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ABSTRACT 

Host defence peptides are ubiquitous components of innate immunity within all living 

organisms. These peptides are small, positively charged and amphiphilic molecules. The 

biological roles of these peptides are direct antimicrobial activity against pathogens and 

to induce the innate and adaptive immune response within the host. 

The research presented in this thesis was focused on isolating host defence peptides 

from ostrich blood and characterising their antimicrobial properties. Four ostrich 

P-defensins, named ostricacins-1-4 (Osp-1-4), were successfully purified from ostrich 

blood. These peptides contained 36-42 amino acid residues, with the main residues 

including: arginines, lysines, glycines and cysteines. The molecular weight of these four 

ostricacins ranged between 4-5 k.Da . They displayed antimicrobial activity against 

Gram-negative bacteria and Gram-positive bacteria with minimum inhibitory 

concentration (M[C), ranging between 1-12 µg/ml. [n addition, Osp-2 displayed 

antimicrobial activity against yeast, with M[C of 6.2 µg/ml. Osp-1 and Osp-2 were 

further characterised with the investigation of the effects of cationic ions and 

temperature changes on their antimicrobial activity against Gram-negative bacteria and 

Gram-posit ive bacteria. The antimicrobial activity of both peptides significantly 

declined with the presence of cationic ions. Both peptides were relatively stable when 

heated to temperatures between 30-70°C. Finally, an investigation of the mode of action 

of Osp-1 and Osp-2 against Gram-negative bacteria was carried out. Both peptides were 

compared with a sheep cathclicidin, SMAP-29, and a human a-defensin, HNP-1. 

SMAP-29 showed the strongest affinity to LPS and it was the most potent peptide to 

cause disruption of the outer and cytoplasmic membrane. The two ostricacins showed 

stronger affinity than HNP-1 and they also indicated partial permeabilisation of the 

outer membrane and a slight depolarisation of the cytoplasmic membrane. HNP-1 did 

not indicate disruption of the outer membranes or depolarisation of the cytoplasmic 

membrane. Further invest igation indicated that the partial disruption allowed the 

ostricacins to pass through the membranes and interact with the intracellular 

components. However, these peptides could not inhibit the bacterial colony forming 

potential, and therefore, they were considered bacteriostatic . [t is recommended that 

further research be carried out to investigate the feasibility of ostricacins in adding value 

to ex isting topical products. 
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1.1 Introduction 

Chapter I - Literature Review 

Chapter 1 

Literature Review 

This opening chapter provides a comprehensive review o f re lated studies in the host 

defence peptide area, during the last 20 years. It begins with an introduction to the 

anima l and human immune systems, which can be divided into two major responses: 

innate and adaptive immunity. Antimicrobial peptides, which arc the major part o f this 

review, arc part o f the immune system that can be found in granules o f ncutrophils in 

blood or epithelia l cells o f tissues. In additio n to antimicrobia l properties, they induce 

two types of immune responses w ithin liv ing organisms. The modes o f actions o f 

antimicrobial peptides arc known to wo rk on the bacteria l membrane as we ll as the 

intracellular components. Dcfcns ins, one o f the major antimicrobial peptides families, 

can be iso lated from vertebrates, insects and p la nts. In vertebrates, they exist in three 

different forms: a , p and 0-dcfcnsins. This review describes the bio logical roles o f 

dc fcnsins in the immune system. In avian blood, the defence mecha nism relics on the 

non-oxidative mechanism, as the granulocytcs lack peroxidase and alkaline 

phosphatase. There fore, the microbicida l activity o f avian blood is more li kely to 

depend o n lysozymc a nd the catio nic antimicrobial peptides. To date, antimicrobial 

peptides fro m avian spec ies, whic h have been successfu lly purified fro m chicken, 

turkey, ostrich and king penguin, were mainly composed of P-de fcnsins. They can be 

c lass ified into hcterophil and no n-heterophil. Techniques used to purify and characterise 

the avia n P-dc fcns ins w ill be brie fl y described. The avian antimicrobia l pept ides have a 

broad range o f antimicrobia l spectrum. Evo lutio nary re lationships to other P-dcfcnsins 

will show that they were re lated to other mammalian P-defcnsins. This chapter closes 

w ith a discussio n concerning the c urrent development of antimicrobia l peptides in 

therapeutic industries and other potentia l applications fo r ostrich antimicrobial peptides. 



Chapter I - Literature Review 

1.2 Animal and Human Immune Systems 

Animals and humans face constant assault by invading microorganisms, which arc 

usually pathogenic and harmful, through direct contact, ingestion and inhalation. These 

pathogenic microorganisms can be in the form of bacteria, virnses, fungi or protozoans. 

Thus, animals and humans have developed natural defence mechanisms that enable 

them to prevent and eliminate infections caused by pathogens. This defence system can 

be divided into external barriers, comprised of an intact layer of epithelial skin and 

mucous tissue membranes, which provide physical and chemical protection against the 

entry of microorganisms, and any microbes that succeed in breaching the physical 

barriers (Tortora, et al., 1998),(Abbas and Lichtman, 2004),(Playfair and Bancroft, 

2004). 

The immune system is a complex network of organs, cells and molecules scattered 

throughout the body, that mediate resistance to infection caused by pathogens. It has a 

recognition system to identify the presence of invading microbes, a disposal system that 

kills and eliminates the invading microbes and a communication system that coordinates 

the activities of the various recognition and disposal systems. There arc two types of 

responses: innate and adaptive immunity (Tortora, et al., 1998),(Abbas and Lichtman, 

2004),(Girardrin and Philpott, 2004),(Playfair and Bancroft, 2004),(lzadpanah and 

Gallo, 2005),(Tossi, 2005). Innate immunity is always present in healthy individuals 

and it prepares to mediate and rapidly eliminate any invading microbes by using 

phagocytic cells. This response docs not require prior exposure to foreign pathogens. 

Adaptive immunity is activated by stimulation from the invading microbes, which 

manage to shake off the innate immunity. Adaptive immunity is a relatively more 

specific immune response than innate immunity. It also develops more slowly. A 

summary of the diversity of each immune response is illustrated in Table I. I. Despite 

the fact that the two responses arc diverse, both arc involved in a complex interaction to 

eliminate infections caused by pathogens. 

2 



Chapter l - Literature Review 

Table 1.1 Comparison of Innate and Adaptive Immune Response adapted from (Playfair 
and Bancroft, 2004). 

Evolutionary origin 

Principal cells 

Principal molecul es 

Innate I mm unity Adaptive Immunity 

Invertebrates and vertebrates Only vertebrates 

Phagocytic cells Lymphocytes 

Complement system and Antibody and cytokines 
cytokines 

Recognition specific ity Broad High specificity 

Speed of action Rapid (minutes to hours) Slow (days) 

Development of memory No Yes 

1.2.1 Innate Immunity 

Innate immunity is also known as natural, native and non-specific immunity. Innate 

immunity can be found in a ll animals (vertebrates and invertebrates) as it has been 

conserved throughout evolution. The innate immunity components, illustrated in Figure 

1.1 , include neutrophil granulocytcs, monocytcs/macrophagcs, mast cells, natural killer 

(NK) cells, a complement cascade system and also antimicrobial substances, such as 

lysozyme, antimicrobial proteins and antimicrobial peptides that act readily aga inst the 

invading pathogens (Tortora, et al., 1998),(Abbas and Lichtman, 2004),(Playfair and 

Bancroft, 2004). 

The main principal component of the innate immunity system is phagocytic cells 

(phagocytes) . They are found abundant ly in the blood, as they are part of the white 

blood cells (leukocytes) . There arc two types of phagocytes: polymorphonuclear 

leukocytes (PMN), also known as ncutrophils, and monocytcs/macrophages. 

Ncutrophils are the most abundant leukocytes in the blood (60-70% of leukocytes) . In 

response to infection, the production of ncutrophils from bone marrow increases rapidly 

with cytokines stimulations. These cells are highly phagocytic, motile and very active in 

the initial stages of infection. They have the ability to leave blood and rapidly enter the 

infected extravascular tissues, where they destroy the microbes or foreign particles. 

Monocytes, which are less abundant than ncutrophils (3-8% of leukocytes), are the 

precursor of macrophages. They are not active ly phagocytic until they leave the blood, 

enter body tissues and differentiate into macrophages. Migration of these ce lls to the 

3 



Chapter I - Literature Review 

infection site is also triggered by eytokincs. Some macrophages reside locally in certain 

tissues and organs of the body, such as the liver, lungs, nervous system, bronchial tubes, 

spleen, lymph nodes, bone marrow and the peritoneal cavity of abdominal organs. 

Figure I.I Molecular Components of Innate Immune System adapted from (Playfair and 
Bancroft, 2004). 

Moriocyte 

. . ,, . 
-:~:-: ~:t . . 

Polymorphonuclci:lr IQucucyte 
1Neutropr"1I) 

/ Macrophage 

N.itural 
killer 
cell 

The hosts arc able to recognise microorganisms in the blood or cxtravascular tissues 

through pattern-recognition molecules, which include a complement cascade system and 

a Toll-like receptor (TLRs) family (Tortora, et al., 1998),(J\bbas and Lichtman, 

2004),(Girardrin and Philpott, 2004),(Playfair and Bancroft, 2004),(lzadpanah and 

Gallo, 2005),(Tossi, 2005). These receptors arc homologous to Toll receptors, which arc 

membrane-anchored proteins, involved in innate immune defence against Gram-positive 

bacteria and fungal infection in the fruit fly Drosophila. TLRs arc capable of 

recognising pathogen-associated molecular patterns (PAMP), which arc specific 

microbial components. located m the surface of microorganisms, such as 

lipopolysaccharidcs (LPS) of Gram-negative bacteria, lipoteichoic acid (LT A) of 

Gram-positive, bacterial peptidoglycan, cell wall components of yeast and fungi and 

double-stranded and single-stranded RNA of viruses. Upon recognition of the P /\MPs, 

the TLRs generate signals that stimulate production of cytokines, which lead to 

recruitment and maturation of phagocytes. Once matured, the phagocytes inactivate the 

microorganisms in a process known as phagocytosis. Firstly, the phagocyte extends its 

4 
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plasma membrane around and encapsulates them in a membrane-bound ves icle called 

phagosomc. The phagosomc then fuses w ith lysosomcs to fo rm phagolysosomcs, where 

the microbes arc digested with various antimicrobial substances, such as microbic ida l 

enzyme, antimicrobia l protein and peptides. An illustration o f the phagocytosis process 

is shown in Figure 1.2. 

