ITCC 4880)

50 25 31 50 50 62

Aspergillusflavus
(ITCC 5290)

25 25 31 50 50 31

Aspergillus niger
(ITCC 5454)

50 25 31 75 50 31

Fusarium

oxysporum

(ITCC 4998)

75 50 15 75 50 15

Candida albicans

(MTCC 227)
25 12 7 50 25 7

>

>

(Flu- Fluconazole).
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Figure 23. Determination of the IC50 value of the antifungal activity of 51 kDa
protein from M odorum leaves towards A. niger, A. flavus, A. fumigatus, F.
oxysporum and C. albicans. The IC50 was calculated to be 18.3, 15.1, 19.3, 20.0
and 18.3 pg/ml res]sectively.
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Figure 24. Time kill curve studies ofFungi. C. albicans (1 x 106 cells) (A), A niger (B), A.
flavus (C), A. fumigatus, (D) andF. oxysporum (E) (1 x 105 spores) were incubated with 10
pg/ml (—), 20 pg/ml (—), 30 pg/ml (—) , 40 pg/ml (—), and 50 pg/ml (—) of 51 kDa
protein at 30 °C. The number of surviving cells, at different incubation times, is expressed
as the percentage of total cells. The control (•••• •) is fungi without protein in the presence of
50mM Tris-HCl pH 8.0. The values are means for three independent measurements.
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4.4.3. Effect of NOP-51 on fungal morphology

4.4.3.1. Scanning electron microscopy

Since 30 min was found to be the effective time for onset of cell damage. To

study the effect of NOP-51 on cell morphology of filamentous fungi (A. fumigatus, A.

flavus, A. niger and F. oxysporum) and C. albicans were treated with different

concentration ofNOP-51 for 30 min and SEM were performed. The SEM micrographs of

control and NOP-51 treated samples of A. fumigatus, A. flavus, A. niger, F. oxysporum

and C. albicans are shown in figure 25 26, 27, 28, 29 and 30. In case of filamentous

fungi, hyphae of untreated samples were smooth, normal in shape without any alteration

in morphology (Fig. 25A, 26A, 27A, & 28A). Protein treated hyphae were altered in

shape and abnormal distorted hyphae could be seen in all fungi. Even the lower

concentration (10 pg/ml) treatment for 30 min cause significant changes in A. fumigatus,

A. flavus, A. niger, F. oxysporum (Fig. 25B, 26B, 27B, & 28B). However, drastic changes

could be seen at higher concentration (30 and 50 pg/ml), collapsed and damaged hyphae

could be easily seen in all fungi (Fig. 25C,D , 26C,D, 27C,D, & 28C,D). Similar

observation was also made in C. albicans where untreated cells were smooth and normal

shape while the protein treated cells surface became rough and irregular shape. The cell

with damaged cell wall forming aggregates could be seen at 50 pg/ml protein

concentration (Fig. 29 & 30).

4.4.3.2. Transmission electron microscopy

A more detailed analysis of the effect of NOP-51 on fungal cells was performed

by transmission electron microscopy. TEM micrographs of control and protein treated C.

albicans cells indicated that the walls of untreated cells were intact and regular in shape
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while those of treated cells were irregular in outline, without showing deposition of

membranous material in the wall as observed in the control cultures (Fig 31 A, B, C and

D). The treated cell interior looked completely necrotic; internal subcellular organelles

were barely identified. Large quantities of fat globules were present near the cell

periphery (Fig 31C & D). Hyphae of A. flavus and F. oxysporum in the absence of

purified protein showed a dense cytoplasm adhering to the plasma membrane and cell

wall (Fig. 32 and 33). Treatment with 50 pg/ml of NOP-51, caused significant

ultrastructural changes in morphology and hyphae with abnormal shape were frequently

observed. Fungal cells showed various degrees of cell alteration, including retraction or

distortion of the plasma membranes. A pronounced disorganization of the cytoplasm,

involution of the vacuole and invaginations of the plasma membranes was detected (Fig.

32 E, F and Fig 33 B). A close examination of the purified protein treated A. flavus cells

showed that the integrity of plasma membrane of protein treated cells was disrupted.

Thus, specific sites of membrane damage and pore formation were observed in A. flavus

cells treated with protein ((Fig 32 D, G, and H).
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Figure 25. Scanning electron micrograph showing the effect of NOP-51 on F.
oxysporum surface morphology after 30 min of incubation. A: Control (50 mM
Tris-HCl pH 8.0); B, C & D are 10, 30, and 50 pg/ml concentration of NOP-51,
respectively. Magnification: 2, 000 X, Bar: 2 pm.
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Figure 26. Scanning electron micrograph showing the effect ofNOP-51 on A niger
surface morphology after 30 min of incubation. A: Control (50 mM Tris-HCl pH
8.0); B, C & D are 10, 30, and 50 pg/ml concentration of NOP-51, respectively.
Magnification: 2, 000 X, Bar: 2 pm
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Figure 27. Scanning electron micrograph showing the effect of NOP-51 on A
fumigatus surface morphology after 30 min of incubation. A: Control (50 mM
Tris-HCl pH 8.0); B, C & D are 10, 30, and 50 pg/ml concentration of NOP-51,
respectively. Magnification: 2, 000 X, Bar: 2 pm
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Figure 28. Scanning electron micrograph showing the effect of NOP-51 onA
fumigatus surface morphology after 30 min of incubation. A: Control (50 mM
Tris-HClpH 8.0); B, C & D are 10, 30, and 50 pg/ml concentration of NOP-51,
respectively. Magnification: 2, 000 X, Bar: 2 pm.
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Figure 29. Scanning electron micrograph showing the effect of NOP-51 on C.
albicans surface morphology after 30 min of incubation. A: Control (50 mM Tris-
HCl pH 8.0); B, C & D are 10, 30, and 50 pg/ml concentration of NOP-51,
respectively. Magnification: 20, 000 X, Bar: 1 pm.
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Figure 30. Scanning electron micrograph showing the effect of NOP-51 on C.
albicans surface morphology after 30 min of incubation. A: Control (50 mM Tris-
HCl pH 8.0); B, C & D are 10, 30, and 50 pg/ml concentration of NOP-51,
respectively. Cells with rough surface and their clumping are indicated.
Magnification: 10, 000 X, Bar: 1 pm.
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Figure 31: Transmission electron micrograph showing the effect NOP-51 in C.
albicans. Cell treated with 50 pg/ml of NOP-51 (B & D) for 30 min. Cells
showing completely irregular cell wall in outline with retracting membrane (C).
Cell interior looked completely necrotic; internal subcellular organelles were
barely identified. Large quantities of fat globules were present near the cell
periphery (D). Control cells were treated with 50 mM Tris-HCl pH 8.0 (A & C).
(m- mitochondria; n- nucleus; v- vacuole; cw- cell wall) (Bar: 1pm).
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Figure 32: Transmission electron micrograph showing the effect of 50 pg/ml of
NOP-51 inA.flavus (D, E, F, G & H) for 30 min. Fungal cells exhibited significant
morphological and ultrastructural changes, such as increased vacuolation, fat
globules and retraction of membranes. Membrane shedding and pore formation are
indicated. Control cells were treated with 50 mM Tris-HCl pH 8.0 (A, B & C) Bar:
0.5 pm and 0. 25 pm). (v- vacuole; f- fat globule)

118



Figure 33: Transmission electron micrograph showing the effect of 50 pg/ml of
NOP-51 in F. oxysporum for 30 min. Cells exhibited significant morphological
and ultrastructural changes. Cells with increased vacuolation and membrane
shedding are indicated. Control cells were treated with 50 mM Tris-HCl pH 8.0
(A) (Bar: 0.5 pm) (v- vacuole).
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4.5. Effect of pH and temperature on NOP-51 antimicrobial activity

Antimicrobial activity of the NOP-51 was tested by treating protein at different

temperature up to 100°C for 20 min. The antibacterial activity retained up to 75% and 50

%at 70°C and 80°C, respectively. However, it was drastically reduced at 100°C (Fig. 34).

The antimicrobial activity was stable between pH 5and 9, but remarkably reduced at pH

10 (Fig. 35). Antimicrobial activity of NOP-51 was observed for one month at room

temperature and 100%, 50% and 5% activity was retained on 5th, 20th and 30th day,

respectively (Fig. 36).
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Figure 34. Effect of temperature on antimicrobial activity. Aliquots of NOP-51 were
heated at different temperature for 20 min. Antimicrobial activity of NOP-51 was
decreased to 75% and 50% ofthe initial activity by heating at 60°C and 70°C respectively
and was completely lost by heating at 80°C.
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Figure 35. Effect of pH on antimicrobial activity. Aliquots of NOP-51 were stored in
various buffers (pH 2.2 - 12) for 1 h. Antimicrobial activity of each sample was
determined. The activity was stable in between pH 5 and 9.
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Figure36. Effectof one month storage of NOP-51 at room temperature on antimicrobial
activity. 100% activity wasobserved on 4th day, 50% and 5 %activity was retained on
20th and 30th day respectively.
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(C) Immunomodulatory activity of purified protein (NOP-51):

N. odorum is well known for its medicinal properties from ancient time. It has been used

in leprosy and other diseases of a scaly nature. A polyphenolic cardiac glycoside called

Oleandrin derived from the leaves of N. oleander has been shown to possess anti

inflammatory and tumor cell growth-inhibitory effects. However, there is no report on the

study of therapeutically active proteins from this plant so far. Therefore, an attempt was

made to evaluate the immunomodulatory potential of the purified protein (NOP-51) in

mouse peritoneal macrophages and splenocytes both in in vitro and in vivo conditions.

4.6. In vitro immunomodulatory activity of NOP-51

The levels and persistence of pro-inflammatory cytokines and NO play an

important role in determining the extent of inflammation. The effect of NOP-51 on the

release of inflammatory mediators like NO and TNF-a in elicited mouse peritoneal

macrophages and splenocytes proliferation was investigated.

4.6.1. Effect on Nitric oxide production in peritoneal macrophages

The effect of the purified protein, NOP-51 on LPS-stimulated Nitric oxide release

were studied using thioglycollate elicited peritoneal macrophages. The effect of NOP-51

on NO production in unstimulated and LPS-stimulated peritoneal macrophages is shown

in figure 37. It is clear from the result that unstimulated macrophages produced a low

level of nitrite (1.05 ± 0.8 pM). Treatment of macrophages with protein (25-150 pg/ml)

alone did enhance nitrite production in unstimulated peritoneal macrophages to a low

level but significantly at 150 pg/ml (6.2 ± 0.9 pM). A substantial increase in nitrite

production was observed when cells were activated with LPS (5 pg/ml) for 24 h (60.6 ±

3.0 pM). However, the co-treatment of peritoneal macrophages with LPS (5 pg/ml) and

•Hr

T

-*
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different concentrations of protein (25-150 pg/ml) evoked a significant inhibition of

nitrite release in a concentration dependant manner.

4.6.2. Effect on TNF-a production in peritoneal macrophages

The effect of the purified protein NOP-51 on LPS-stimulated TNF-a release was

also studied in thioglycollate elicited peritoneal macrophages. The effects of NOP-51 on

TNF-a release in unstimulated and LPS-stimulated peritoneal macrophages are shown in

shown in figure 38. The unstimulated macrophages produced a low level of TNF-a (25 ±

6 pg/ml). Similar to the treatment of macrophages with protein (25-150 pg/ml) alone did

not have much change in the TNF-a production in unstimulated peritoneal macrophages

except for a little enhancement at higher concentrations (40 ± 6.0 pg/ml) compared to

control (31 ± 4.0 pg/ml). On the other hand stimulation of cells with LPS (5 pg/ml)

induced elevated release of TNF-a (712 ± 17.0 pg/ml) but a concentration dependent

inhibition of TNF-a production was observed when peritoneal macrophages were co-

treated for 24 h with LPS (5 pg/ml) and different concentrations of protein (25-150

pg/ml). Nearly 50% inhibition was observed at protein concentration of 100-150 pg/ml.