Figure 1.2 The Phagocytosis Mechanisms of a Phagocyte on a Microbe or a Foreign 
Particle adapted from (Tortora, et al., 1998). 

Microbe or 
otner particle 
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Another important component of innate immunity is mast cells. Mast cells can be found 

extensively in the skin, around blood vessels, in the gut and in basophils cells o f blood. 

They arc designed to re lease the contents o f the ir granules, such as histamine, w hich 

increase vascular permeability and the supply o f blood and its immuno logica l 

components (PMNs, monocytes/ macrophages, antibody, etc). They play a role in the 

acute inflammatory response at the s ites o f infection. Natural killer (NK) cells arc 

another well-known innate immunity component. NK cells arc actually a class o f 

lymphocytes (comprising 10% of blood and peripheral lympho id organs) that kil l 

infected or cancerous cells and produce intcrfcron-y (I FN-y). NK cells arc less restricted 

in the ir recognition and they respond more rapidly than adaptive T cells. The key 

feature o f NK ce lls is that they can distinguish infected or cancerous cells fro m normal 
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cells through expressions of various receptors that recognise cell surface molecules of 

infected/cancerous cells. Another key feature of NK cells is the production of IFN-y, 

which in tum activates macrophages to kill phagocytosed pathogens more effectively. 

1.2.2 Adaptive Immunity 

Adaptive immunity is also known as specific or acquired immunity because it allows 

individuals to make their own set of recognition molecules based on microorganisms 

they have encountered (Tortora, et al., 1998),(Abbas and Lichtman, 2004),(Playfair and 

Bancroft, 2004). Adaptive immunity is only found in higher animals, such as 

vertebrates. This immune response may be induced actively, through vaccination 

(artificial) or through infection to specific microorganisms or foreign molecules 

(natural). It can also be stimulated passively, through transfer from active immunised 

individuals (natural) or through the introduction of antibodies from individuals who 

have already developed an immune response to a particular disease (artificial). 

The main components of adaptive immunity arc lymphocytes that express receptors, 

which specifically recognise different substances of antigens. Antigens can be 

microorganisms or foreign molecules. Lymphocytes and their products arc designed to 

mediate and exclude extracellular and intracellular microbes. Based on two types of 

lymphocytes (B and T-lymphocytcs, also known as B and T-cclls ), adaptive immunity 

can be divided into humoral immunity and cellular-mediated immunity, as shown in 

Figure 1.3. Humoral immunity produces B-cclls, which in tum produces antibodies that 

act against specific antigens in bone marrow. With the production of antibodies, B-cclls 

regulate the extracellular body space that includes blood, tissue fluids and other body 

fluids. Hence, humoral immunity primarily defends against extracellular infection 

caused by bacteria, bacterial toxin and viruses freely circulating in the body fluid. On 

the other hand, cellular-mediated immunity produces specialised T-cells in thymus. The 

primary function of T-cells is to monitor intracellular compartments and to inactivate 

bacteria or viruses located within phagocytic or infected host cells and tissues. T-cclls 

also greatly enhance antimicrobial mechanisms of innate immunity, including activation 

and proliferation of macrophage. 
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Figure 1.3 Molecular Components of Adaptive Immune System adapted from (Abbas and 
Lichtman, 2004). 
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When adaptive immunity recogmscs microbes, the host responds through sequential 

phases, as shown in Figure l .4. [n the first exposure to the microbes, the response is 

known as the primary adaptive immune response. [n the first phase (the recognition 

phase) , na"ivc antigen-specific lymphocytes locate and recognise the microbes. It is 

called nai"vc lymphocytes because the cells arc not experienced immunologically. The 

subsequent phase is the activation phase of the lymphocytes that requires two types of 

signals: signals from the binding of an ant igen to an antigen receptor and signals 

provided by the microbes and the innate immunity responding to the microbes. The 

second signals arc required to ensure that adaptive immunity is elicited by the microbes 

and not by harmless antigens. During the activation phase, lymphocytes, which have 

encountered the microbes, undergo clonal expansion, at which time the clones go 

through rapid cell division to generate a large number of progeny. Some lymphocytes 

differentiate into effector lymphocytes, which produce a substance for eliminating the 

microbes (effector phase) . The components of innate immunity are often involved in 

this phase, as a response to the substance produced by the effector lymphocytes. Once 

the antigen is eliminated, the stimulus of lymphocyte activation is gone and the 

activated lymphocytes die through a process known as apoptosis, where the dead 

lymphocytes arc eliminated by phagocytes without causing harmful reaction to the host. 
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The immune response then subsides and the rcmammg cells, called memory 

lymphocytes, are able to respond to repeat encounters of the same microbes (secondary 

immune response). They can survive in a state of rest for months or years. Apart from 

retaining memory of the microbes, lymphocytes are also highly specific to structurally 

distinct antigens. Therefore, they are able to distinguish a billion different strains of the 

same microbes and their components. 

Figure 1.4 Adaptive Immune Responses Upon Recognition of Antigens adapted from 
(Abbas and Lichtman, 2004). 
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It is believed that the functions of the two lymphocytes complement each other, since 

the T-cclls can recognise many different types of microbia l mo lccules, including 

proteins, carbohydrates and lipids, whilst the antibodies of 8 -cclls arc only specific to 

microbial protein antigens. The interactions between the two lymphocytes, as well as 

interactions with the innate immunity, arc regulated by a heterogeneous group of 

mediators known as cytokines (Tortora, et al., 1998),(Abbas and Lichtman, 

2004),(Playfair and Bancroft, 2004),(Tossi, 2005). Generally, cytokincs arc referred to 

as interleukins, which means they arc produced and act on leukocytes. However, more 

specia lised cytokincs arc available, with the predominant ones called interferons that 

interfere with virus rep lication, the tumour necrosis facto r (TNF) that causes tumours on 

mice to shrivel up, the colony-stimulating fac tor (CSF) that affects the growth of bone 

marrow cells in culture and the chcmokincs that stimulate cell migration. Based on these 
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effects, cytokines can be sorted into five categories, which are those involved in the 

promotion of: inflammatory responses; cell differentiation and proliferation; cell 

movement; inhibition; and antiviral. 

1.3 Antimicrobial Peptides 

Antimicrobial peptides arc relatively small cationic molecules comprised of less than 

one hundred amino acids. They are gene-encoded peptides that have an overall net 

positive charge, because they contain a number of positive charged residues (histidines, 

lysines and arginines) . In addition, they are composed of at least 50% of hydrophobic 

residues. The rest of the molecules arc comprised of a low proportion of neutral polar 

and negatively charged amino acids. [n solution, these peptides can fold into an 

amphiphilic structure, where clusters of hydrophobic and cationic amino acids are 

separated into discrete domains. These properties, small, cationic and amphipathic, are 

ubiquitous to antimicrobial peptides (Boman, 1991 ),(Gururaj Rao , 1995),(Hancock and 

Chapp le, 1999),(Mor, 2000),(Hancock, 2001 ),(Zaslo ff, 2002),(Boman, 2003),(Brogden 

et al. , 2003),(Kamysz et al. , 2003),(Bowdish et al. , 2005),(lzadpanah and Gallo , 2005). 

Antimicrobial peptides have been known by other names, such as cationic antimicrobial 

peptides, antibacterial peptides and natural antibiotics. At present, researchers prefer the 

term 'host defence peptides ' because these peptides have demonstrated an ability to 

stimulate immune responses in addition to their antimicrobial activity (Divine and 

Hancock, 2004), (Bowdish et al. , 2005),(McPhec and Hancock, 2005),(Sahl et al. , 

2005). In the last 20 years, these peptides have been rapidly used in fundamental 

research and in the development of new drugs, because of their ability to neutralise 

microbial infections and to mediate acute and chronic inflammations (Hancock and 

Chapple, 1999),(Mor, 2000),(Zasloff, 2002),(Kamysz et al., 2003),(Marshall and 

Arenas, 2003),(Izadpanah and Gallo , 2005). Furthermore, it is believed that they can 

overcome microbial resistance mechanisms. They arc regarded as potential candidates 

to fight the growing problem of multi drug resistance in bacteria and fungi . 
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1.3.1 Classes of Host Defence Peptides 

Research relating to these endogenous molecules was believed to have begun in the 

early 20th century, when Dr Elie Metchnikoff won the Nobel prize for describing 

components involved in phagocytosis (Tizard, 1995),(Tortora et al., 1998). He observed 

and demonstrated that neutrophils contained some enzymes that enabled the cells to lyse 

and digest any invading microbes. Thirty years later, Alexander Fleming successfully 

purified lysozymc, the microbial digestive enzymes described by Metchnikoff With the 

deve lopment of separation methods of simple and complex chemicals, such as 

precipitation, crystallisation, filtration, chromatography and electrophoresis, Hussein 

Zeya and John Spitznagel were able to partially characterise cationic polypeptides 

purified from rabbits and guinea pigs leukocytes (Spitznagcl, 1997). As the 

biotechnology area deve loped in the l 970-2000s, more host defence peptides were 

iso lated and characterised using advanced separation and purification techniques 

(Lehrer, 2004),(Levy, 2004),(Ganz, 2005). There were also host defence peptides 

characterised from expressions, using cloning techniques of cDNA encoding the 

peptides. 

Over 800 host defence peptides have been isolated and characterised from bacteria, 

fungi, insects, crustaceans, plants, birds, amphibians, mammals and humans 

(http://www. bbcm. univ. tricstc. it/~tossi/antimic. html) (Andreu and Rivas, 

1998),(Brogdcn et al. , 2003),(Kamysz et al. , 2003),(Powcrs and Hancock, 

2003),(Marshall and Arenas, 2003),(Reddy et al., 2004),(Zasloff, 2004),(Sahl et al., 

2005). The widespread distribution throughout living organisms suggests that these 

compounds play an essential role as a defence mechanism against pathogenic 

microorganisms. [n animals and humans, they have been isolated from leukocytes and 

epithelial cells of skin, gastrointestinal and the respiratory tract. Based on structural size 

and conformational structure, they can be classified into four classes (F igure 1.5) 

(Martin et al., 1995),(Andreu and Rivas, 1998),(Zasloff, 2002): 

(I) Cystcine-rich amphiphilic P-shect peptides 

10 

These peptides arc characterised with the presence of an antiparallel P-shect, 

stabilised by disulfide bonds. Dcfensins arc the prominent host defence peptides in 

this class. They can be found in plants and animals. Some defcnsins contain helical 

segments, such as plant and insect defensins. 
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(2) Amphiphilic a -helical peptides 

This class is characterised by a a -helical structure that contains a slight bend in the 

centre of the molecule. This bend is critical for selectivity by suppressing 

haemolytic activity. Frog magamms, porcme cecropms, sheep myeloid 

antimicrobial peptides-29 (SMAP-29) and human LL-37 are well-known 

amphiphilic a -helical peptides. These peptides are usually unstructured in solution 

but they form a-helical amphipathic structures in physiological conditions and 

when they arc in contact with biological membranes. 

Figure 1.5 Structural Representations of The Four-Classes Host Defence Peptides taken 
from (Zasloff, 2002). 

Human cx-defe sin 3 

Protegnn lndolicidin 

Human a-defensin 3, a cysteine-rich amphiphilic P-sheet peptides; Magainin 2, an amphiphilic 
a-helical peptide; indolicidin, a linear peptide with one or two predominant amino acids; protegrin, 
a cysteine-rich, amphiphilic disulfide ring peptide. 

(3) Cystcinc-rich, amphiphilic disulfide ring peptides 

This class is characterised by a loop structure connected with a single bond, which 

can be disulphide, amide or isopcptidc. Host defence peptides, which are classified 

in this class, include ranalcxin and brcvinins isolated from frog skins, protegrins 

from porcine leukocytes and the classical antibiotic nysin . 
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(4) Linear peptides with one or two predominant amino acids. 

These peptides are generally rich in proline and arginine that represents more than 

60% of the overall residues. The secondary structures are not stabilised through 

inter-residue hydrogen bonds but through hydrogen bonds and Van der Waals 

interactions with membrane lipids. Bactenccin (Bac-5 and -7) and indolicidin of 

bovine and PR-39, a prolinc-rich peptide with 39 amino acids of pig small 

intestines, are peptides classified in this class. 

1.3.2 Host Defence Peptides Roles in Immunity 

The primary role of host defence peptides is direct antimicrobial activity to pathogen 

invasions. These peptides are readily released in response to the presence of microbial 

products (LPS, LTA, etc.), cell injury and inflammations. In vitro, they have shown an 

ability to directly kill or inactivate a number of microorganisms, including 

Gram-negative bacteria, Gram-positive bacteria, fungi, yeast, viruses, parasites and even 

tumour and malignant cells (Boman, 1991 ),(Martin et al. , 1995),(Hancock and 

Diamond, 2000),(Scott and Hancock, 2000),(Mor, 2000),(Hancock, 200 I ),(Brogden et 

al., 2003),(Kamysz et al. , 2003),(Marshall and Arenas, 2003),(Levy, 2004),(Yang and 

Oppenheim, 2004),(Izadpanah and Gallo, 2005). The antimicrobial activity is limited to 

the presence of high concentration o f salt (NaCl), divalent cations (Ca2+ and Mg2+), 

serum, polyanions and proteases. [t is believed that the antimicrobial activity of these 

peptides is most effective at sites with a low presence of inhibitors, such as in the 

phagocytic vacuoles and on the surface of skin and mucosa I epithelium. 

In mammals, host defence peptides have also shown multi-functional roles in innate and 

adaptive immunity (Hancock and Diamond, 2000),(Scott and Hancock, 2000),(Zasloff, 

2002),(Kamysz et al. , 2003),(Marshall and Arenas, 2003),(Levy, 2004),(Yang and 

Oppenheim, 2004),(Bowdish et al., 2005),(lzadpanah and Gallo, 2005),(Tossi, 2005). 

1.3.2.1 Roles in Innate Immunity 

The pept ides roles in mammalian innate and adaptive immunity arc illustrated in Figure 

1.6. Firstly, host defence peptides arc chcmoattractants for innate immunity components 

(monocytcs, macrophages and ncutrophils, mast cells) to the sites of microbial entry or 

12 
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inflammatio n and they stimulate the local innate immunity. Moreover, host defence 

peptides enhance phagocytosis by upregulating the expression of adhesion mo lecules on 

phagocytes that enhances their recruitment and activation o f the phagocytes. This was 

shown in human a -defcns ins that could induce the production o f reactive oxygen 

intermediates (Yang and Oppenheim, 2004). Host defence peptides also demonstrate 

indirect chemo taxis effect by stimulating the production o f cytokines. For example, 

LL-37 and de fens ins were able to stimulate the production o f IL-8 and monocyte 

chemoattractant protein (MCP- 1 ), which led to the recru itment o f more phagocytes to 

inflammatory s ites and the production o f TNF-a and IL- I in mo nocytes stimulated by 

the host defence peptides (Hancock and Diamond, 2000),(Scott and Hancock, 

2000),(Zas lo ff, 2002),(Kamysz et al. , 2003),(Yang and Oppenheim, 2004),(Bowdish et 

al., 2005),( lzadpanah and Gallo, 2005),(Otvos Jr. , 2005). 

Secondly, host defence peptides can be mediators o f inflammations, as they attract and 

induce degranulation o f mast cells at the infect ion s ites in order to release histamine and 

prostaglandin that lead to vasod ilation. Vasodilation enhances migrat ion o f phagocytes 

and other components that help to mediate the in fections. Mass cell degranulation was 

induced by LL-37, magainin-2, defcns ins and CAP- I I as reported in (Hancock and 

Diamo nd, 2000),(Scott and Hancock, 2000),(Yang and Oppenheim, 2004),(Bowdish et 

al., 2005),(lzadpanah and Gallo , 2005),(Otvos Jr. , 2005). These peptides also stimulated 

the express io n o f a variety o f genes by macrophages particu larly in the production o f 

pro-inflammatory cytokines (IL-8 and MCP- 1 ), which resulted in positive feedback 

loop that amplified recruitment o f the inflammatory cells and subsequently led to 

degranulatio n o f the phagocytes to re lease more defcnsins. 
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Thirdly, in innate immunity, host defence peptides prevent seps is shock by the 

suppression of pro-inflammatory agents (Scott and Hancock, 2000),(Kamysz et al. , 

2003),(Brogdcn et al., 2004),(Yang and Oppenheim, 2004),(Bowdish et al. , 

2005),(Otvos Jr., 2005). Disintegration o f bacteria by phagocytes and host defence 

peptides causes the release of bacterial components, LPS or L TA, into the circulation 

system. These components arc known to be cndotoxic by the fact they trigger high- level 

production of TNF-a, IL- Ip and IL-6 that leads to septic shock and death. These 

peptides appear to neutralise the cndotoxic effect by binding to LPS or LTA that 

subsequently inhibit the cytokincs productions. These peptides can also suppress 

expression LPS-induccd genes in macrophages that reduce the production of TNF-a, 

IL- Ip and IL-6. Hancock et al have reported peptides such as LL-37, SMAP-29, 

indolicidin, human a-dcfcns ins and lactofcrrin neutralised the endotoxic effect. 

However, this ro le is contrary to that formerly described (production o f lL-8 and 

MCP-1 ). One poss ible explanation is that the innate immunity is designed to contend 

with the infection effects by suppress ion of pro-inflammatory cytokincs to limit the 

inductio n of septic levels, as well as permitting other cytokincs invo lved in mediation of 

inflammatio ns. 

Lastly, host defence peptides, as shown by dcfcnsins and CAP-37, promote wo und 

healing through epithe lial cel l proliferation and stimulation of fibroblast growth 

(Hancock and Diamond, 2000),(Scott and Hancock, 2000),(Kamysz et al. , 

2003),(Bowdish et al. , 2005),(Otvos Jr., 2005). The rate o f wound healing was 

amplified to prevent an invas ive o pportunity for many other pathogens to infect the 

host. LL-37 was another peptide reported to promote wound healing via angiogcncsis 

stimulation, a process for healing wounds and restoring blood flow to tissues after 

mJury. 

1.3.2.2 Roles in Adaptive Immunity 

The ro le host defence peptides in adaptive immunity was chcmoattractants for T-cclls 

(Hancock and Diamond, 2000),(Scott and Hancock, 2000),(Zaslo ff, 2002),(Yang and 

Oppenheim, 2004),(Bowdish et al. , 2005),(Otvos Jr., 2005). As described above, the 

peptides chcmotactic ability could amplify innate immunity, w hich consequently led to 

recruitment of more adaptive immunity components to the infection/inflammation sites, 
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guided by traditional chemokine receptors ( e.g. IL-8, MCP-l ). Some peptides that 

showed chemotactic ability, which included human a-dcfensins 1-3 that were 

chemotactic for CD45RA, na1vc CD4+ T Cells and CD8~ T Cells and LL-37 that were 

chcmotactic for peripheral T cell to sites of infect ion. 