The cell viability was found to be greater than 95% at these protein concentrations as

confirmed by trypan blue. Thus, the observed inhibition of TNF-a and NO production

was not due to cell death.
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Figure 37. Effect of NOP-51 on the NO production in thioglycollate-elicited mouse
peritoneal macrophages. The cells were treated with protein buffer or indicated
concentrations of NOP-51 (25-150 pg/ml) and grown for 24 h in the presence or absence
of LPS (5 pg/ml). The culture supematants were used to measure the nitrite level using
Griess reagent. Results are expressed as mean ± S.E. of six replicate comparing to the
control; * p< 0.05.
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Figure 38. Effect of NOP-51 on the TNF-a production in thioglycollate-elicited mouse
peritoneal macrophages. The cells were treated with protein buffer or indicated
concentrations of NOP-51 (25-150 pg/ml) and grown for 24 h in the presence or absence
of LPS (5 pg/ml). The culture supematants were used to measure the TNF-a level using
ELISA kit. Results are expressed as mean ± S.E. of six replicate comparing to the
control; * p< 0.05.
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4.6.3. Effect of in v//ro treatment of NOP-51 on Splenocyte proliferation

The effect ofpurified protein (NOP-51) on splenocytes proliferation in presence

or absence ofmitogens Con-A and LPS was evaluated (Fig. 39). Protein treatment alone

demonstrated a strong stimulation ofsplenocytes proliferation as compared to untreated

cells and a dose response relationship was observed. Con-A and LPS treatment of

untreated cells caused the stimulation ofsplenocytes proliferation by activating T and B

lymphocytes, respectively. However, cells co-treated with Con A and NOP-51 or LPS

and NOP-51, there were augmentation of Con-A and LPS stimulatory effects in a dose

dependent manner and it was highest at 150 pg/ml concentration. Thus, NOP-51 has

stimulatory effects on splenocytes proliferation alone and has synergistic effects on Con-

A and LPS induced proliferations.
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Figure 39. Effect of NOP-51 on the splenocytes proliferation. The cells untreated
(control treated with protein buffer) or treated with indicated concentrations of NOP-51
(25-150 pg/ml) were grown for 24 h in the presence or absence ofLPS (5 pg/ml) or Con-
A, respectively and proliferation assayed using MTT. Results are expressed as mean ±
S.E. of sixreplicate comparing to the control; * p< 0.05.
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4.7.4. In vitro Cytotoxicity assay

During experimentation in the 24 h treatment of peritoneal macrophage and

splenocytes cultures with different concentration of protein (25-150 pg/ml), no

cytotoxicity was observed at the 150 pg/ml concentration in Trypan blue dye exclusion

method. All protein concentration did not cause any cell death with the percentage

viability of macrophages and splenocytes of more than 97% and 96%, respectively.

4.7. In vivo immunomodulatory activity of NOP-51

Animals treated either with buffer (Group-I) or different concentrations of NOP-

51 (Group II: 25 pg/ml; Group III: 50 pg/ml; Group IV: 100 pg/ml; and Group V: 150

pg/ml) in a volume dose of 200 pi i.p. for 15 consecutive days, were sacrificed after 24 h

of last dose and the immunomodulatory effects were studied.

^ 4.7.1. Effect of NOP-51 on body weight, lymphoid organweight

The effect of NOP-51 on mice body weight and various organs are summarized in

Table-10. None of the protein doses showed any type of toxicity or mortality in the

treated animals. Very little differences were observed in animal's body weight among

protein treated groups and also compared control animals. No changes in the spleens

4r weight were observed at any dose when compared with control (50 mM Tris-HCl pH 8.0

treated) except for dose 25 pg/ml, where a slight increase in relative organ weight of

spleen was observed. As regard relative organ weight of thymus, liver and kidney no

significant changes were observed.
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Table 10. Effectof NOP-51 on the body and organ weight of mice.

Treatment Body Spleen Thymus Liver Kidney -4.
group weight

(I) Control 31.2±1.21 0.64±0.03 0.25 ±0.02 4.62 ±0.12 1.54 ±0.04
(II) 25 pg/ml 34.5 ±0.91 0.69 ±0.12 0.25 ±0.01 4.63 ±0.15 1.55 ±0.03
(III) 50 pg/ml 33.0 ±1.12 0.66 ±0.04 0.26 ±0.10 4.51 ±0.03 1.58 ±0.19
(IV) 100 pg/ml 33.4 ±1.56 0.66 ±0.06 0.27 ±0.05 4.62 ±0.21 1.67±0.05
(V) 150 pg/ml 33.4 ±0.78 0.65 ±0.02 0.26 ±0.02 4.60 ±0.13 1.62±0.13
Results are expressed as mean ± S.E. of six replicate.

4.7.2. Effect of NOP-51 on macrophage function

Peritoneal macrophages from each treatment groups of animals were removed and

single cell suspension of peritoneal macrophages was prepared. Viability of the each

treated groups was tested by Trypan blue dye exclusion assay and nearly 96% cell

viability was found to be in each case. The cell suspension was used in macrophages

function assay.

4.7.2.1. Effect on cellular lysosomal enzyme activity

The cellular lysosomal enzyme activity was used to determine the phagocytic

activity of peritoneal macrophages. The NOP-51 treatment enhanced the cellular

lysosomal acid phosphatase activity in dose dependent manner and almost 80%

lysosomal enzyme activity was observed at higher concentrations, 100 and 150 pg/ml

(Fig. 40). Thus, the i.p NOP-51 treatment of mice at a dose 25-150 pg/ml for 15 days

found to have stimulatory effect on the peritoneal macrophages phagocytic activity

assessed after 24 h of the last dose.

4.7.2.2. Effect on macrophages candidacidal activity

Peritoneal macrophages were collected from mice administered with different

NOP-51 concentrations i.p. showed marked increase in candidacidal activity in a dose

-W

f
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dependent manner as compared to control (Fig. 41). Therefore, enhanced candidacidal

activity of protein treated peritoneal macrophages may be due to augmented functions of

macrophages including its phagocytosis.

4.7.2.3. Effect on nitrite production in peritoneal macrophages

Peritoneal macrophages from the in vivo treated control animals (treated with

protein buffer only, Group-I) and treated with different NOP-51 concentrations (Group II:

25 pg/ml; Group III: 50 pg/ml; Group IV: 100 pg/ml; and Group V: 150 pg/ml) were

collected and checked for its viability. More than 97% cell viability was observed in each

group and these cells were used for NO release assay. Cells of each group were grown in

absence or presence of LPS (5pg/ml) for 24 h and the level of NO in supernatant were

assayed. The effect of in vivo treatment of NOP-51 on NO production in unstimulated

and LPS-stimulated peritoneal macrophages is shown in figure 42. It is clear from the

result that unstimulated macrophages produced a low level of nitrite (1.05 ± 0.2 pM).

Treatment of macrophages with protein (25-150 pg/ml) alone did enhance nitrite

production in unstimulated peritoneal macrophages to a low level but significant at 150

pg/ml (4.2 ± 0.9 pM). A substantial increase was observed in NO production when cells

-4- were activated with LPS (5 pg/ml) for 24 h (67.6 ±3.0 pM). However, the co-treatment

of peritoneal macrophages with LPS (5 pg/ml) and different concentrations of protein

(25-150 pg/ml) evoked a significant inhibition of nitrite release in a concentration

dependant manner.

4.7.2.4. Effect on TNF-a production in peritoneal macrophages

Similarly, the effect of NOP-51 in vivo treatment was also studied. The cells of

each treated group were grown in absence or presence of LPS (5pg/ml) for 24 h and the
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level of TNF-a in supernatant was assayed. The effect of NOP-51 in vivo treatment on

TNF-a release in unstimulated and LPS-stimulated peritoneal macrophages is shown in

figure 43. The unstimulated macrophages produced a low level of TNF-a (30 ± 7.0

pg/ml). Similar to in vitro study, the in vivo treatment of macrophages with protein (25-

150 pg/ml) alone did not have much change in the TNF-a production in unstimulated

peritoneal macrophages except for a little enhancement at higher concentrations (42 ±11

pg/ml) as compared to control (30 ± 7 pg/ml). On the other hand stimulation of cells with

LPS (5 pg/ml) induced elevated release of TNF-a (763 ± 12 pg/ml) but a concentration

dependent inhibition of TNF-a production was observed when peritoneal macrophages

were co-treated for 24 h with LPS (5 pg/ml) and different concentrations of protein (25-

150 pg/ml). Nearly 45% inhibition was observed at 50 pg/ml protein concentration. The

cells viability was found to be greater than 95% at these protein concentrations as

checked by trypan blue. Thus the observed inhibition of TNF-a and NO production was

not due to cell death.
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Figure 40. Effect of in vivo treatment of NOP-51 on peritoneal macrophages cellular
lysosomal activity. Group I (control treated with buffer), II, III, IV and V are different
NOP-51 concentrations (25, 50, 100 and 150 pg/ml of protein respectively). A volume
dose 200 pi was administered daily i.p. for 15 consecutive days. Peritoneal macrophages
collected 24 h after lastdose andacid phosphatase activity assayed. Results are expressed
as mean ± S.E. of six replicate comparingto the control; * p< 0.05.
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Figure 41. Effect of in vivo treatment of NOP-51 on peritoneal macrophages
candidacidal activity. Group I (buffer alone), II, III, IV and V are animals treated with
different NOP-51 (25, 50, 100 and 150 pg/ml respectively). Peritoneal macrophages from
each treated groups were collected 24 h after last dose and used for candidacidal activity
assay. Results are expressed as mean ± S.E. of six replicate comparing to the control; *
p< 0.05.
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Figure 42. Effect of in vivo treatment of NOP-51 on peritoneal macrophages NO
production. Peritoneal macrophages were collected from each treatment group I (control
treated with buffer alone), groups II, III, IV and Vtreated with 25, 50, 100 and 150 pg/ml
of NOP-51, respectively, and were grown for 24 h in absence or presence of LPS (5
pg/ml). NO level in respective groups cell culture supematants were measured using
Griess reagent. Results are expressed as mean ± S.E. of six replicate comparing to the
control; * p< 0.05.
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Figure 43. Effect of NOP-51 in vivo treatment on peritoneal macrophages TNF-a
production. Peritoneal macrophages were collected from each treatment group I (control
treated with buffer alone), groups II, III, IV and V treated with 25, 50, 100 and 150 pg/ml
of NOP-51, respectively, and were grown for 24 h in absence or presence of LPS (5
pg/ml). TNF-a released in respective culture supematants were determined. Results are
expressed as mean ± S.E. of six replicate comparing to the control; * p< 0.05.
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4.7.3. Splenocyte functions assay

Spleen from each treatment group was removed aseptically and single cell

suspension of splenocytes was prepared. About 97% viability was found to be in each

treated group by Trypan blue dye exclusion assay and these cells were used for further

study

4.7.3.1. Effect of in vivo treatment of NOP-51 on Splenocyte proliferation

Immunomodulatory effect of NOP-51 on splenocytes proliferation was also

studied. The effect of NOP-51 in vivo treatment on splenocytes proliferation is shown in

figure 44. Similar to the in vitro treatment, all in vivo treated animal groups showed

stimulatory effect on splenocytes proliferation in a dose dependent manner as compared

to control even in absence of mitogens. The predetermined optimum dose of

lipopolysaccharide (LPS) and concavalin A (Con-A) at 5 pg/ml were used as mitogen for

stimulating B and T lymphocytes respectively. Compared to LPS and Con-A stimulated

splenocytes proliferation in untreated groups, the proliferation of splenocytes was

significantly enhanced in a dose related manner and it was highest at 150 pg/ml of dose

(the highest tested dose in present study). Thus, the in vivo treatment of animals with

•4- NOP-51 alone also has stimulatory effect on splenocytes proliferation and it further

augmented the Con-A and LPS activated response.