Host defence peptides are also chcmoattractant to immature dendritic cells. Dendritic 

cells exist in two types: immature (iDC) and mature dcndritic cells (mDC). Immature 

dcndritic cells have a phagocytic ability and produce an array of mediators, including 

cytokincs, chcmokines and host defence peptides. These cells arc derived from 

circulating haematopoiclic precursor cells and prc-dcndritic cells populations 

(monocytcs and plasmacytoid cells). Human 13-dcfcnsin 2 has shown chcmotactic ability 

for iDC and memory or effector T-cclls through interaction with chcmokinc receptor 

CCR-6 (Scott and Hancock, 2000),(Zasloff, 2002),(Yang and Oppenheim, 

2004),(Bowdish et al., 2005),(Otvos Jr., 2005). The interaction of 13-dcfensins with 

CCR-6 led to migration of iDC from blood to the skin and from inflammation sites to 

local lymph nodes, with subsequent activation of memory specific T-cclls. Host defence 

peptides also demonstrate ability to directly and indirectly stimulate maturation of 

dcndritic cells. Maturation of dcndritic cells usually takes place after antigen has been 

taken up and identified by iDCs. Mature dcndritie cells then become effective at 

antigen-processing and presenting the mDCs via expression of a chcmokine receptor, 

CCR-7, which enable them to migrate to regional lymph nodes and interact with na1vc 

T-eells. Mature dendritic cells also determined the nature and consequences of the 

interaction that cause proliferation and differentiation or deletion of T-cclls. Mouse 

13-defcnsin 2 was able to directly induce maturation of DC, as demonstrated by the 

uprcgulation ofCD86. CCR-7 and the major histocompatibility complex (MHC) class II 

(Yang and Oppenheim, 2004), whilst human a-dcfensins indirectly stimulated 

maturation of iDC by inducing the production of TNF-a and IL-113 (Bowdish et al., 

2005). 

Furthermore, host defence peptides arc capable of inducing antigen-specific immune 

responses in vivo (production of immunoglobulin IgG) (Hancock and Diamond, 

2000),(Yang and Oppenheim, 2004),(Bowdish et al., 2005). The responses were 

demonstrated by simultaneous intranasal administration of ovalbumin (OVA) and a 

mixture of human a-defcnsins 1-3 that enhanced production of OVA-specific scrum 

lgG antibody and ex vivo generation of IFNy, IL-5, IL-6 and IL-IO by OVA-specific 
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CD4+ T-cells. In addition, mice treated with an intraperitoneal injection of human 

a-defensins 1-3 mixtures combined with B-cell lymphoma idiotype antigen 

demonstrated an increased level of antigen-specific IgG antibodies. 

ln addition, host defence peptides arc able to induce apoptosis of macrophages and they 

activated lymphocytes (Andreu and Rivas, 1998),(Hancock and Diamond, 2000),(Scott 

and Hancock, 2000). Apoptosis has a major role in the elimination of infected host cells 

and therefore it decreases the potential replication or survival of viruses or intracellular 

pathogens. BMAP (bovine mycloid antimicrobial peptide) and lactoferrin demonstrated 

the capability to enhance apoptosis in macrophage cells lines, transformed cells lines, 

fresh haematopoietic tumour cells and in vitro-activated human lymphocytes. 

1.4 Mode of Actions 

It is worth examining the mode of actions of these peptides on bacterial membrane in 

order to understand how the peptides inhibit microorganisms. The activity and 

selectivity of host defence peptides arc based on the differences between the high 

concentrations of negatively charged negative charged lipids on the surface of bacterial 

and eukaryotic cells (Hancock and Diamond, 2000) ,(Zasloff, 2002),(Kamysz et al., 

2003),(Hancock, 2004),(Reddy et al. , 2004),(McPhcc and Hancock, 2005). Bacterial 

membranes contain 30% of anionic lipids (phosphatidylglycerol and cardiolipin) and 

70% of neutral phospholipids (phosphatidylcholine) on the membrane surface, whereas 

eukaryotic membranes contain a high proportion of neutral phospholipids 

(phosphatidylcholinc and sphingomyclin) and cholesterol. Furthermore, the anionic 

components of eukaryotic cells arc located along the cytoplasmic side of the membrane. 

Therefore, the cationic peptides arc able to interact with the bacterial membrane, due to 

a large transmembrane electrical potential gradient generated by the exposed anionic 

lipid components. This high selectivity on bacterial membrane eliminates the possibility 

of resistance developments against host defence peptides. 

Interaction of host defence peptides with the bacterial membrane causing microbial cell 

death is not fully understood. Current studies investigating the interaction between 

peptides and the bacterial membrane have focused more on Gram-negative bacteria with 

a dual-membrane complex (outer and cytoplasmic). The Gram-negative outer 

membrane consists of lipids with negatively charged phospholipid headgroups. A model 
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has been developed, which explains how the peptides interact with bacterial membrane 

(Hancock, 1997),(Andrcu and Rivas, 1998),(Lcvy, 2000),(Zasloff, 2002),(Powcrs and 

Hancock, 2003),(Marshall and Arenas, 2003),(Papo and Shai, 2003),(Reddy et al., 

2004),(Brogden, 2005),(Otvos Jr., 2005),(Sahl et al., 2005),(Toke, 2005). This model 

describes electrostatic interactions between the peptides and bacterial membrane as the 

initial interaction. Since the peptides has a high affinity for LPS in the outer leaflet of 

Gram-negative outer membrane, these cationic peptides arc bound to LPS and replace 

divalent cations, (Ca2
+ and Mg2+), which arc usually present on the outer membrane. 

The peptides then cause membrane distortion by forming pores in the outer membrane, 

thus allowing access to the cytoplasmic membrane. At this stage, the peptides can differ 

into two types of mechanisms: membrane disruptive mechanisms and non-membrane 

disrnptivc mechanisms, depending upon the peptides orientation that may lead to 

perturbation of the bilayer membrane integrity or translocation of the peptides into 

bacterial cytoplasm (Kamysz et al., 2003),(Powcrs and Hancock, 2003),(Papo and Shai, 

2003),(Brogdcn, 2005),(McPhcc and Hancock, 2005),(Toke, 2005). Host defence 

peptides arc considered membrane active, when they cause membrane disruption at the 

minimum inhibitory concentration (MIC). The ability of peptides to translocatc across 

the cytoplasmic membrane depends on their secondary and tertiary structures, as well as 

their oligomcric state. 

1.4.1 Membrane Disruptive JJ,fechanisms 

Membrane disruptive mechanism takes place when the peptides cause disintegration of 

the membranes and lead to cell death. There have been three models developed to 

describe this mechanism, known as barrel-stave, carpet (detergent-like) and toroidal 

(wormhole) (Hancock, 2001 ),(Powers and Hancock, 2003 ),(Papo and Shai, 

2003),(Brogden, 2005),(Otvos Jr., 2005),(Sahl et al., 2005),(Toke, 2005). These three 

models arc shown in Figure 1. 7 

The barrel-stave model described the formation of barrel-stave like pores, in a way that 

the hydrophobic sidechains interacted with the lipid core of the membrane, whilst the 

polar groups pointed inwards producing an aqueous pore (Hancock, 2001 ),(Powers and 

Hancock, 2003),(Papo and Shai, 2003),(Rcddy et al., 2004),(Brogdcn, 2005),(Otvos Jr., 

2005),(Sahl et al., 2005),(Tokc, 2005). This formation started to take place when the 
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cationic peptide monomers bound in parallel to the cytoplasmic membrane, followed by 

insertion into the hydrophobic core of the membrane, which was believed to be induced 

by electrostatic interaction between the anionic surface of the cytoplasmic membrane 

and the peptides. These monomers tended to oligomerise forming barrel-stave like 

pores, accompanied by the realignment of the peptides from being parallel to the 

cytoplasmic membrane to being perpendicular to it (Figure 1. 7) . Additional monomers 

were progressively taken up to increases the pore size. The pores caused changes in 

transmembrane potential and leakage of cytoplasmic components that lead to cell death. 

However, this model lacks preferred stoichiometries for the pores, due to the wide 

variability in conductance increases, which were induced by the peptides in the model 

membranes. 

The carpet (detergent-like) model suggested that the peptides, which bound to the outer 

layer of the cytoplasmic membrane, aligned themselves parallel to the membrane. They 

formed a coat surrounding a particular area of the membrane, where the peptides were 

concentrated, in a carpet-like way (Figure 1.7) (Hancock, 2001),(Powers and Hancock, 

2003),(Papo and Shai, 2003),(Reddy et al., 2004),(Brogden, 2005),(Otvos Jr. , 

2005),(Sahl et al. , 2005),(Toke, 2005). Orientation of the peptides was formed in a way 

that the hydrophobic sidechains faced the inner cytoplasmic membrane, which 

comprised primarily of phospholipid groups, whilst the polar groups faced out towards 

the other peptides polar groups. This arrangement would then lead to a disintegration of 

the area by the disruption of the bilayer curvature, followed by leakage of cytoplasmic 

components and disruption of membrane potential and eventually the disintegration of 

the membrane. Some authors refer to this model as the Shai-Matsuzaki-Huang model 

(Mor, 2000),(Zasloff, 2004) ,(Sahl et al. , 2005). This model, however, was found to be 

not so accurate, because when host defence peptides were applied at high concentration, 

many did not depolarise the intact cells leading to cell killing, but instead they tended to 

translocate across the cytoplasmic membrane and reacted with the cytoplasmic 

components. 

The toroidal (wormhole) model indicated that the host defence peptides were inserted 

into the cytoplasmic membrane and they induced the phospholipid layers to bend 

continuously from one membrane leaflet to the other forming a doughnut-like pore 

(Papo and Shai, 2003) ,(Brogden, 2005),(Sahl et al. , 2005),(Toke, 2005). The wall of 

this core would be lined with the peptides and the lipid headgroups, because the 
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membrane surface that already submerged at the hydrophilic/hydrophobic interface got 

pulled together with the lipid molecules. This model differs from the barrel-stave 

model, because the peptides are always associated with the lipid head groups even when 

they arc perpendicularly inserted in the lipid bilayer. 

Figure 1.7 The three models of host defence peptides membrane disruptive mechanisms on 
Gram-negative membrane taken from (Toke, 2005). (A) is the barrel-stave model; (B) is 
the carpet (detergent-like) model; and (C) is the toroidal (wormhole) model. 
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The three models show linear cationic peptides are initially bound to the bacterial 
membrane. The peptides align themselves along the cytoplasmic membrane, coating the 
surrounding area. The peptides are subsequently taken up through self-promoted uptake, 
which then cause the formation of pores that depend on the three models. The pore size 
can be increased through additional recruitment of peptide monomers. 

Further modification to the three models was introduced by Dr Hancock's research 

group (Hancock and Chapple, 1999),(Hancock, 200 I ),(Powers and Hancock, 2003). 

This model is known as a miccllar-aggregate mechanism, which was developed to 

illustrate the capability of host defence peptides to form miccllar-aggrcgates within the 
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membrane Figure 1.8. This model suggests that the peptides arc associated with the 

cytoplasmic membrane and they insert into a position parallel to the hydrophilic and 

hydrophobic portions of the membrane. At a critical concentration, the peptides form 

transmcmbranc membrane-spanning miccllar/aggrcgatc-likc arrangements containing 

lipid and peptide molecules mixtures and they create informal conductance pathways 

which disturb membrane stability that lead to leakage of protons, ions and larger 

cytoplasmic. lt is a lso suggested that trans location of the peptides into the cytoplasm 

takes place if the miccllar-aggrcgates co llapse. Some authors include this model as a 

modification of the carpet model (Sahl et al., 2005). 

Figure 1.8 Micellar-aggregate on Gram-negative bacteria (Hancock and Chapple, 1999) 
(Hancock, 2001),(Powers and Hancock, 2003). 
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In chronological order, (A) affinity of host defence peptides to LPS displacing the 
magnesium ions (shown as stars), followed by (B) the partial disruption of the outer 
membrane allowing the peptides to get into the periplas m. (C) The peptides then cause 
partial disruption of the cytoplasmic membrane or (D) 'flip-flop' across the membrane to 
get into the cytoplasm. In the cytoplasm, the peptides are able to interact with 
intracellular components to inhibit the biochemical reaction of the bacteria. 
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1.4.2 Non-Membrane Disruptive Mechanisms 

There is increasing in vitro evidence that microbial membrane is not the only target of 

host defence peptides, but these peptides have also been shown to target microbial 

intracellular components (Andreu and Rivas, 1998),(Epand and Vogel, 1999),(Marshall 

and Arenas, 2003),(Powers and Hancock, 2003),(Hancock, 2004),(Reddy et al., 

2004),(Brogden, 2005),(McPhee and Hancock, 2005),(Otvos Jr., 2005),(Sahl et al., 

2005),(Toke, 2005). Non-membrane disruptive mechanism re fers to the interaction 

between host defence peptides and intracellular targets after the host defence peptides 

translocate across the membranes into the microbial cytoplasm. This mechanism takes 

place when disruption is temporary and membrane permeabilisation does not take place 

(Figure 1.9). 

Figure 1.9 Intracellular Targets of Host Defence Peptides in £. coli adapted from 
(Brogden, 2005). 
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Once in the cytoplasm, these peptides were able to interact with cytoplasmic 

components, such as DNA, RNA and cellular proteins, which might lead to the 

inhibition of RNA and protein synthesis, interference with bacterial DNA and the 

inhibition of DNA replications. Furthermore, they could inhibit the enzyme of a 

biological pathway in bacteria by forming pseudo-substrates or by binding to the 

enzyme actives s ite, thus disturbing access of the real substrates. They could also inhibit 
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cell wall synthesis and a lter cytoplasmic membrane septum formation. In addition, 

peptides, such as nisin and Pcp5, were reported to trigger autolysis, which is a 

self-destructive mechanism based o n activation o f amidases that degrade the 

pcptidoglycan in microorganisms (Andreu and Rivas, 1998),(Brogdcn, 2005),(Otvos Jr., 

2005),(Sahl et al., 2005),(Tokc, 2005). 

Overall, no n-membrane disruptive mechanisms can cause both inhibition o f ce ll growth 

(bactcriostatic) and cell death (bactericidal), whilst membrane disruptive mechanisms o f 

host defence peptides w ill lead to cell death (bacteric idal). However, the ce ll death 

caused by no n-membrane disruption is much s lower (hours a fter exposure to host 

de fence peptides) than membrane disruptive mechanisms (within minutes o f exposure). 

Since these two mechanisms arc present, then it suggests that host defence peptides act 

syncrg istically ins ide the host in killing the pathogens. In addition, it raises a poss ibil ity 

of synergistic usage between the host defence peptides and conventiona l antibiotics 

(Scott and Hancock, 2000),(Hancock, 2004),(Otvos Jr., 2005). The synerg istic e ffect, 

which is based on the interaction between host defence peptides and bacteria l 

membrane, occurs when two di fferent antibiotic compounds act together, resulting in 

positive cooperatio n. Furthermore, these multifunctiona l modes o f action indicate that 

bacteria would have c ha lleng ing tasks to evo lve high-level res istance to these pept ides, 

because there w ill a lways be other targets w ith a higher peptide concentration 

(Hancock, 2004). 

1.5 Defensins 

Dcfcns ins is a fa mily o f host defence peptides that arc ric h in cystcinc res idues w ith 

amphiphilic P- shcct structures (c las I). They arc called dcfens ins due to their 

association w ith host defence sett ings. They have been widely d istributed in plants 

(Garcia-O lmedo et al., 1998), insects (Dimarcq et al. , 1999), avians, mammalians and 

humans (Lehrer et al., 199 1 ),{Evans and Harmon, 1995),(Martin et al. , 1995),(Whitc et 

al., I 995),(Brogdcn et al., 2003),(Lchrcr, 2004),(Torrcs and Kuchel, 2004),(Ganz, 

2005). The dcfens ins structure is unique and consists o f tr iple-stranded a ntiparallc l 

f3 -shccts w ith a loop of f3-hairp in tum a nd it is stabil ised w ith three pairs o f disulphide 

bridges fo rmed by six cystc inc residues. The cystcinc residues arc highly conserved in 
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the defcnsins family. The defcnsins positive charge comes from argmme as the 

predominant cationic residue. 

In insects and plants defonsins, the structures vary slightly with the addition of an 

a-helical structure, which is linked to a P-shect by two disulfide bridges (Garcia

Olmedo et al., 1998),(Dimarcq et al., 1999),(Torres and Kuchel, 2004). Moreover, plant 

de fens ins contain four intramo lccular disulfide bridges provided by eight cystcincs 

(Evans and Harmon, 1995),(Martin et al., 1995),(Garcia-Olmcdo et al., 1998),(Yang et 

al., 2001). Besides dcfcnsins with antimicrobial properties, there arc also other peptides 

with defcnsins-like-folding with different biological functions. These peptides were 

found in the venom of platypus, sea anemone and rattlesnake (Zhao et al., 200 l ),(Ganz, 

2003),(Torrcs and Kuchel, 2004). They arc believed to be adaptations of epithelial host 

defence peptides for ellicacy against larger peptides. 

1.5.J Animal and Human Defensins 

Animal and human defcnsins can be divided into three subfamilies: a-, fl- and 

0-defcnsins. Amongst these three, a-dcfensins were firstly isolated from rabbit 

granulocytes (Sclstcd et al., 1984), guinea pig granulocytcs (Sclsted and Harwig, 1987) 

as well as from human neutrophils (Ganz et al., 1985). The discovery of P-defcnsins did 

not happen until the early l 990s, when Michael Sclstcd's research group successfully 

isolated a number of P-dcfcnsins from bovine ncutrophils (Sclstcd et al., 1993). Lastly, 

the 0-dcfcnsins were isolated from rhesus macaque monkey leukocytes (Tang et al., 

1999). Currently, there arc more than 50 defensins identified in animal and human 

(Table 1.2). These peptides arc abundant in cells and tissue involved in host defence 

against microbial infection (Evans and Harmon, 1995),(Martin et al., 

1995),(0ppcnhcim et al., 2003),(Lcvy, 2004),(Ganz, 2005). The highest concentration 

of def ens ins was found in ncutrophils and crypts or small intestines (> I Omg/ml), whilst 

in other epithelial cells de fens ins concentration were in range of I 0-1 OO>tg/ml. 

Ncutrophils defcnsins arc constantly produced from myeloid cells. 

The a-dcfensins and fl-dcfcnsins have similar tertiary structures characterised by 

triple-stranded antiparallcl P-shcet (Evans and Harmon, 1995),(Martin et al., 

1995),(White et al., 1995),(Yang et al., 200 l ),(Lehrer and Ganz, 2002),(Boman, 
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2003),(Ganz, 2005). However, between the first two dcfcnsins types, there arc distinct 

variations in the length of peptides and the cystcincs spacing and connectivity (Table 

1.2). [n terms of the length of peptide segments, P-dcfcnsins is longer compared with 

a-dcfcnsins, since P-dcfcnsins arc composed of approximately 38-42 residues, whilst 

a-dcfcnsins consist of approximately 29-35 residues. Furthermore, in a -defcnsins, the 

cystcincs arc paired as 1-6, 2-4, 3-5, whereas in P-defcnsins, the pattern is 1-5, 2-4, 3-6. 

Table 1.2 Comparison of Vertebrate Defensins. 