4.7.3.2. Effect on IL-2 production

Since the NOP-51 has stimulatory effect on splenocytes proliferation and it

augmented the Con-A activated proliferation. The IL-2 release by splenocytes in control

and protein treated animal groups in presence and absence of Con-A was assayed. The

effect on IL-2 production is summarized in figure 45. The i.p. administration of NOP-51
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had a stimulatory effect on IL-2 release as compared to control (untreated animals group)

but the overall stimulation was low. Con-A treatment of splenocytes of control group has

pronounced effect on IL-2 release. Similar to the effect on splenocytes proliferation the

co-cultivation of cells with Con-A and NOP-51 augmented the stimulation on IL-2

release by splenocytes in dose dependent manner. Thus it has synergistic effect on IL-2

production
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Figure 44. Effects of in vivo treatment of NOP-51 on splenocytes proliferation. Group I,
II, III, IV and V was administered with 200 pi of 50 mM Tris-HCl pH 8.0, 25, 50, 100
and 150 pg/ml of protein respectively. Results are expressed as mean ± S.E. of six
replicate comparing to the control; * p< 0.05.

250 n

200 -

£ 150

£

J 100 •

•NOP -51 -Con A

nNOP-51+Con A

III

Treatment groups
IV

11

Figure 45. Effects of in vivo NOP-51 on IL-2 production in splenocytes cell culture
supernatant. Group I, II, III, IV and V was administered with 200 pi of 50 mM Tris-HCl
pH 8.0, 25, 50 100, and 150 pg/ml of proteinrespectively. Results are expressed as mean
± S.E. of six replicate comparing to the control; * p< 0.05
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(E) Toxicological investigations

In order to see NOP-51 as potential antimicrobial and immunomodulatory agent,

its toxicological effect was also evaluated in mice.

4.8. Lactate dehydrogenase cytotoxicity

Although more than 97% cell viability was obtained at all tested protein doses

which ensure that it does not have toxic effect. However it was further confirmed by

LDH estimation in the culture supernatant of all doses treated cultures of macrophages

and splenocytes. No differences were observed in the LDH level in the control and

different protein concentrationtreated culture supematants macrophages and splenocytes.

Thus, no toxicity was observed in macrophages and splenocytes culture supernatant.

Table 11. Determination of cytotoxicity of NOP-51 by lactate dehydrogenase (LDH)
leakage assay of splenocytesand macrophages cell culture supernatant.

Treatment*

(I) Control
(II) 25 pg/ml
(III) 50 pg/ml
(IV) 100 pg/ml
(V) 150 pg/ml

LDH leakage (IU/ml) in
splenocytes culture supernatant

5.12 + 0.12

5.34 + 0.22

5.35 + 0.34

5.12 + 0.02

5.25 + 0.12

LDH leakage (IU/ml) in
macrophage culture supernatant

5.02 + 0.21

5.22 + 0.01

5.11+0.14

5.13 + 0.17

5.21+0.42

♦Group I, II, III, IV, and V are control, 25, 50, 100 and 150 pg/ml NOP-51 treated
animals, respectively. Results are expressed as mean ± S.E. of six replicate.

4.9. Hematological parameter

The effect of NOP-51 treatment on various blood cells and hemoglobin are shown in

Table-9. Total RBC, WBC and hemoglobin level did not show any appreciable change.
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Table 12: Hematological investigation in male swiss albino mice treated with NOP-51.

Treatment* Total RBC

(106/mm3)
Total WBC

(103/mm3)
Total hemoglobin

(g/lOOml)
(I) Control 4.0 + 0.4 5.9 + 0.3 11.0+1.0

(II) 25 pg/ml 4.0 + 0.2 5.0 + 0.1 11.1+0.5

(III) 50 pg/ml 4.1+0.3 5.0 + 0.2 11.1 + 1.2

(IV) 100/ml pg 4.0 + 0.6 5.0 + 0.7 11.1 + 1.1

(V) 150 pg/ml 4.4 + 0.2 5.0 + 0.2 11.1 + 1.3

♦Group I, II, III, IV and V are control, 25, 50, 100 and 150 pg/ml NOP-51 treated
animals, respectively. Results are expressed as mean± S.E. of six replicate.

4.10. Effect of NOP-51 on liver function

Effect of NOP-51 on various liver function parameters SGPT, SGOT, urea,

bilimbin, and serum protein was evaluated and shown in table-10. There was no

significant elevation in the level of SGPT, SGOT, urea, bilimbin, and semm protein at

any of the doses used in this study.

Table 13: Blood serum clinical biochemistry of male swiss albino mice treated NOP-51.

Treatment* Urea

(mg/dl)
SGPT

(U/ml)
SGOT

(U/ml)
Bilirubin

(mg/dl)
Serum

protein
(mg/dl)

(I) Control 35.2 + 1.7 25.3 + 1.2 36.0+1.6 0.79 + 0.1 4.4 + 0.7
(II) 25 pg/ml 35.2 ±1.5 25.3 + 0.8 36.2 + 0.7 0.79 + 0.1 4.5 + 0.2
(III) 50 pg/ml 35.2 ±0.9 25.2 ±1.0 36.4 + 0.5 0.79 + 0.2 4.4 + 0.4
(IV) 100 pg/ml 35.3 + 1.1 25.5 + 1.5 36.4+1.7 0.79 + 0.1 4.4 + 0.2

(V) 150 pg/ml 34.8 + 1.8 25.3 ±1.4 36.5 + 1.8 0.79 + 0.2 4.2 + 0.1

♦Group I, II, III, IV and V are control, 25, 50, 100 and 150 pg/ml NOP-51 treated
animals, respectively. Results areexpressed as mean ± S.E. of six replicate.
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(E) Identification of NOP-51 protein

4.11. N-terminal sequence determination

The first 12 amino acid residue of NOP-51 was determined by Edman

degradation. The 12 N-terminal amino acid sequence of the purified protein were Ala-

Pro-Ala-Tyr-Asn-Tyr-Gly-Val-Ala-Val-Tyr-Glu. Since the protein showed potent

antimicrobial activity, the amino acid sequence was searched against the NCBI BLAST

short sequence search protein data base. The N-terminal sequence of first 12 amino acids

did not show significant similarity with any of the antimicrobial proteins; however,

showed 33.3% resemblance with antifungal protein from Arabidopsis thaliana and

Triticum aestivum (Table 14). Furthermore, since the NOP-51 has strong inhibition on

LPS induced NO production by macrophages and it was also found to have antioxidant

activity in preliminary study (data not shown here). The N-terminal sequence of first 12

amino acids was subjected to homology search with antioxidant proteins present in NCBI

database. No significant homology could be found with any of the protein available in

database except for a low 33.3 % resemblance with the superoxide dismutase in first N-

terminal 12 amino acids (Table 15.). The N-terminus sequence homology search result

was in conclusive as 12 amino acid residues from a 51 kDa protein is too small and 33%

homology shown with mentioned protein is very low. This needs further investigation

using complete de novo sequence of protein.
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Table 14. The N-terminal sequence homology search of NOP-51 with other antimicrobial
protein available in NCBI protein sequence database.

-4-
Accession Species Protein Sequence Identity
no. %
- Nerium odorum 1 APAYNYGVAVYS 12 -

Q9FI23 Arabidopsis
thaliana

Low-molecular

cysteine-rich
antifungal
protein

12 APAMVEAQKLCE 24 33.3

064392 Triticum

aestivum

Wheatwin-1

precursor,

44 APAVSAYCATWD 56 33.3

-t Pathogenesis-
related protein

064393 Triticum

aestivum

Wheatwin-2

precursor,

Pathogenesis-
related protein

46 APAVSAYC|TWD 58 33.3

P83139 Malva

parviflora
Antifungal
protein 5

12 APAPXXXXGIRN 24 25

M
Table 15. The N-terminal sequence homology search of NOP-51 protein with other
antioxidant protein available in NCBI protein sequence database.

Accession no. Plant Sequence Identity
%

— Neriurn odorum 1 APAYNYGVAVYE— 12 -

-4

NP_0010774 94 Arabidopsis thaliana

AAT66935 Malus xiaojinensis

AAN60796 Brassica juncea

CAA43270 Arabidopsis thaliana

ABI81470 Thlaspi caerulescens

CAA39444 Nicotiana plumbaginifolia

1

1

1

1

1

1

MAKGVAVLNSSE 12

12

12

12

12

12

33.3

33.3

33.3

33.3

33.3

25

MVKGVAVLGSSE

MGKGVAVLNSGE

MAKGVAVLNSSE

MAKGVAVLNSSE

MVKAVAVLSSSE

AAV88605 Pennisetum glaucum 5 TAGADGVANIN 16 25

AAC15842 Raphanus sativus 5 AVTANYVLKPPP- 17 25

•}
CAE54 085

ABL85055

Fagus syl

Brachypoc

vatica

Hum sylvaticum

12

12

RTMAKGVAVLS 23

24

33.3

25APAPPSLPALRR—
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4.12. Identification by LC MS/MS

The internal amino acid sequencing of NOP-51 was performed by LC-MS/MS

after tryptic digestion and alkyl reduction. LC-MS/MS analysis provides many significant

new insights into the nature of NOP-51 protein and also supported some of the N-

terminus sequence homology search observations. In total, twenty eight peptides were

obtained from the protein. The search under MSDB for all twenty eight peptides showed

significant homology to Manganese superoxide dismutase (Citrullus lanatus and

Zantedeschia aethiopica), Membrane protein MP27, Glutathione S-tranferease

(Cucurbita maxima, Pumpkin and Lycopersicon esculentum), Protein PV100 (Cucurbita

maxima), Caleosin (Sesamum indicum), and Heat shock protein (Soyabean and

sunflower) (Table 13). Since the highest score was shown with Citrullus lanatus

Manganese superoxide dismutase, the detail homology match of NOP-51 peptides

fragment with complete amino acid sequence of Citrullus lanatus is shown in figure 47.

The protein showing high score match with NOP-51 (mentioned in table-16) were

further analyzed by short sequence homology search using BLAST. The homology

search under NCBI BLAST short sequence search for each fragment showed significant

-4- homology to antimicrobial seed protein vicilin, Manganese superoxide dismutase and

glutathione S-tranferase. Peptide RLSEGGVLVIPAGHPIAIMASPNENLRL showed

72% homology to Vicilin, an antimicrobial seed protein isolated from Viciafaba, Pisum

sativum, Lupinus albus, Gossypium hirsutum and Macadamia integrifolia (Fig. 46). The

peptide KKLSVETTANQDPLVTKG showed 100% homology to Mn superoxide

dismutase isolated from Oryza sativa, Zea mays, Cucumis sativus, Citrullus lanatus,

Triticum aestivum, Musa acuminata, Marchantia paleacea, evea brasiliensis, Vitis
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vinifera, Camellia sinensis, Fagus sylvatica and Prunus persica and peptide

KALEQLHEAINKG also showed more than 100% homology to Mn superoxide

dismutase from Citrullus lanatus, Cucumis sativus, Gossypium hirsutum and Nicotiana

tabacum, (Fig. 48). Peptide KDKAPLLPSDPYQRA showed more than 90% homology

to Gluthione S-tranferase from Cucurbita maxima, Carica papaya, lycopersicon

esculentum and Vitis vinifera. Peptide KYLGGDSFSLADLHHLPVLGYLLATPSKKL

showed 66% homology to other Glutathione S-tranferase from Arabidodpsis thaliana

(Fig. 49).

140

-4

^

y

4

r



4h~

-r

X

-4

}

Table 16. Sequence homology studies of twenty eight peptides generated by LC-MS/MS
by mass spectrometery database.

Accession

no.

Description Score Queries
matched

Q6QGY4 Mn superoxide 224
dismutase

Citrullus

lanatus

T10443 Probable major 140
protein body
membrane protein

MP27

Q8H9E7 Glutathione S - 117

Peptides

KLQSAIKF

KGHTSTVVKL

KALEQLHEAINKG

KKLSVETTANQDPLVTKG

KGGDVYRI

RTGPFEFFGFTTSSRR

RIPAGSVFYMVNVGEGQRL

KSLFVPQYLDSSLILFVRR

RIALAEKG

transferase RFWVDFIDKKL

Cucurbita maxima KDKAPLLPSDPYQRA

T44430 Protein PV100

Cucurbita maxima

96

96^

3 RNFLAGRE

KELAFNVEGKQ

RLSEGGVLVIPAGHPIAIMASPNENLRL

T50831 Superoxide 1 KKVTVETTANQDPLVTKG

dismutase

Zantedeschia

aethiopica
Q9SQ57 Caleosin

Sesamum indicum

7 9 2 KEAIRRC

RCYDGSLFEYCAKM

HHSY17 Heat shock

protein 17
soybean

72 3 RVLQISGERN

RFRLPENAKV

KKPDVKAIDISG

JC7899 Glutathione S -

transferase

Pumpkin

67 3 KLHEGEHKK

RVLAALYEKG

KYLGGDSFSLADLHHLPVLGYLLATPSKKL

Q8GVD1 Glutathione S -

transferase

Lycopersicon
esculentum

67 2 RIALAEKE

KDKAPLLPSDPYERA

S23529 Heat shock

protein, 17.6
common sunflower

63 3 RVLQISGERC

RFRLPENAKM

KAMMENGVLTVVVPKE
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Accession Sequence
no

NOP-51 1 RLSEGGVLVIPAGHPIAIMASPNENLRL 27

P08438 354 YKAKKLSPGDVLVIPAGYPVAIKASSNLNLVGFG 379

P13918 355 QNYKALSSGDVFVIPAGHPVAVKASSNLDLLG— 376

P02854 338 LYRAKLSPGDVFVIPAGHPVAINASSDLNLGLGI 362

P02855 167 SYKAKLTPGDVFVIPAGHPVAVRASSNLNLLLGF 191

P097 99 491 RVRAQLSTGNLFWPAGHPVTFVASQNEDLGLLG 525

Q9SPL4 551 QVKARLSKREAIVVPVGHPVVFVSSGNENLLLFA 57 6

entity Score E- valiK

%

72 46.9 le-05

68 43.1 le-04

68 42.2 3e-04

64 41.8 3e-04

56 38.4 0.004

50 32.9 0.16

Figure 46. Sequence homology of peptide RLSEGGVLVIPAGHPIAIMASPNENLRL
by NCBI BLAST short sequence search. Peptide showed significant homology to Vicilin,
an antimicrobial protein

QKHHQTYITNYNKALEQLHEAINKGHTSTVVKLQSAIKFNGGGH

INHSIFWNNLAPIHEGGGEPPKGSLGWAIDSQFGSLEALIQRVN

AEGAALQGSGWVWLALDKELKKLSVETTANQDPLVTKGSALVPL

LGIDVWEHAYYF

Figure 47. Homology match ofNOP-51 peptide fragments generated by LC-MS/MS
with complete amino acid sequence of highest scorer Manganese superoxide dismutase
from Citrullus lanatus (accession no. Q6QGY4).
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Accession

no

NOP-51 1

AAA57131 159

P41978 160

AAA57130 159

ABK55698 103

AAS48178 103

AAB68036 159

AAM34758 96

BAD13494 169

CAB53458 131

ABX7 9342 156

AAT68778 158

ABI26729 110

CAC19487 8

AAM62550 159

NP 191194 159

AAN15216 153

AAQ20004 173

ABA104 82 157

CAC69403 105

ABQ52658 169

AAL07333 159

ABB83613 29

CAA42737 168

ABL75952 158

AAL24044 96

CAD29434 103

CAC05259 151

AAC78469 116

ABK32075 152

AAF65768 164

AAS77885 158

CAC69402 103

ABR23341 155

ABI35908 157

CAC05260 144

CAJ01676 155

BAA8 6881 155

Accession no

NOP-51 1

ABK55698 7

AAS4817 8 7

AAC78469 30

AAB02052 64

ABA00455 63

Sequence

KKLSVETTANQDPLVTKG

LDKEAKKLSVETTANQDPLVTKGANLVP

LDKEPKKLSVETTANQDPLVTKGASLVP

LDKEAKKLSVETTANQDPLVTKGANLVP

LNKELKKLSVETTANQDPLVTKGSALVP

LDKELKKLSVETTANQDPLVTKGSALVP

LDKEAKKLSVETTPNQDPLVTKGSNLYP

LDKGSKKLCVETTANQDPLVTKGANLVP

LNKDLKKLVVETTANQDPLVTKGLIPLL

LDKELKKLVVETTANQDPLVTKGPTLVP

LDKDLKKLVVETTANQDPLVTKGPNLVP

VDKELKKLVVETTANQDPLVTKGPSLVP

LDKELKKLVVETTANQDPLVTKGANLVP

LDKELKKLVVETTANQDPLVTKGPTLVP

LDKELKKLVVDTTANQDPLVTKGGSLVP

LDKELKKLVVDTTANQDPLVTKGGSLVP

VDKEFKRLVVETTANQDPLVTKGPSLVP

DKEFNKRLVVETTANQDPLVTKGSSLVP

DKESQKRLVVETTANQDPLVTKGPNLVP

VDKELKRLWETTANQDPLVTKGATLVP

LDKELKRLVVETTANQDPLVTKGPNLVP

LDKELKKLVVDTTANQDPLVTKGGSLVP

LDKELKRLVVETTANQDPLVTKGSHLVP

LDKDLKRLVVETTANQDPLVTKGASLVP

LDKELKRLVVDTTANQDPLVTKGASLVP

VDKELKRLVVETTANQDPLVTKGASLVP

LDKELKRLVVETTANQDPLVTKGPNLVP

VDKELKRLVIETTANQDPLVTKGPSLAP

VNKELKKLVIETTPNQDPLVTKGPHLVP

LDKESKHLWETTANQDPLVTKGPSLVP

LEKESKRLVVETTSNQDPLVTKGPLVPL

VDKESKKLVIETTANQDPLMTKGPNLVP

VDKELKRLVVETTSNQDPLVTKGPSLVP

LNKDLKRLVVETTQNQDPLVTKGLLPLP

LDKEFKRLVIETTPNQDPLVTKGASLLP

VDKQLKRLVVETTANQDVLATKGASLVP

VDKELKRLVIETTADQEPLVSKGANLVP

YNKELKRLQVETTQNQDPLSSKGLIPLL

Figure 48 a. Sequence homology studies of peptide KKLSVETTANQDPLVTKG by
NCBI BLAST short sequence search. Peptide showed significant homology to Mn
superoxide dismutase enzyme.

Identity Score E- value

%

18 - - -

187 100 57.9 7e-08

188 100 57.9 7e-08

187 100 57.9 7e-08

131 100 57.9 7e-08

131 100 57.9 8e-08

187 100 57.1 le-07

124 94 54.5 8e-07

181 94 52.4 3e-06

159 94 52.4 3e-06

184 94 52.0 5e-06

186 94 52.0 5e-06

138 94 52.0 5e-06

36 94 49.8 2e-05

187 88 49.8 2e-05

187 8 8 49.8 2e-05

180 8 8 49.8 2e-05

201 88 49.8 2e-05

184 8 8 49.8 2e-05

133 8 8 49.8 2e-05

197 88 49.4 2e-05

187 88 49.4 2e-05

57 88 49.4 2e-05

197 88 49.4 2e-05

187 88 49.0 3e-05

124 88 49.0 3e-05

131 88 48.6 5e-05

179 83 47.3 le-04

154 8 3 46.9 le-04

180 83 46.9 le-04

192 8 3 46.9 2e-04

186 83 46.0 3e-04

131 83 46.0 3e-04

183 83 45.2 5e-04

185 77 44.3 0.001

172 77 40.1 0.09

183 66 39.7 0.02

184 72 37.1 0.12

Sequence

KALEQLHEAINKG

ITNYNKALEQLHEAINKGHTST

ITNYNKALEQLHEAINKGHTSTV

ITNYNKALEQLHEAIQKGDSSTV

VTNYNKALEQLHEAISKGDASAA

ITNYNKALEQLHEAIQKGDSSTV

Figure 48 b. Sequence homology studies of peptide KALEQLHEAINKG by NCBI
BLAST short sequence search. Peptide showed significant homology to Mn superoxide
dismutase enzyme.

Identity Score E- valu«

%

13 - - -

30 100 39.7 0.023

30 100 39.7 0.035

53 92 36.7 0.18

82 92 36.3 0.24

86 92 35.4 0.43
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Accession Sequence Identity Score E- value

4- no %

NOP-51 1 KDKAPLLPSDPYQRA 15 - - -

BAC21261 73 IDEVWKDKAPLLPSDPYQRAQARFW 98 100 50.7 le-05

CAA04391 73 IDEVWSDKAPLLPSDPYQRAQARFW 98 100 46.9 2e-04

AAL92873 7 4 IDEVWKDKAPLLPSDPYERAQARFW 99 93 46.4 2e-04

ABL84692 73 IDEVWCDKSPLLPSDPYQRAQARFW 100 92 45.2 4e-04

CAI48072 74 IDEVWKDKAPLLPTDPYERAQARFW 99 86 44.8 6e-04

ABQ95990 7 3 IDEVWKDKAPLLPSDRYQRAQARFW 98 93 44.3 9e-04

AAP30740 73 IDEVWCDKSPLLPSDPYQRAQARFW 98 92 42.6 0.003

NP 173161 73 IDEVWPSKTPLLPSDPYQRAQAKFW 98 92 42.2 0.005

t
AAP04396 20 IEEVWKDKAPLLPSDPYDRAQARFW 4 5 87 41.4 0.007

AAG34799 74 IDEVWNDKAP-LPSDPYERAQARFW 99 8 5 41.4 0.007

ABG73420 73 IDEVWNDKSPLLPSDPYQKRSSQVW 98 84 39.2 0.03

AA061854 73 IDEVWHDKSPLLPSDPHQRAVARFW 98 85 38.8 0.04

Figure 49 a. Sequence homology studies of peptide KDKAPLLPSDPYQRA by NCBI

BLAST short sequence search. Peptide showed significant homology to Glutathione S-
transferase

Accession Sequence Identity Score E-value

x no.

NOP-51 l 30

%
_ „KYLGGDSFSLADLHHLPVLGYLLATPSKKL

JC7899 156 KYLGGDSFSLADLHHLPVLGYLLATPSKKL 186 100 90.6 le-17

BAF01093 150 KYLAGETFTLTDLHHIPVIQYLLGTPTKKL 180 66 63.4 le-09

NP 178394 238 KYLAGETFTLTDLHHIPVIQYLLGTPTKKL 268 66 63.4 le-09

AAP58391 158 KYLAGETFTLTDLHHIPVIQYLLGTPTKKL 188 66 63.0 2e-09

ABK81651 155 KYLGGDCFGLADLHHLPTLHYLLGSSAKKL 185 73 62.6 3e-09

ABQ96853 154 KYLGGDSFTLADLHHAPVLHYLIGTKMKSL 184 8 0 58.3 6e-08

AAY86772 157 KYCAGDTFTLTDLHHIPVIQYLLQTPSKKL 187 7 3 57.9 7e-08

AAF65767 154 KYLGGDSFTLADLHHLPNLQLLLNHQSKKV 184 7 5 55.8 3e-07

CAI51314 154 KYLGGDSFTLADLHHAPGLHYLFGTKVKSL 184 76 52.8 2e-06

BAB70616 155 KYMGGECFTLVDLHHLPSLHYLMKSQSKKL 185 63 52.8 3e-06

4 AA061853 106 KYLACDYFTLADLNHLPNIQCLLATPSKKL 136 70 52.4 3e-06

ABQ96852 154 KYLGGESFTLADLHHAPSLHYLMGSKVKSL 184 67 49.4 3e-05

CAA96431 154 KYLGGDSFTLVDLHHIPNIYYLMSTKVKEV 184 68 47.3 le-04

ABK32074 155 KYLGGDDFTLADLHHIPIVNNLMHTDKVKP 185 77 45.6 4e-04

ABI79308 153 KYLAGDFFSLADLSHLPFTHYLANSMGKEY 183 82 40.8 0.016

AAD56395 153 KYLAGDSLSLADLNHVSVTLCL7AATPYASL 183 66 39.7 0.024

CAA68993

Figure 49 b.