Types Structure Size Residues Cys Pairings Source 

a-defensins P-sheet dimer 3.5-4 kDa 29-35 1-6, 2-4, 3-5 
human, rabbit, rat, guinea 
pig, mouse 

human, bovine, avian 

P-defens ins P-sheet dimer 4-6 kDa 38-42 1-5, 2-4, 3-6 
turkey, ostrich, chicken, 
ovine, ptg and king 
penguin 

0-defensins Cyclic 2 kDa 18 1-4, 2-5 , 3-6 rhesus monkey 

The 0-dcfcnsin, which has only been isolated from rhesus macaque monkey leukocytes, 

is known as the rhesus theta dcfcnsin- 1 (RTD- 1) (Tang et al., 1999),(Lchrcr and Ganz, 

2002a),(Boman, 2003),(Brogden et al. , 2003),(Lchrcr, 2004),(Ganz, 2005). This peptide 

has a distinctive cyclic structure with only 18 residues (Figure 1. 10). Formation of 

RTD- 1 was believed to have occurred from the sp licing and the cyclisation of two 

nine-amino-acid segments of a -dcfcnsin-likc precursor peptides. These two amino acids 

were translated gene products from two mRNA precursors, which were the products of 

mutated a-dcfcnsin genes with a premature stop codon, resulting in each precursor 

containing only three cystcinc res idues (Lehrer and Ganz, 2002),(Ganz, 2003),(Nguycn 

et al. , 2003). In humans, a homologous pseudo gene to 0-dcfensin, known as 

rctrocyclin- 1, was identified but this gene contained a premature stop codon, which 

prevented it being expressed. 
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Figure 1.10 Schematic processing of two nine-amino-acid segments of mutated a-defensin 
precursor into 0-defensins adapted from (Lehrer and Ganz, 2002). 

DerrnrJelens11} 2 

Moreover. humans have six a-dcfcnsins and four /3-defonsins that have been 

extensively studied (Ryley. 2001),(Gallo et al., 2002),(Donovan et al., 

2003),(Oppcnhcim et al., 2003),(Levy, 2004),([zadpanah and Gallo, 2005). Four of the 

human a-de fens ins (HNP-1-4) were isolated from primary granules (azurophil) of 

ncutrophils and they accounted for 5-7% of the total cellular protein and 30-50% of the 

azurophil granule protein, whilst two others, HNP-5 and 6, were isolated from intestinal 

Paneth cells of small intestinal crypts and epithelial cells of the female urogenital tract. 

The human /3-dcfcnsins were isolated from epithelial cells of the kidney, urogenital 

tract, intestines, lung and skin. However, many additional human /3-dcfcnsins genes, a 

total of 28, have been identified (Gallo et al., 2002),(Donovan and Tapley, 

2003),(Brogden et al., 2003),(Lehrer, 2004). Studies by White et al ( 1995) examining 

structure of human a-defcnsins and human /3-dcfcnsins revealed that HNP-1 existed as 

dimers whilst human /3-dcfcnsins and other animal a-defcnsins existed as monomer in 

solutions (Figure 1.11 ). The dimers, reportedly shaped as a basket, were formed from 

monomers that had come into close contact along the edges of their /3-hairpins to form a 

local two-fold rotation axis (White et al., 1995). In this basket, the hydrophobic domain 

was situated at the bottom and the polar cationic domains were situated at the top. 
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Figure l.1 l Sequence and Structure of Human Neutrophil Peptide-3 (HNP-3) and Human 
P-Defensins 2 (HBD-2) seen in (Ganz, 2003). 
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1.5.2 Biological roles 

Defcnsins have a very broad antimicrobia l act ivity spectrum, including Gram-positive 

and Gram-negative bacteria, protozoans, some fungi, yeasts a nd enveloped virus, such 

as huma n immunodeficiency virus (H [V) and the herpes simplex virus (Lehrer el al. , 

199 1 ),(Martin et al. , 1995),(Yang et al. , 200 I ),(Ganz, 2003). Under optimal conditions, 

defcnsins antimicrobia l activity was observed at concentrations ranging from 

1- 1 0µg/ml. This act ivity was greatly influenced by the increasing concentration of salts, 

divalent cations and plasma proteins. Hence, the activity in vivo is likely to occur only 

in the phagocytic vacuoles of phagocytes, when there arc no inhibitors present. 

In addition to the direct antimicrobial activity, defcnsins, in particular human defcnsins, 

have demonstrated an ability to interact and enhance innate and adaptive immunity 

(Figure 1.1 2) (Yang el al., 200 1),(Gallo et al., 2002),(Oppenhcim et al. , 

2003),(Donovan and Toplcy, 2003),(Lchrer, 2004),(Ganz, 2005),(Izadpanah and Gallo , 

2005),(Otvos Jr., 2005). Both dcfcnsins can indirectly recruit neutrophils to the 

inflammation sites, as the defcnsins enhance chemokinc [L-8 a nd MCP- 1 production. 

This effect results in a pos it ive feedback loop, because the accumulated ncutrophils 

dcgranulatc and re lease more defcns ins and these consequently produce more IL-8 and 

recruit more neutrophils to the inflammation s ites. They can also promote mast cell 

degranulation re leas ing histamine and prostaglandin 02, indicating a role in allerg ic 
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reactions. rn addition, human f3-defensins are chemoattractant to T-cells and the 

dcndritic cells to the inflammation sites, due to the dcfensins binding to the chemokine 

receptor (CCR6), whereas human a -defensins demonstrate a chemotactic ability to 

monocytes, T-cells, nai"ve cells and immature dendritic cells to the inflammation sites. 

Figure 1.12 Interaction of Defensins with Immune System adapted from (Lehrer, 2004). 
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Human f3 -defensins also promote dendritic cells maturation. The defcnsins promote 

migration o f immature dcndritic cells from inflammation sites to lymph nodes, w here 

maturation o f dendritic cells takes place. As the dendritic cells mature, they are able to 

process antigens and display responses on their surfaces in the form of antigcn-MHC II 

complexes. Furthermore human f3-dcfcnsins arc involved in stimulat ion of the To ll-like 

rcccptor-4 (TLR-4) that ampli fies an innate response. On the other hand, human 

a-defensins arc able to enhance phagocytosis by macrophage, which stimulate wound 

healing and induce an antigen-specific immune response. The expression of TNF-a and 

IL- I in monocytes can also be induced by human a -dcfcnsins, which indirect ly 

stimulate maturation of dcndritic ce lls, even though they arc not chcmoattractant to 

mature dcndritic cells. Furthermore, they can enhance or suppress the c lassical pathway 
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of the complement cascade system in vitro , indicating a possibility that human 

a -defensins play a role in regulating the complement cascade system. 

1.6 Purification and Characterisation of Avian f3-Defensins 

Avian host defence peptides are composed of mainly P-defensins, which have been 

purified and characterised from mycloid (heterophil) and non-myeloid cells 

(non-heterophil) . The heterophil peptides were successfully purified from chicken, 

turkey and ostrich hcterophils (Evans et al. , 1994 ),(Harwig et al., 1994),(Yu et al. , 

200 I). The non-hetcrophil peptides were obtained from expressions from epithelial 

P-defensins of chicken and turkey (Zhao et al., 200 l) and isolation from king penguin 

stomach content (Thouzeau et al., 2003). There were also chicken P-defensins identified 

from chicken genome (Lynn et al., 2004),(Xiao et al., 2004) . Table 1.3 shows the 

alignment of the amino acid sequences of avian hcterophil and non-heterophil peptides 

with two bovine P-defensins isolated from neutrophils and epithelial cells, and a 

P-defensin from human epithelial cells. These P-defcnsins sequences are highly diverse 

but they share eight conserved residues, the six-cysteines and two glycines (glycine 11 

and glyeine26
) . 

Avian P-defcnsins are classified in the third class amongst the P-defensins peptides 

(Zhang et al., 1998). This classification, which is based on the length and homology of 

peptide and gene structures, is divided into the first class, containing a short 

prepro-sequences (63-64 residues) and short introns (less than 1.6 kbp), the second 

class, containing a long prepro-sequcnces (68-69 residues) with more than 6.5 kbp of 

introns, and the third class, which is particularly for avian P-defensins. 
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Table 1.3 Amino acid sequences of existing avian and mammalian f3-defensins. 

Source 

Chicken 

Ostrich 

Turkey 

Chicken 

Turkey 

King 

Penguin 

Bovine 

Human 

Consensus 

Peptide 

CHP-1 ° 

CHP-2° 

Gal-1° 

Gal - lo.0 

Gal-2° 

THP-1 ~ 

THP-2° 

THP-3~ 

Gal-3° 

BNBD-1 • 

HBo-1 • 

Amino Ac id Sequence 

1 1 0 2 0 30 4 0 

GRKSDCFRKS GFCAFLKCPS LTLISGKCSR FYL- CCKRIR 

GRKSDCFRKN GFCAFLKCPY LTLISGLCSX FHL- CC 

GRKSDCFRKS GFCAFLKCPS LTLISGKCSR FYL- CCKRIW 

GRKSDCFRKN GFCAFLKCPY LTLISGKCSR FHL- CCKRIW 

---LFC--KG GS CHFGGCPS HLIKVGS CFG FRS- CCKWPW NA 

---LFC--RK GTCHFGGCPA HLVKVGS CFG FRA- CCKWPW DV 

GKREKCLRRN GFCAFLKCPT LSVISGTCSR FQV- CC 

---LFC--KR GTCHFGRCPS HLIKVGS CFG FRS- CCKWPW DA 

---LSC--KR GTCHFGRCPS HLIK-GSCSG G 

GTATQCRIRG GFCRVGSCRF PHIAIGKCA- TFISCCGRAY 

GTPIQCRIRG GFCRFGSCRF PHIAI KCA- TFIPCCGSIW 

-SFGLCRLRR GFCAHGRCRF PSIPIGRCS- RFVQCCRRVW 

-SFGLCRLRR GFCARGRCRF PSIPIGRCS- RFVQCCRRVW 

-NPVSCVRNK GI CVPIRCPG SMKQIGTCVG RAVKCCRKK 

-DFAS CHTNG GI CLPNRCPG HMIQIGI CFR PRVKCCRSW 

-DHYNCVSSG GQCLYSACPI FTKIQGTCYR GKAKCCK 

---- -c-----G-c----c------- -G-c------ -cc-------

These f3-defensins were isolated from heterophils (• ), epithelial (• ), stomach content (A) of 
avian species as well as human epithelial peptide ( • ), bovine tracheal peptide ( •) and 
bovine neutrophil peptide (•). The consensus is found in all the sequences except in 
GPV-1, where glycine26 is replaced with alanine26 (blue highlighted). 