154 KYLAGEFF

Sequence hom<

SLADLSHLPSLRFLMNEGGFSH 184 73 38.4 0.053

TGGDSFSLADLHHLPVLGYL-3logy studies of peptide K\
LATPSKKL by NCBI BLAST short sequence search. Peptide showed significant

^7
i

homology to Glutathione S-transferase
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There has always been a continual battle between humans and the multitude of

microorganisms that cause infection and disease. A number of major disease caused by

various bacteria, fungi, viruses, protozoan parasites, like plague, tuberculosis, malaria,

and more recently, acquired immunodeficiency syndrome (AIDS), have affected

substantial portions of the human population, causing significant morbidity and mortality.

But the discovery of penicillin in middle of the 20' century opened the way for

development of several important antibiotics and other chemical agents for all kinds of

infections from bacteria, fungi, virus and protozoa and scale seems to be tilted in favor of

humans. However, the so called potential conquest of infectious diseases was short lived.

Prolong and indiscriminate use of these drugs manifested in emergence of multidrug

resistant pathogens. As antimicrobial and other drug usage increased, so did the level and

^ complexity of the resistance mechanisms exhibited by pathogens. Multidrug resistant

strains have emerged in all important pathogenic bacteria (Tenover, 2006; Poole and

Srikumar, 2001), fungi (Fostel and Lartey, 2000; Sanglard et al, 1997) and in other

microbes (Kurome, 1998). The struggle to gain the upper hand against infections

continues even today. Control and treatment of the infectious diseases caused by these

4\ multidrug resistant pathogens is one the major concern presently (McGowan, 2001).

There are several reasons for its concern. First, infections caused by drug-

resistant/multidrug resistant pathogenic strains, particularly bacteria (Tenover, 2006;

Poole and Srikumar, 2001) and fungi (Fostel and Lartey, 2000; Sanglard et al, 1997), are

becoming common problem in healthcare institutions. There has been sudden alarming

rise in antimicrobial infections (Chambers, 2001; Karlowsky, 2003) due to multidrug

resistant and opportunistic pathogens predominantly in immunocompromised hosts. Drug
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resistance often results in treatment failure, which can have serious consequences,

especially in critically ill patients (Kang, 2005; Ibrahim, 2000). Second, the resistant

pathogenic strains may also spread not only within healthcare institutions, but in

communities as well (Francis et al, 2005; Herold et al, 1998). Third, the spread of

resistant pathogens within the community poses obvious additional problems for

infection control. Finally, with respect to the cost containment pressures of today's

healthcare environment, antimicrobial drug resistance places an additional burden on

healthcare costs (McGowan, 2001).

Antibiotic resistance has become a global public-health problem, thus it is

imperative that new antibiotics continue to be developed. Consequently, in recent few

years the attention of scientist have been focused in the development of alternative safer

drugs and/or the recovery of natural molecules that would allow the consistent and proper

control of pathogen caused diseases. Ideally, these molecules should be as natural as

possible, with a wide range of action over several pathogens, easy to produce, and not

prone to induce resistance. One such group of compounds are explored for such novel

properties are antimicrobial peptides/proteins (AMPs). They represent a new family of

antibiotics that have stimulated research and clinical interest (Wu et al, 1999) as new 4

therapeutic options for infections caused by multidrug resistant bacteria. They have been

termed "natural antibiotics", because they are active against a large spectrum of

microorganisms, including bacteria and filamentous fungi in addition to protozoan and

metazoan parasites (Liu et al. 2000; Vizioli and Salzet, 2003). The effect of AMPs can go

beyond isolated cells, as shown by the inhibition they can exert their effect over clusters

of pathogenic bacteria, such as in biofilm development (Singh et al 2002). Additionally,
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these antimicrobial proteins also have other biological activities such as antitumor, and

immunomodulatory, which further increase their potential as therapeutic agents. A large

numbers of antimicrobial proteins/peptides have been isolated, characterized and their

potential antimicrobial activity has been established from wide diverse sources from

lower invertebrates to vertebrates including human and plants (Marshall and Arenas,

2003). AMPs have many of the desirable features of a novel antibiotic class and can

complement conventional antibiotic therapy.

Recently, much attention has been focused towards plants for therapeutics

proteins for two main reasons. First, the large scale production of therapeutics

proteins/peptides (commonly known as biologies) of heterologous origin in plants. In

recent few years, transgenic plant expression systems were developed for the production

^ of biologies (Suslow et al, 2002), known as plant made pharmaceuticals (PMPs).

Second, the isolation of natural therapeutic proteins/peptides present in various plants.

Several therapeutic proteins/peptides have been isolated from various plants and attempts

are on to identify new therapeutic proteins. The present study was focused on the second

aspects. It describes the isolation, purification and characterization of a potential

4^- antimicrobial and immunomodulatory protein from N. odorum which showed potent

antimicrobial activities against a broad range of bacteria and fungi. The N odorum was

chosen for the present study due to its known applications in anti-inflammatory and other

diseases, and easy availability throughout the year. A 51 kDa protein from N. odorum

fresh leaves was isolated, purified and characterized using various biochemical and

biophysical techniques. The purified protein was found to be a monomelic protein as

same molecular weight band was observed in both SDS and Native-PAGE. Antimicrobial
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activity of the crude protein and purified protein (NOP-51) was tested against various

bacteria and fungi. However, to ensure that the antimicrobial activity was due to the

purified protein (NOP-51) but not of any contaminating proteins, the purity of the

purified protein was checked by silver staining, RP-HPLC and MALDI-TOF. The

absence of any contaminating protein bands in the silver stained gel even at even at

higher protein concentrations and the presence of single elution peak in HPLC and

MALDI-TOF confirms the purity of protein and whatever activity were observed it was

due to NOP-51 only.

The crude protein preparation and purified protein (NOP-51) was found to have broad

spectrum antibacterial activity as it showed action against both gram positive (S. aureus

and B. substilis) and gram negative bacteria (P. putida and E. coli). NOP-51 was

supposed to be the main antibacterial protein in the crude protein fraction as the activity

of the purified protein increased compared to crude protein fraction against all tested

bacteria. The MIC values of the crude protein and NOP-51 was found to be significant as

compared to reference (gentamicin) and even lower in most of the cases particularly in S.

aureus. The values were much lower than the MIC (25-100 mg/1) of the various other

antibacterial and antifungal proteins/ peptides reported in earlier studies (Ye etal, 2000; X

Silphaduang et al, 2006; Bindschedlera et al, 2006 Mangoni et al, 2004; Xia and Ng,

2005; Lee et al, 2007). Compared to some earlier antimicrobial proteins/peptides report,

where antimicrobial activity was found to be either against Gram positive or Gram

negative bacteria, NOP-51 showed antimicrobial activity against both Gram positive and

Gram negative bacteria. Although protein has significant antibacterial activity against all

bacteria used in the present study, but it found to be more effective against S. aureus.

148

4~

r



-t

1

This was a significant observation as S. aureus is one of the major pathogenic bacteria.

The antibacterial potential of the NOP-51 was reflected from disk diffusion, MIC, MBC

and concentration dependent time killing curve. MICs and MBCs of NOP-51 against all

the four bacteria (S. aureus, B. subtilis, E. coli and P. putida) often coincide (less than a

two-fold difference), indicating that NOP-51 is not only bacteriostatic but also

bactericidal and killing is generally the highly desirable bactericidal mode of action.

The crude protein and NOP-51 also found to have potential antifungal activity.

Similar to the antibacterial activity, both the crude and NOP-51 was found to have broad

spectrum antifungal activity against various filamentous fungi (Thies et al, 2005; Ng,

2004; Chu et al., 2005; Xia and Ng, 2005) and C. albicans. Protein was more effective

against A.fumigatus, A. flavus and C. albicans compared to A. niger and F. oxysporum.

V Antifungal activity against these fungi was obtained only at relative higher

concentrations. The F. oxysporum found to be less susceptible while the C. albicans

most, compared to others. Similar to the antibacterial activity, the antifungal potential of

the NOP-51 was reflected from disk diffusion assay, MIC, MFC and concentration

dependent time killing curve. MICs and MFCs of NOP-51 were much closer to that of

4- flucanozole (reference antifungal drug). MICs and MFCs of NOP-51 against all the four

filamentous fungi A. fumigatus, A. flavus, A. niger and F. oxysporum and C. albicans,

often coincide (less than a two-fold difference), indicating that it is not only fungistatic

but also fungicidal and the killing is generally the highly desirable fungicidal mode of

action. Based on its broad spectrum antifungal activity and MICs and MFCs values,

NOP-51 was found to be better antifungal protein as compared to earlier reported

antifungal proteins (Thies et al, 2005; Ng, 2004; Chu et al, 2005).
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Based on the MICs for each bacterium, time killing curve was constructed in

order to evaluate the effect of different concentrations of NOP-51. Colony count assays

were performed to determine the time required for NOP-51 to kill the various bacteria.

The present study showed that NOP-51 at 50 |Jg/ml concentration killed all tested

bacteria within 15 min, as no viable count could be seen. This indicates that NOP-51 was

very effective in killing of broad range of bacteria (S. aureus, B. substilis, P. putida and

E. coli). Earlier studies regarding time dependent killing of antimicrobial

proteins/peptides showed to be very rapid and most of them exert their antimicrobial

effects within minutes of exposure to microbes. The peptides such as magainin 2

(Zasloff, 1987), cecropin PI (Boman et al, 1993), PR-39 (Boman et al, 1993) and

SMAP29 (Kalfa, 2001), kill bacteria in 15-90 minutes. Regardless of the time required,

or the specific antimicrobial mechanism, specific steps must occur to induce bacterial

killing (Zhao et al, 2001) and the rapid killing process has been most plausibly attributed

to the action of these peptides on the bacteria and fungi membrane (Otvos, 2002; Lehrer

et al, 1993). Our observation is well in agreement with earlier observation of time killing

by various antimicrobial proteins/peptides. Both the antibacterial and antifungal activity

assay confirmed the antimicrobial potential of NOP-51. 4

Although hundreds of antimicrobial peptides/proteins have been isolated from

various sources so far, only a limited number of them have been investigated extensively

for their mode of action. A variety of techniques such as microscopy, model membranes,

ion channel formation, fluorescent dye, NMR and others, have been used to assess the

mechanisms of antimicrobial peptide activity. However, each method provides a slightly

different view of peptide activity and no single technique is capable of adequately
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determining the mechanism of action of the peptides. Although the exact mechanism of

action of antimicrobial proteins/peptides remains a matter of controversy, there is a

consensus that they selectively disrupt the cell membranes (Kalfa, 2001; Boman et al,

1993; Zhao et al., 2001). Several reports regarding the study and understanding of

antimicrobial proteins/peptides mode of action against various bacteria (Kalfa, 2001;

Boman et al., 1993) and fungi (Lee et al, 2002) have appeared in last few years.

To get insight into the possible mechanism of NOP-51 antimicrobial action, the

effects of NOP-51 on bacterial surface morphology and anatomical changes, was

investigated using SEM and TEM. The SEM and TEM observation of NOP-51 treated

bacteria presented in this study clearly confirm its potent bactericidal effect. The protein

found to have remarkable changes in the cell surface morphology in all tested bacteria.

V SEM micrographs results suggest that biochemical activities occurring at cell wall and

membrane. It indicated that NOP-51 certainly had some activity on the cell surface that

resulted in morphological abnormalities. The exposure to sub-lethal and lethal doses of

NOP-51 make the cell surface irregular, rough and clustering of damaged cells took place

in all bacteria used in the present study. The clustering of the damaged cells may be due

4. to release of cell surface polysaccharides. Scanning and transmission electron microscopy

have been used to demonstrate the damaging effects of antimicrobial peptides on the ultra

structure of microbial cells (Lee et al, 2002; Mangoni et al, 2004). Microscopic analyses

have shown that different antimicrobial peptides have different effects on microbial cells,

which indicates that different peptides have different target sites or mechanisms of

activity. Alteration in surface morphology of bacterial cells after exposure to

antimicrobial proteins/peptides such as sarcotoxin I (Kanai and Natori, 1990), melitin
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(Matsuzaki et al, 1997), SMAP-29 (Kalfa, 2001), magainin (Zasloff, 1987) and LL-37

(Agarbath et al, 1995), have been observed and almost in all these cases blebbing and

blistering of the outer membrane was seen. However, in contrast to the above mentioned

antimicrobial proteins/peptides blebs formation on the bacterial surface was not observed

in present study. The NOP-51 effects were more similar to temporin-L action reported

earlier on E. coli (Mangoni et al, 2004). TEM micrographs of NOP-51 treated bacterial

cells (S. aureus, B. substilis, P. putida andE. coli) indicated that ultra structural changes

took place after exposure to NOP-51 and thinning and deformity in cell wall, retraction

and irregularity in membranes and its detachment from cell wall could be seen in all

bacteria. These observations were similar to the earlier reports (van Dijk et al, 2007;

Park et al, 2006; Sahl et al, 2004; Agarbath et al, 1995; Matsuzaki et al, 1997). All

these study demonstrate that NOP-51 has different mode of action than the above

mentioned antimicrobial peptides. Though the exact mechanism of action of NOP-51 is

not clear from the SEM and TEM but it is clearly indicate that its mode of action is cell

wall and membrane damage and disruption. Our study supports the earlier SEM and TEM

studies observations where the antimicrobial peptides causes disruption of cell walls and

membranes which resulted in the release of cell content and ultimately death of cell -^

(Sung and Lee, 2008; Park et al, 2006; Matsuzaki et al, 1997; Agarbath et al, 1995).

However, it is not clear yet whether the actual killing of bacteria is the result of one of the

followings factors. First due to protein induced membrane permeation either via pore

formation or membrane disintegration, or the protein binding to DNA and interferes with

DNA and protein synthesis or interact with other intra cellular targets and thus inhibits

various vital functions which lead to death.

f
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Almost similar effects were also observed with fungi. As in the case of many

other protein/peptides, including cecropin (Silvestro et al., 2000), maganinin II (Zasloff,

1987),all of which exhibited antifungal and antibacterial effects. NOP-51 was anticipated

to exhibit antifungal property, hence, its antifungal activity was also tested against broad

range of fungi. NOP-51 was found to be a potent antifungal protein as it showed action

against various filamentous fungi (A. fumigatus, A. flavus, A. niger and F. oxysporum)

-f
and C. albicans. Based on the MICs for each fungi, time killing curve were constructed in

order to evaluate the effect of different concentrations of NOP-51. Colony count assays

were performed to determine the time required for NOP-51 to kill the various fungi. Like

the bacterial studies, NOP-51 at 50 ug/ml concentration killed all fungi within 20-30 min,

as no viable counts were seen. This indicates that NOP-51 was effective fungicidal

V against broad range of fungi {A. fumigatus, A. flavus, A. niger, F. oxysporum and C.

albicans). SEM and TEM studies also clearly showed the fungicidal activity of NOP-51.

Although there are many studies of antifungal activity of proteins (Thies et al., 2005; Ng,

2004; Chu et al., 2005; Skerlavaj, 1999; Ye and Ng, 2003), yet there are only limited

studied demonstrating their effect on the morphology and ultra structure (Skerlavaj, 1999;

^ Ye and Ng, 2003; Chu et al, 2005). In the present study, the effects of NOP-51 on the

cell morphology and ultra structure of {A. fumigatus, A. flavus, A. niger, F. oxysporum

and C. albicans), were investigated using SEM and TEM. Compared to untreated

filamentous fungi (A. fumigatus, A. flavus, A. niger and F. oxysporum), drastic change

were observed in surface morphology of hyphae of these fungi treated with different

concentration of NOP-51. Completely squashed, severely collapsed, flattening and

ultimately dying hyphae were observed in all filamentous fungi {A. fumigatus, A. flavus,

153



A. niger, and F. oxysporum) at 30 and 50 ng/ml concentration after 30 min incubation.

The hyphae showed lack of cytoplasm, damage, loss of integrity and rigidity of cell wall.

These observations indicate that the mode of action of antifungal activity of NOP-51 is a

result of its attack on the cell wall and retraction of cytoplasm in the hyphae which

ultimately result in hyphal death. Such modification induced by NOP-51 may be related

to the interference of NOP-51 with enzymatic reactions of cell wall synthesis, which

affect fungal cell wall morphogenesis and growth. A.fumigatus and A. flavus were found

to be more susceptible as deformity in hyphae could be seen even at lower concentration

of NOP-51 (10 mg/ml) compared to F. oxysporum in which damaged hyphae could be

seen only at higher doses. TEM also showed disruption of cell wall and membrane, pore

formation can be seen in each case (Fig. 32 and 33). Cell interior look completely

necrotic, internal organelles were barely identified and large number of fat globules and

vacuoles could be seen. Our observation was similar to previous study where damage of

hyphae has been reported (Theis et al, 2005). NOP-51 treatment also caused major

changes in C. albicans cell surface. SEM micrographs showed that surface of the

untreated cell was smooth while those of NOP-51 treated cells were ruffled and became

rugged. (Fig. 29 and 30). The NOP-51 caused deformity of cell wall, necrosis of the 4-

cytoplasm and accumulation of fat globules on the periphery with few big vacuoles could

be seen in TEM. (Fig. 31). A number of antifungal protein were identified and their

possible mode of action has been studied and it has been reviewed in detail in a recent

article (Theis et al, 2005; Theis and Stahl, 2004; Selitrennikoff, 2001). Cell wall, plasma

membrane, ribosome and other intracellular targets have been reported to be the site of

action of antifungal proteins. Plasma membrane is the target for majority of the proteins

r
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(Sung and Lee, 2008; Brown et al, 2008; Morsy et al, 2008). The observations were

similar to the earlier reports (Sung and Lee, 2008; Brown et al, 2008; Morsy et al,

2008). Though the exact mechanism was not clear from the SEM and TEM studies but it

was clearly revealed that cell wall and membrane is the site of action. Thus, all these

result and observations confirm that NOP-51 is a potent bactericidal and fungicidal

protein.

In addition to their antimicrobial activity, antimicrobial proteins found to have

other biological activities like anti-tumor (Ghosh and Maiti, 2007), mitogenic (Fisher and

Yang, 2002), cell signaling (Sheu et al, 2004) and immunomodulatory (Liu et al, 2007;

Hsu et al, 1997). There are excellent review articles describing their various possible

functions and its therapeutic potentials (Otvos et al, 2005; Gordon et al, 2005; Zhang

X and Falla, 2006). In the present study, besides the evaluation of direct antimicrobial

activity against various bacteria and fungi, Immunomodulatory potential of NOP-51 was

also evaluated. Efficacy of an antimicrobial drug depends on its both antimicrobial

potential as well as the host immune system. It has been suggested long back that at the

bottom there is only one genuine scientific treatment for all diseases, and that is to

-4- stimulate the phagocytes (Meer, 2003). On the other hand, the response of the host to

infection may be deleterious; pro-inflammatory cytokines (e.g. TNF, IL-1, IL-8) and

secretary products of WBC (reactive oxygen metabolites, chloramines) are able to

produce serious tissue damage. Lysis of microorganisms by host factors (complement,

lysosomal enzymes, perforins etc) as well as by antibiotics may increase these deleterious

effects. Therefore to cope up with these effects, drug that had immunomodulatory activity
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have been searched. In general, immunomodulatory effects of drugs fall into one of the

following categories or combinations thereof;

1. Stimulation of the inflammatory response either by increasing the pro

inflammatory cytokines (TNF, IL-1, IL-8) or by augmenting the phagocytes or T-

cell function.

2. Inhibition of the inflammatory response either by decreasing the pro

inflammatory cytokines or by inhibiting phagocytes or T-cell function or by

inducing apoptosis of inflammatory cells.

3. Stimulation of the counter regulatory ant-inflammatory responses by increasing

anti-inflammatory cytokines such as IL-4, IL-10 and TGF-0.

4. Inhibition of the counter anti-inflammatory response by inhibiting an anti

inflammatory cytokines (eg. IL-10, IL-4, TGF-P).

In the present work, the immunomodulatory activity of NOP-51 was evaluated by

studying its effect on mice peritoneal macrophage and splenocytes function both under in

vitro and in vivo conditions. Its effect on peritoneal macrophages phagocytic activity,

production of TNF-a and NO, and splenocytes proliferation were studied. In mammals,

phagocytosis is crucial defense mechanism which protect against pathogen invasions, and

apoptotic cell scavenging is performed by phagocytes like macrophages, dendritic cells,

and granulocytes (Stuart and Ezekowitz, 2005). Besides, its role in phagocytosis,

macrophages play pivotal role in cell mediated immunity due to its antigen processing

and presentation ability. Macrophages are known as major immune cells and synthesize a

variety of immunomodulatory mediators, including reactive oxygen species and

cytokines. The reactive free radical nitric oxide (NO) synthesized by inducible NO
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synthase (iNOS), the pro-inflammatory cytokines TNF-a and IL-12, are the major

macrophage derived inflammatory mediators and play an important role in immune

system (Freman and Natanson, 2000). However, exacerbated production of these

mediators have been associated with a range of inflammatory diseases including

atherosclerosis (Toutouzas et al, 1998), trauma (Szabo and Thiemermann, 1994), sepsis

(Kilbournet al, 1990), multiple sclerosis (Parkinson et al., 1997) and arthritis (Miyasaka

and Hirata,. 1997.). Therefore, to avoid NO overproduction, the use of exogenous

modulators becomes essential. A number of plant derived materials have been

investigated as inhibitors of NO production (Rimbach et al., 2000; Wang et al, 2000;

Ryu et al, 2003).

The anti-inflammatory potency of NOP-51 protein on LPS-induced thioglycollate

X elicited mouse peritoneal macrophages was investigated in in vitro conditions. The NOP-

51 showed potent dose dependent inhibitory effect on LPS induced NO production by

macrophages. NOP-51 was also found to have dose dependent inhibitory effect on TNF-a

production which is a main pro-inflammatory cytokines. TNF-a stimulates the NO

production by macrophages. Strong inhibitory effect of NOP-51 in in vivo treatment on

4 LPS induced NO and TNF-a by peritoneal macrophages were also observed. Thus NOP-

51 was found to be a potential anti-inflammatory agent. Since TNF-a stimulates the NO

production and known as main pro-inflammatory cytokine secreted during the early

phase of acute and chronic inflammatory diseases, such as asthma, rheumatoid arthritis,

septic shock (Tracey and Cerami, 1994), NOP-51 could be a potential anti-inflammatory

agent against treatment of these diseases.
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Phagocytic activity of NOP-51 was studied by estimating the candidacidal and

lysosomal enzyme activities in peritoneal macrophages. Peritoneal macrophages

collected from mice administered i.p. with different concentrations of NOP-51 showed

marked increase in candidacidal and lysosomal enzyme activities in a dose dependent

manner compared to untreated animals. Therefore, NOP-51 showed stimulatory effect on

macrophages phagocytosis. The enhanced candidacidal and enhanced transformation of

p-NPP to a coloured compound by the membrane associated acid phosphatase activity of

the treated macrophages has been used to study the phagotytosis index in earlier studies

(Suzuki et al, 1990).