1.6.1 Avian Heterophil /3-Defensins 

Avian hcterophil peptides include: two chicken hctcrophil peptides (CHP- 1 and CHP-2 

(Evans et al., 1994)); three ga llinacins from chicken (Gal- I, Gal- I a and Gal-2, (Harwig 

et al. , 1994)); three turkey hctcrophil peptide (THP- 1, THP-2 and THP-3 (Evans et al., 
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1994)); and ostricacin from ostrich (Osp-1 (Yu et al. , 2001)) . These P-defensins are rich 

in arginine, lysine and cysteines. The molecular weight of Gal-1, - 1 a , -2, and Osp-1, as 

determined with electrospray ionisation mass spectrometry (ESI-MS) , are 4582, 4505, 

3915 .58 and 4011.55 Da respectively (Evans et al., 1994),(Harwig et al. , 1994),(Yu et 

al., 2001) . The molecular weights of the turkey peptides were not determined. 

Based on amino acid sequences, the avian hetcrophils P-dcfcnsins can be separated into 

two sub-classes. The first sub-class has a longer sequence with 35-39 amino acids and 

shares a total of 22 identical amino acids, whilst the second sub-class, with the 

exception of THP-3, is comprised of 36 amino acids and shares 17 identical residues. 

Peptides in the first sub-class arc THP-1 , CHP-1, CHP-2, Gal- I and Gal- I a, whilst 

peptides in the second sub-class arc THP-2, THP-3, Gal-2 and Osp- 1. Between the two 

sub-classes, they share nine identical residues, which arc the eight conserved residues 

with the addition of a prolinc 19
. In addition, the second sub-class is characterised by 

three missing amino acids at the N-tcrminus followed by the leu-phe/ lcu-ser sequence. 

On the other hand, the first sub-class begin with glycine followed with two basic 

residues (arginine or lysine). Another noticeable variation is the second sub-class, which 

contains only four residues between its first and second cystcine, instead of six residues, 

as in the first sub-class. 

Analysis of the peptides in the first sub-classes showed that there arc inter-molecular 

similarities that can be observed between two prepro-peptidcs of gallinacins (Gal-1 and 

2) and two THPs (THP-1 and 2) . These similarities were demonstrated in a study 

examining the amplification of chicken and turkey antimicrobial peptides cDNA from 

their respective bone marrow (Brockus et al. , 1998). The cDNA of these P-dcfensins 

was comprised of 409-494 nucleic acid residues that translated into peptides with 64-65 

amino acid residues. The prcpro-pcptidcs of Gal- I and THP- 1 contained 65 amino acids 

with 85% similarity, whereas Gal-2 and THP-2 prcpro-pcptides contained 64 amino 

acids with 93.2% similarity. Furthermore, the P-defensins cDNA sequence composition 

demonstrated more similarity to the bovine TAP and LAP, than the other mammalian 

classical dcfensins. 

In addition, the study concluded that there were similarities between Gal- 1 and CHP-1 , 

as well as between Gal- I a and CHP-2, which could be due to genetic heterogeneity or 

actual cleavage of the terminal amino acid from the mature peptide. The mature peptide 
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sequences, generated from the cDNA amplification of CHP-1 and Gal-1, ended with 

glycine at the C-terminus, instead of it being arginine or tryptophan residues as shown 

in Table 1.3. Apart from this variation at the C-terminus, both sequences were almost 

homologous. The other two peptides, Gal-I a and CHP-2, also showed striking 

similarities with differentiations were in the lengths and the two residues. Gal-1 a 

showed four more residues on the C-terminus than CHP-2 and the two residues 

variation were Lys27 /Leu27 and Arg30 /undetermined. Therefore, Brockus et al. ( 1998) 

concluded that these chicken peptides were identical and called themGall/CHPl and 

Gall a/CHP2, respectively. Gall /CHP 1 and Gall a/CHP2 were almost identical with 

variation in only three positions, Ser10/Asn10
, Ser2°/Tyr20 and Tyr32/His32 (Harwig et al., 

1994). 

1.6.2 Avian Non-Heterophil /3-Defensins 

The two epithelial f3-defcnsins, known as gallinacin-3 (Gal-3) and gallopavin-1 

(GPV-1 ), were expressed from the tracheal of chicken and turkey, respectively (Zhao et 

al., 200 I). Both peptides were comprised of 39 amino acid residues. The expression of 

Gal-3 in trachea was significantly affected by Haemophilus paragallinarum. 

Comparison of cDNA, amplified from the bone marrow, between the two peptides 

showed 91 % similarity. Meanwhile, compared with the avian heterophils peptides, these 

epithelial peptides shared more identical residues with the first sub-class. The mature 

epithelial peptide of Gal-3 showed the same number of residues as Gall/CHPl and 

Gal 1 a/CHP2 but only thirteen identical residues were shared between them, whereas 

mature GPV-1 showed longer amino acids than THP-1 and shared twelve identical 

residues. Gal-3 cDNA, in contrast, showed approximately 75% overall identity to the 

Gall/CHPI and Galla/CHP2 cDNA, which was most marked in their signal sequence 

and 3'untranslated regions. Likewise, the comparison of GPV-1 and THP-1 cDNA 

appeared 83% identical mostly at the signal sequence and 3 'untranslated regions. Zhao 

et al (2001) also found that Gall/CHPl, Galla/CHP2 and Gal-2 were expressed 

strongly in healthy bone marrow and in lungs, whereas Gal-3 was expressed in 

non-mycloid cells, including a strong expression in tongue, Bursa of Fabricius, trachea, 

moderate expression in skin, oesophagus and air sacs and weak expression in the large 

intestine, kidney, ovary and bone marrow. 
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Recently, thirteen P-defensins gene encoding for gallinacins-1- 13 were identified in the 

chicken genome, when defcnsins sequences from plant, invertebrates and vertebrates 

were used to search GenBank using a TBLASTN program (Xiao et al., 2004) . Three of 

these P-defensins (Gal- 1-3) had been previously known (Harwig et al., 1994),(Zhao et 

al., 200 l ), whilst nine gallinacins (Gal-4- 12) were newly discovered in the expressed 

sequence tag (EST) database. The gallinacins-13 was retrieved when high throughput 

genomic sequence (HTGS) and whole genomic sequence (WGS) containing defensins 

sequences were translated into six open reading fames and manually curated. All 

thirteen sequences were comprised of 63- 104 amino residues containing hydrophobic 

signal sequence that was rich in lcucinc at the N-terminus, a short propiece sequence 

and a cationic mature peptide characterised with the six cysteine defensin motif and rich 

in arginines and lysines. The signal peptides sequences were highly conserved with 

slight variations, whilst the mature peptides sequences were highly diverged. In 

particular, Gal-I I contained two tandem copies of the six-cystcinc motif at the 

C-tcrminus. Tissue expression of these gallinacins revealed that Gal- I-7 were mainly 

expressed in bone marrow and the respiratory tract and the remaining gallinacins 

(Gal-8-13) were mainly expressed in the liver and the urogenital tract. A weak 

expression of Gal-5 was also observed in the tongue, trachea, lungs and brain. 

A similar approach, using BLAST search and a hidden Markov model (HMM) resulted 

in the identification of seven P-dcfcnsins, named gallinacins-4-10 (Lynn et al., 2004). 

Even though the sequences were the same as reported in Xiao et al. (2004) , the 

gallinacins naming was not the same. Lynn et al.(2004) also identified a gene encoding 

for a cathclicidin, which has not been discovered in any other avian species, and a 

liver-expressed antimicrobial pcptidc-2 (LEAP-2), which characteristic was not 

described. 

In addition to the chicken and turkey P-dcfcnsins, sphcniscins- 1 and 2 (Sphe-1 and 2) 

are the most recent P-dcfensins isolated from stomach contents of a different bird 

species, king penguins (Thouzcau et al., 2003),(Landon et al. , 2004) . The successful 

isolation was followed with an investigation into the solution structure of Sphe-2 

(Landon et al. , 2004). These peptides were found at higher concentrations during the 

conserving period than that in digesting birds, indicating the importance of conserving 

the male penguin's stomach contents, which is used for feeding the newly-hatched 

chicks, during the time when the female bird has not returned from foraging at sea. 
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Both, Sphe-1 and Sphe-2, are comprised of 38 amino acid residues with molecular 

weights of 4482.4 and 4501.4 Da, respectively. The small differences in molecular 

weight were associated with the differences of histidine/arginine residue at position 14. 

This differentiation on the isoforms was thought to be due to gene polymorphism. 

Sphe-2 structure, which was successfully determined using two dimensional NMR and 

molecular modelling techniques, appeared to be a triple stranded antiparallel f3-sheet, 

stabilised by three disulfide bridges with a typical f3-dcfensins pairing in solution. 

Compared to other avian f3-dcfonsins, sphcniscins are more positively charged, with a 

net charge of+ 10 (Thouzeau et al., 2003),(Landon et al., 2004). The positive charge of 

Gall/CHPl, Gal-2, THP-1 and THP-2 arc +8, +6, +7, and +7, respectively (Brockus et 

al., 1998). Moreover, the structure of Sphe-2 showed a hydrophobicity patch that was 

not preserved in other avian and mammalian f3-defonsins. When sphcniscins sequences 

were compared with other avian f3-defcnsins, they shared more similarities to the avian 

epithelial f3-defensins, than the avian heterophil f3-defensins. The spheniscins retained 

50% similarity to the chicken Gal-3 and 47% similarity to the turkey GPV-1, whilst the 

percentage similarity to Gall/CHPl, Galla/CHP2, THP-1 and THP-2 was only 37-

39%. Comparison of spheniscins to Gal-2 showed the least similarity at 33%. On the 

contrary, sphcniscins shared several residues with the avian f3-defcnsins, including a 

basic residue (Arg9 or Lys9
), a hydrophobic residue (Ile23

, Leu23 and Va!23
), glycine26

, 

phcnylalaninc32
, two hydrophobic residues (Vai39 and Trp40

) at the C terminus and the 

seven conserved residues. 