The effect of in vitro and in vivo treatment of NOP-51 on mouse splenocytes

proliferation were also studied in absence or presence of mitogen LPS and Con-A. The

NOP-51 had stimulatory effect on splenocytes proliferation alone without mitogens in

dose dependent manner both in in vitro and in vivo conditions. However, co-treatment of

NOP-51 either with LPS or Con-A was found to augment the LPS and Con-A induced

proliferation. The result clearly indicated that it has stimulatory effect on both T and B-

Cell population. Augmentation of Con-A induced IL-2 production by splenocytes of

NOP-51 treated cells was also observed. Our observations are in agreement with earlier 4^

studies where plant derived components or plant extract showed to have stimulatory

effect on splenocytes proliferation (Ha et al, 2006). As cytokines secreted by various

immune cells have antagonist or stimulatory effect on each other, it is not clear whether

or to what extent the anti-inflammatory response of macrophages and splenocytes

proliferation effect on each other has, and to understand this further detail study need to

be performed.
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It is well known that a large number of stimuli induce NF-kB binding activity,

including mitogens such as PHA, Con-A and LPS, cytokines likes TNF-a (Baeuerle and

Henkel, 1994). It has been demonstrated in an earlier study that ethanol extract of

Glossogyne tenuifolia (Taiwanese folk medicine) interfere with LPS and PHA signaling

and elicited peritoneal macrophages and splenocytes, respectively, by reducing kB

binding activity and it was suggested that the inhibition of inflammatory mediators

synthesis may be in part involved in the attenuation ofNF-kB activation (Ha et al., 2006).

It may be possible that similar thing was happening in NOP-51 anti-inflammatory

activity. However, there is no study which confirms the present study, this is merely a

speculation.

The in vitro and in vivo toxicity study demonstrated that NOP-51 did not showed

X any toxicity as revealed from the cell viability assay, LDH assay and various serum and

liver parameters. It further confirms the potential of NOP-51 as a potent antimicrobial

and immunomodulatory agent. Although N. odorum is well known for its various

medicinal values, Oleandrin, a polyphenolic cardiac glycoside from its leaves possessing

anti-inflammatory and tumor cell growth-inhibitory effects have been reported (Manna et

4- al, 2000; Stenkvist, 1999). However, this is the first report showing purification of a

protein with potent antimicrobial and immunomodulatory activity.

Antimicrobial peptides/proteins (AMP) are considered as attractive, alternative

therapies and are basic element of novel new generation of drug for treatment of

bacterial, fungal, viral infections and the treatment of cancer. Till now more than 900

different antimicrobial peptides have been identified or predicted from nucleic acid
I

sequences (http:/www.bbcm.univ.trieste.it/ossi/search.htm). Great diversity in
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antimicrobial proteins, with large variations in molecular mass, N-terminus sequence and

antimicrobial specificity have been observed. Several antimicrobial proteins with a

variety of molecular masses have been reported. They can be divided into thaumatin like

proteins (Koiwa et al, 1997), glucanases (Beffa and Meins, 1996), chitinases (Watanabe

et al, 1999), lipid transfer proteins (Nielsen et al, 1996), ribosome inactivating proteins

(Lam et al, 1998; Vivanco et al, 1999), trypsin inhibitors (Joshi et al, 2000; Kouzuma

et al, 2000; Park et al, 2000), cycophilin like proteins (Ostoa-Saloma et al, 2000; Lee et

al, 2007) and others. The molecular mass of antimicrobial protein NOP-51 isolated in the

present study from N. odorum, found to be 51 kDa which is much largerthan the majority

of the antimicrobial protein mass. However it is much closer to the mass value of 52 kDa

antimicrobial proteins panaxagin and quinqueginsin isolated from ginseng (Tzi and

Wang, 2001). Like the majority of antibacterial and antifungal proteins, NOP-51 also

found to be monomelic. However some antimicrobial proteins like those from ginseng

(Tzi and Wang, 2001) are reported to be dimeric.

In order to identify the nature of NOP-51, the N-terminal sequence of first 12

amino acids was searched for homology in NCBI databases using BLAST. N-terminal

sequence of first 12 amino acids did not show significant similarity with any of the ^

antimicrobial proteins, however showed 33.3% resemblance with antifungal protein from

Arabidopsis thaliana and Triticum aestivum. Besides, the N-terminal sequence of first 12

amino acids was also showed 33.3% resemblance with the superoxide dismutase. The N-

terminus sequence homology search result was inconclusive as 12 amino acid residues

from a 51 kDa protein was too small and 33% homology shown with mentioned protein

is very low. Further identification of NOP-51 with LC-MS/MS analysis provides many
r
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significant new insights into the nature of NOP-51. In total, 28 major peptide fragment

were obtained and the search under MSDB for all twenty eight peptides showed 10 hits

with different proteins described in results with significant score. The homology search

under NCBI BLAST short sequence search for selected peptide fragments showed

significant homology to antimicrobial seed protein vicilin, manganese superoxide

dismutase and glutathione S-tranferase. Specific peptides sequence homology search

showed 72% homology to vicilin, an antimicrobial seed protein isolated from various

plants such as Vicia faba, Pisum sativum, lupinus albus, Gossypium hirsutum, and

Macadamia integrifolia; 100% homology to Mn superoxide dismutase isolated from

Oryza sativa, Zea mays, Cucumis sativus, Citrullus lanatus, Triticum aestivum, Musa

acuminata, Marchantia paleacea, evea brasiliensis, Vitis vinifera, Camellia sinensis,

Fagus sylvatica and more than 90% homology to Gluthione S-tranferase from Cucurbita

maxima, Carica papaya, Lycopersicon esculentum, and Vitis vinifera. However, the high

sequence homology match at specific peptide sequence level with vicilin (72%), Mn-

superoxide dismutase (100%) and Gluthione S-tranferase (more than 90%), clearly

indicates that NOP-51 share domain level homology with these proteins. It is logical that

the observed antimicrobial and immunomodulatory activity of NOP-51 in the present

study may be due to the presence of these domains. A number of proteins with

multifunctional domains have been reported from various sources and these domains

attributed to their various biological activities (Ghosh and Maiti, 2007; Wasser, 2002;

Winder et al, 1998; Wong and Ng, 2005). Though the present data clearly indicates the

basis of the multifunctional activities of the NOP-51, but the exact nature of NOP-51

V.
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could not be confirmed with certainty from the present observation and this has to be

further analyzed and confirmed using complete de novo amino acids sequence data.

Thus a 51 kDa protein named NOP-51 with multi biological activities such as

antibacterial, antifungal, anti-inflammatory and immunostimulatory, has been purified

from N. odorum leaves. This is the first report of purification and identification of an

active protein from N. odorum. The NOP-51 could be a potential antibacterial, antifungal

and immunomodulatory agent and may be very useful therapeutic protein. As it has

significantly high activity compared to previously reported antimicrobial proteins and do

not have any toxicity both in vitro and in vivo even at highest tested dose in the present

study. Recently, much emphasis has been focused on multifunction therapeutic proteins

and a number of pharmaceutical firms globally are developing such therapeutic drugs for

various applications and many of them are under clinical trials (De Clercq, 2004).

Inimex Pharmaceuticals (Canada) is developing antimicrobial proteins that not only

directly kill bacteria but selectively trigger the body's innate defenses without causing

inflammation atsub therapeutic doses when compared to conventional drugs. Preliminary

results demonstrated that combination therapy of these immunostimulating peptides

significantly lowered bacterial load in vivo in a murine S. aureus infection model 4

(Gordon et al, 2005). The broad spectrum antimicrobial proteins have been used for the

development of 'chemical condom' to control the spread of sexually transmitted diseases

or imaging probes for bacterial and fungal infections, by exploiting their specificity for

microbial membranes (Welling etal, 2004). Though the immunomodulatory potential of

NOP-51 in present study has been confirmed in both in vitro and in vivo conditions, but

its various antibacterial and antifungal potential needs to be tested in suitable in vivo

bacterial and fungal disease model.
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Nerium odorum is well known for its various medicinal values such as anticancer, anti

inflammatory, immunomodulatory and it has been used in leprosy and other diseases of scaly

nature. Not much study has been done on the identification of its active constituents except an

immunomodulatory active acidic pectic polysaccharide and oleandrin, a polyphenolic cardiac

glycoside from the leaves possess anti-inflammatory and tumor cell growth-inhibitory effects.

No studies on biological active protein/peptides have been carried so far. In the present work, an

attempt has been made to purify a potent antimicrobial and immunomodulatory active protein

from N. odorum leaves. The work is summarized under following sections

Purification and characterization

Total protein from the fresh leaves of N. odorum was extracted using extraction buffer

and the protein with antimicrobial activity was purified by ammonium sulfate fractionation,

followed by Sephadex G-100 gel filtration and CM-cellulose cationic exchange chromatography.

Finally, a 51 kDa protein having potent antibacterial and antifungal activity was obtained. In

order to check the purity, purified protein was separated on 12% SDS-PAGE and native-PAGE.

A single band of 51 kDa was observed without any contaminating protein both in SDS and

native PAGE of coomassie stained gel. Thus it was found to be a monomelic protein of

molecular mass 51 kDa. This 51 kDa purified protein from N odorum leaves was named as

Nerium odorum Protein-51 (NOP-51). The purity of the NOP-51, an antimicrobial protein was

also checked by silver staining. Increasing concentration of purified protein was loaded in each

well and the gel after electrophoresis was stained with silver nitrate. Silver staining does not

showed any othercontaminating protein even at higher concentrations. The purityof the purified

protein (NOP-51) was also checked by RP-HPLC and MALDI TOF. A single sharp peak was

obtained both in RP-HPLC and MALDI TOF, which further confirmed its purity. Molecular
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mass of the NOP-51 was also determined by MADLI-TOF and was found to be 51.4 kDa. This

was almost similar as revealed from SDS-PAGE, in which molecular weight of the protein was

found to be around 51 kDa. Though the MALDI-TOF result seems to be more accurate usually,

however, for simplicity mass 51 kDa has been used throughout the text.

Evaluation of antimicrobial activity of NOP-51

Evaluation of antibacterial activity

Antibacterial susceptibility of the crude protein and purified protein (NOP-51) was

assayed against Gram positive (S. aureus and B. substilis) and Gram negative bacteria (E. coli

and P. putida). Both crude protein and NOP-51 showed broad spectrum antibacterial activity as

acted against all the tested bacteria. NOP-51 was found to be more effective as significant

antibacterial activity was observed against most of the bacteria even at much lower concentration

in comparison to crude protein which showed antibacterial activity at relatively higher

concentrations. There found to be little differences in the susceptibility among different bacteria.

Minimum inhibitory concentration (MIC) of NOP-51 against S. aureus and E. coli was 12^g/ml

and 25ug/ml for B. substilis and P. putida. MBC of NOP-51 against 5". aureus, B. substilis, P.

putida and E. coli was found to be 25, 50, 50 and 50 ug/ml, respectively and it was very close to

reference antibiotic gentamicin. IC50 of NOP-51 for bacterial growth was determined and it was

found to be 15.2, 18.4, 19.3 and 16.0 ug/ml for P. putida, S. aureus, B. substilis and E. coli,

respectively. The SEM and TEM micrographs of control and treated bacteria with sub lethal (10

& 30 ng/ml) and lethal concentration (50 ug/ml) for 30 min, clearly indicated that protein

treatment cause deformity in cell wall and membrane. All tested bacteria showed wide range of

significant abnormalities like surface roughing, shape deformity, cell clustering and damaged f
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cell debris in the protein treated cells while untreated cells were in normal shape and smooth

surface.

Evaluation of antifungal activity

The in vitro antifungal activity of crude protein and NOP-51 against several filamentous

fungi (A. fumigatus, A. flavus, A. niger and F. oxysporum) and C. albicans were tested using disk

diffusion method. Similar to the antibacterial activity, both crude protein and NOP-51 showed

significant antifungal activity against all the tested fungi as could be seen from inhibition zone

formation. The NOP-51 was more effective as compared to crude protein, 25 ug/disk of NOP-51

and 40 ug/disk of crude protein was found to be most effective concentrations. The zone of

inhibition at 30 (j.g/disk of fluconazole and 30 ug/disk of NOP-51 against these fungi were quite

comparable and in some cases, NOP-51 found to be even better. The MIC of NOP-51 against A.

V fumigatus, A. flavus, A. niger, F. oxysporum and C. albicans were 25, 25, 25, 50 and 12 ug/ml,

respectively, while in case of crude protein it was 50, 25, 50, 75 and 25 ug/ml, respectively. The

MFC of NOP-51 against most of the fungi was found to be 50 ug/ml except for C. albicans,

which had 25 ng/ml. The MFC of crude protein against these fungi were 50, 50, 75, 75 and 50

ug/ml, respectively. The MIC and MFC of NOP-51 against the above mentioned fungi were

4 almost similar as that of fluconazole and in some cases it was found to be lower than

fluconazole. The IC5o of NOP-51 against A.fumigatus, A.flavus, A. niger, F. oxysporum and C.

albicans found to be 19.3, 15.1, 18.3, 20 and 18.3 ug/ml, respectively.

Both SEM and TEM micrographs of A. fumigatus, A.flavus, A. niger, F. oxysporum and

C. albicans, control and cells treated with different concentration of NOP-51 for 30 min

indicated that NOP-51 treatment cause drastic alteration and deformity in cell wall and

membrane of all fungal hyphae as compared to control, whose hyphae were smooth, normal in
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shape without any alteration in morphology. Even at lower concentration (10 ug/ml) treatment

for 30 min caused significant changes in A. fumigatus, A. flavus, A. niger, F. oxysporum.

However, drastic changes could be seen at higher concentration (30 and 50 ng/ml) and

collapsing damaged hyphae could be easily seen in all fungi. Similar observation was also made

in C. albicans where untreated cells were smooth and normal shapes while the protein treated

cells surface became rough and irregular in shape. The cells with damaged cell wall forming

aggregates could be seen at 50 ug/ml protein concentration TEM micrographs of control and

protein treated C. albicans cells indicatedthat the walls of untreated cells were intact and regular

in shape while those of treated cells were irregular in outline, without showing deposition of

membranous material in the wall as observed in the control cultures. The treated cell interior

looked completely necrotic; internal subcellular organelles were barely identified.

Antimicrobial activity of the NOP-51 was also tested by treating protein at different

temperature up to 100°C for 20 min. The antibacterial activity was retained up to 75% and 50%,

at 70°C and 80°C, respectively. However, it was drastically reduced at 100°C. The effect of one

month storage of NOP-51 at room temperature on antimicrobial activity was also studied, 100%

activity was observed on 4th day, 50% and 5 % activity was retained on 20th and 30th day,

respectively. The antimicrobial activity was stable in between pH 5 and 9, but remarkably 4

reduced at pH 10.

Evaluation of immunomodulatory activity of NOP-51

Besides, antimicrobial activity the immunomodulatory activity of the NOP-51 was also

evaluated both under in vitro and in vivo treatment conditions in Swiss albino mice. The effect

of NOP-51 in in vitro and in vivo treatments on macrophages and splenocytes functions were f

studied. The levels and persistence of pro-inflammatory cytokines and NO play an important
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role in determining the extent of inflammation. The effect of NOP-51 on the release of

inflammatory mediators like NO and TNF-a in activated elicited mouse peritoneal macrophages
r

and splenocytes proliferation was investigated.

Both in vitro and in vivo treatment of NOP-51 found to have effect on NO production.

Treatment of macrophages with protein (25-150 ug/ml) alone did enhance nitrite production in

unstimulated peritoneal macrophages to a low level but significant at higher concentration. There

found to be substantial increase in nitrite production when cells were activated with LPS (5

ug/ml) for 24 h. However, the co-treatment of peritoneal macrophages with LPS (5 ug/ml) and

different concentrations of protein (25-150 ug/ml) evoked a significant inhibition of nitrite

release in a concentration dependant manner.

Similarly both in vitro and in vivo treatment of NOP-51 found to have effect on TNF-a

^ release in peritoneal macrophages. The treatment of macrophages with protein (25-150 ug/ml)

alone did not have much effect on TNF-a production in unstimulated peritoneal macrophages

however at higher concentrations, little enhancement was observed as compared to control. On

the other hand, stimulation of cells with LPS (5 pg/ml) induced elevated release of TNF-a but

concentration dependent inhibition of TNF-a production was observed when peritoneal

4- macrophages were co-treated withLPS (5 ng/ml) for 24 h and different concentrations of protein

(25-150 pg/ml). Nearly 50% inhibition was observed at protein concentration of 100-150 pg/ml.

The cells viability found to be greater than 95% at these protein concentrations as checked by

Trypan blue dye exclusion method. Thus, the observed inhibition of TNF-a and NO production

was not due to cell death.

The effect of purified protein (NOP-51) in vitro and in vivo treatment on splenocytes

proliferation in presence or absence of mitogens Con-A and LPS were also evaluated. In both in
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vitro and in vivo treatment protein alone demonstrated a strong stimulation of splenocytes

proliferation as compared to untreated cells and a dose response relationship was observed. Con-

A and LPS treatment of untreated cells caused the stimulation of splenocytes proliferation by

activating T and B lymphocytes, respectively. However, in cells co-treated with Con-A and

NOP-51 or LPS and NOP-51, there were augmentation of Con-A and LPS stimulatory effects in

a dose dependant manner and it was highest at 150 pg/ml concentration. Thus NOP-51 has

stimulatory effects on splenocytes proliferation alone and has synergistic effects on Con-A and

LPS induced proliferations.

Since NOP-51 has stimulatory effect on splenocyte proliferation and augmented the Con-

A activated proliferation. The IL-2 release by splenocytes in control and protein treated animals

groups in the presence and absence of Con A was assayed. The i.p. administration of NOP-51

had a stimulatory effect onIL-2 release ascompared to control (untreated animals group) but the

overall stimulation was low. Con-A treatment of splenocytes of control group has pronounced

effect on IL-2 release. Similar to splenocytes proliferation, the cells from treated group were co-

treated with Con-A and have augmented the stimulation on IL-2 release by splenocytes in dose

dependent manner. Thus is has synergistic effecton IL-2 production.

In vitro cytotoxicity 4

During experimentation in the 24 h treatment of peritoneal macrophage and splenocytes

cultures with different concentration of protein (25-150 pg/ml), no cytotoxicity was observed at

the highest concentration (150 pg/ml) by Trypan blue dye exclusion method. All protein

concentration treatment did not cause any cell death with the percentages of viability of

macrophages and splenocytes were more than 97 and 96%, respectively. r
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Effect on body weight, lymphoid organ weight

Different concentrations of purified protein (NOP-51) were administered in swiss male

albino mice i.p. for 15 consecutive days, in a dose volume was 200 pi. Animals were divided

into six groups (Group I: Control (50 mM Tris-HCl pH 8.0); Group II: 25 pg/ml; Group III: 50

pg/ml; Group IV: 100 pg/ml; Group V: 150 pg/ml). None of the protein doses showed any type

of toxicity or mortality in the treated animals. No significant body weight differences were

recorded in the various groups of animals. No effect was observed in the spleen, thymus and

liver weight at any dose compared with control.

It is clear from the in vitro and in vivo study that NOP-51, a potent anti-inflammatory

agents and it inhibited significantly the production of pro-inflammatory cytokines like TNF-a

and NO by mitogen induced macrophages. Besides, it also had stimulatory effects on splenocytes

V (T & B lymphocytes) proliferation. Thus, it affects both the non-specific and specific immune

system. However, the immune response is a complex and net effect dependson kind of subsetof

non-specific and specific cell activation and subsequent release of type of cytokines. In order to

understand the precise mechanism, there is need for further investigation to identify subset of

cell population activated for example Thl or Th2 using cell surface specific monoclonal

4- antibodies and the set of cytokines release.

Toxicological investigations

No Toxicity was confirmed after Lactate dehydrogenase cytotoxicity assay in cell culture

supernatant of macrophages and splenocytes as compared to control. Total RBC, WBC,

hemoglobin, blood urea, bilirubin, SGPT, SGOT and serum protein level did not show any

> appreciable change. There was no significant elevation was observed in the level of SGPT,

SGOT, urea, bilirubin, and serum protein at any of the doses used in this study.
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Identification of NOP-51 by N-terminus amino acid sequence and LC-MS/MS

The 12 N-terminal amino acid sequence of the purified protein NOP-51 was determined

by Edman degradation and found to be Ala-Pro-Ala-Tyr-Asn-Tyr-Gly-Val-Ala-Val-Tyr-Glu.

NCBI BLAST short sequence homology search of the N-terminal sequence of first 12 amino

acids did not show significant similarity with any of the antimicrobial proteins; however, showed

33.3 % resemblance with antifungal protein from Arabidopsis thaliana and Triticum aestivum.

Since NOP-51 has strong inhibition on LPS induced NO production by macrophages and also

found to have antioxidant activity in preliminary study. The N-terminal sequence of first 12

amino acid was also compared with antioxidant protein present in NCBI database using BLAST.

The search showed homology with various superoxide dismutase in first 12 amino acids but it

was very low 33.3 % only. The N-terminus sequence homology search result was inconclusive

as 12 amino acid residues from a 51 kDa protein is too small and 33% homology shown with

mentioned protein is very low. The partial digest internal amino acid sequencing of 51 kDa

protein was analyzed by LC-MS/MS analysis, twenty eight peptides of varying length were

obtained studies after tryptic digestion. These peptides exhibited similarities to the sequences

from Manganese superoxide dismutase (SOD) enzyme, Glutathione S-transferase, Vicilin, Heat

shock protein 17, Caleosin, membrane protein MP27, Protein PV100 using mass spectrometery

database (MSDB). Though the short sequence base search of a specific peptide showed high

homology to the above mentioned proteins but overall homology was not that high. Therefore,

there is need for further investigation using complete de novo sequence of protein in precise

identification the NOP-51.

f
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Conclusion

A potent antimicrobial and immunomodulatory protein from the leaves of N odorum has

been purified and named as NOP-51. This is the first reports of purification and identification of

an active protein from Nerium odorum. The molecular mass of the protein was determined to be

51 kDa by SDS-PAGE and MALDI-TOF. Purified protein found to be monomelic as a single

band of 51 kDa obtained on both native-PAGE and SDS-PAGE. The NOP-51 was found to have

a potent broad spectrum antibacterial and antifungal activity as it acted on bothGram positive (S.

aureus and B. substilis) and Gram negative bacteria (P. putida and E. coli) and fungi (C.

albicans, A. fumigatus, A. flavus, A. niger and F. oxysporum). SEM and TEM indicated that

NOP-51 has major effects on bacterial and fungal cell wall and membrane which lead to the pore

formation and ultimately cell lysis. Purified protein (NOP-51) also exhibited strong

immunomodulatory activity in vitro and in vivo, and found to affectboth non-specific as well as

specific immune system. It was found to be a strong anti-inflammatory agent. Besides, it has

stimulatory effectof its own and also augmented the Con-A and LPS activation. Protein did not

exhibit any toxicity in in vitro cell assay and in mice at the all tested concentrations. The 12

amino acids N-terminal sequence and the partial internal amino acid sequencing by LC-MS/MS,

homology search with NCBI and MSDB databases using BLAST and MASCOT showed match

with antimicrobial protein and superoxide dismutase, Glutathione S-transferase, Heat shock

protein 17, Caleosin, membrane protein MP27 and Protein PV100. The over all homology of

NOP-51 with each of these proteins was poor (33.3%) which clearly indicates that at the

complete sequence level NOP-51 differ a lot and thus it seems to be new protein. However, the

short sequence homology search of specific peptides showed significant match to vicilin (72%),

an antimicrobial seed protein isolated from various plants; (100%) with superoxide dismutase;
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and more than 90% homology to Gluthione S-tranferase present in various plants, clearly

indicates that NOP-51 share domain level homology with these proteins. It is logical that the

observed antimicrobial and immunomodulatory activity ofNOP-51 inpresent study may be due

to presence of these domains. Though the present data clearly indicates the basis of

multifunctional activities of the NOP-51, but the exact nature of NOP-51 could not be confirmed

with certainty from the present observation and this to further analyzed and confirm using

complete de novo amino acids sequence data.
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