1.6.3 Antimicrobial Activity of Avian /3-Defensins 

Most f3-defonsins have shown antimicrobial activity against a wide range of pathogens 

including bacteria and fungi. Avian f3-defcnsins play a more important role in the innate 

defence system, because of the avian heterophil lack of oxidative mechanisms (Topp 

and Carlson, 1972),(Montali, 1988). An oxidative mechanism consists of superoxide 

ion, hydrogen peroxide and myeloperoxidase, whilst a non-oxidative mechanism 

consists of a few enzymes, cationic proteins and peptides. Even though they lack 

oxidative mechanisms, studies examining chicken and turkey hetcrophils have shown 

microbicidal activity, indicating that lysozymcs and the cationic proteins/peptides 

would be the main mechanisms (Brune et al., 1972),(Brune and Spitznagcl, 
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1973),(Harmon et al. , 1992),(Evans et al., 1994),(Harmon, 1998). Since these cationic 

peptides may be the primary mechanism for avian heterophil antimicrobia l activity, a 

variety of peptides present in heterophils, together w ith the bacteric idal activity o f 

lysozymes and other proteins, would de fine the activity spectrum o f heterophils. 

Previous research work undertaken by Brune et al showed the ability of chicke n 

heterophils to inhibit growth of Escherichia coli, Staphylococcus a/bus, Candida 

albicans and Serratia marcescens (Brune et al., 1972),(Brune and Spitznagcl, 1973). At 

least three cationic proteins o r peptides fro m the heterophil granule extracts were 

reported, but none o f them were iso lated and characterised. Recent research works into 

avian P-de fcns ins showed ant imicrobial activity against a number o f microorganisms 

(Table I .4). For comparat ive purposes, the activity bovine ncutrophil P-defcnsins 

(BNBD- 1) and rabbit ncutrophil peptide (NP- I) arc inc luded. 

Table 1.4 Antimicrobial activity of avian ~-defensins. 

Peptide 
Gal-I 

Gal- la 
Gal-2 
CHP- 1 

CHP-2 

THP- 1 

THP-2 

THP-3 

Osp-1 

Sphe-2 

BNDBD-1 

NP- I 

Spectrum of Activity 

Candida albicans, Escherichia coli and listeria monocytogenes 

Escherichia coli and listeria monocytogenes 
Candida albicans, Escherichia coli, Bordetella avium, 

Salmonella enteritidis, Salmonella typhimurium, 

Campylobacterjejuni and Mycoplasma gallisepticum 

Staphylococcus aureus 

Candida albicans, Salmonella enteriditis and Campylobacterjejuni 

Escherichia coli and Staphylococcus aureus 

Bacillus subtilis, Escherichia coli. Staphylococcus aureus and Aspergillus 
fumi atus 
Escherichia coli and Staphylococcus aureus 

Escherichia coli and Staphylococcus aureus 

The majority of avian heterophi l P-defcnsins have a ntimicrobia l activity against 

Gram-positive bacteria, e.g. Staphylococcus aureus, and Gram-negative bacteria, e.g. 

Escherichia coli. Only some peptides (Gal 1/CHP I, Ga l I a /CHP2, THP- 1 and THP-3) 

have demonstrated antimicrobia l act ivity aga inst Candida albicans (Harwig et al., 
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1994),(Evans et al., 1995). These antimicrobial activities were determined in conditions 

of low ionic strength and low concentrations of interfering substances. In contrast to the 

avian hetcrophil, synthetic spheniscin-2 showed antimicrobial activity against a wider 

range of microorganisms (Thouzeau et al., 2003),(Landon et al., 2004). It showed 

bactericidal against all Gram-positive bacteria tested, except Staphylococcus 

saprophyticus, but mainly showed bacteriostatic against Gram-negative bacteria tested, 

apart from Escherichia coli 1106 and Vibrio metsnikovii, for which Sphe-2 was 

bactericidal. Spheniscin-2 also showed an inhibition of Aspergillus fi,migatus 

spomlation, but it did not show activity against Candida sp. The synthetic Sphc-2 also 

appeared to retain antimicrobial activity at low pH and high salt concentration, which 

was the condition of the king penguin's stomach contents. The differences between 

Sphc-2 antimicrobial activity and the other avian ~-defonsins were believed to be due to 

the structural properties of the peptides. As described earlier, Sphe-2 is more cationic 

and contains a hydrophobic patch that was not preserved in other ~-dcfcnsins. 

1.6.4 Purification and Characterisation Techniques ofAvian Heterophil 

~De.fensins 

Purification of host defence peptides from blood involves a number of steps. The first 

step is the extraction of the peptides from the heterophil blood and this is followed with 

a series of purification steps to isolate individual peptides. The isolated peptides arc 

then tested for antimicrobial activity. Once confirmed to be antimicrobial, the sequence 

and structures of the peptide can be determined. 

There have only been three different publications showing a successful isolation of 

~-defonsins from avian hetcrophils (Evans et al., 1994),(Harwig et al., 1994),(Yu et al., 

2001). The publication by Yu et al. (2001) was the first publication concerning the 

isolation of host defence peptides from animal blood in New Zealand. In all the 

publications, the extraction of avian peptides from blood involved removal of the red 

blood cells, disruption of the granulocytes and acid extraction of host defence peptides 

from the granules. Each step was fo !lowed by subsequent centrifugation in order to 

collect the desired materials. The first step was usually the separation of red blood cells 

from the plasma using ccntrifogation, which was then followed by the disruption of red 

blood cells with cold deionised water. Instead of cold deionised water, the use of 0.83% 
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ammonium chloride for disrupting the red blood cells has been reported (Eggleton et al., 

1989), (Anderson and Yu., 2003). The granulocytes were then separated from the lysed 

erythrocytes with centrifugations and collected in a buffer. A few buffers were used to 

rcsuspend the white blood cells, including a 0.05M sodium phosphate buffer containing 

2mM EDTA, I 0µM leupeptin and I 0µM pepstatin (Evans et al., 1994), a PBSX buffer 

containing I 37mM NaCl, 2.7mM KCI, 0.5mM MgC!i, 8.1 mM Na2HPO4 and l.5mM 

KH2PO4 (Anderson and Yu., 2003) . 

The next step was the disruption of white blood cells. The most common methods of 

disruption of hcterophils arc homogenisation and sonication, of which sonication is the 

most favoured methods, as shown in the disruption of chicken and turkey heterophils 

(Evans et al. , 1994 ), ostrich heterophils (Yu et al., 200 I), ovine ncutrophils ( Anderson 

and Yu., 2003) , rabbit neutrophils (later experiments) (Sclsted et al., 1984). 

Homogenisation was reported in the disruption of chicken heterophils (Harwig et al., 

1994), pig neutrophil (Selsted and Harwig, 1987) and rabbit ncutrophils (Selsted et al. , 

1984). In bovine neutrophils, the disruption was carried out using nitrogen cavitation in 

a Parr bomb (Sclsted et al. , 1993). Once the granules were separated, the peptides could 

be extracted using acid extraction. The most common acid used is acetic acid (Selsted 

and Harwig, 1987),(Sclsted et al., 1993),(Evans et al., 1994),(Harwig et al., 1994),(Yu 

et al., 2001),(Anderson and Yu. , 2003) 

For the purification of host defence peptides from crude extract, there have been a few 

different techniques used, including ion-exchange chromatography, gel filtration and 

reverse phase high performance liquid chromatography (RP-HPLC) (Selsted, 1997). 

The first purification step of avian peptides from the crude extract was gel filtration 

using Acrilex P- 10 (Harwig et al. , 1994), Biogel P-10 (Evans et al., 1994) or Biogel 

P-60 (Yu et al. , 2001). The use of gel filtration was also reported in the purification of 

P-defensins from bovine ncutrophils (Sclstcd et al., 1993). The eluant used in all gel 

filtration was 5% (v/v) acetic acid. The use of cationic exchanges, such as Bio-Rad 

Macro-Prep® CM, was suggested (Brogden, personal correspondence, 2002). Reverse 

phase high performance liquid chromatography (RP-HPLC), with linear gradient 

containing a mixture of water, acetonitrilc and 0.1 % tritluoroacetic acid (TF A), 

followed the gel filtration step in order to isolate the individual peptides. The use of 

RP-HPLC has been reported in virtually every modem study involving peptides 

isolation and purifications (Shaw, 1994),(Sclstcd, 1997). This technology has also been 
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used to purify host defence peptides from animal granulocytes (Sclstcd and Harwig, 

1987),(Selsted et al., 1993),(Evans et al., 1994),(Harwig et al., 1994),(Yu et al., 

2001),(Anderson and Yu., 2003). 

A technique used to test the antimicrobial activity of the avian peptides is the radial 

diffusion plate assay method, which was developed by Dr Lehrer's research group 

(Lehrer et al., 1991),(Steinbcrg and Lehrer, 1997). In this assay, the microbes were 

added to an underlay agar that lacked nutrients. The peptides were added to wells, made 

in the underlay agar, and left to diffuse. An overlay agar, which was full of nutrients, 

was added to the top of the underlay agar. The microbes grew between the two layers of 

agar, but if the peptides were antimicrobial, they inhibited the growth, which was 

indicated by a clearing of the grown agar. This technique was used to test antimicrobial 

activity on the crude extract and the fractions of gel chromatography and RP-HPLC as 

well as to determine the minimum inhibitory concentration (MIC) of the peptides 

(Evans el al., 1994),(Harwig et al., 1994),(Yu el al., 2001). The MIC is the minimum 

concentration of peptides required to reduce the bacterial concentration to less than 10% 

of the original inoculum. To determine the MIC, different concentrations of the peptides 

arc used in the radial diffusion assay and then the diameter of the clearing sizes arc 

plotted against a log of the peptide concentration. A straight line is then fitted and from 

the equation of the line the x-intercept is calculated as the MIC. 

Once the antimicrobial properties of the peptide had been purified, the structures were 

determined. In the avian P-dcfcnsins, from heterophil or other origins, mass and amino 

acid sequence of the peptides were determined using mass spectrometry and N-terminal 

sequencing, respectively (Evans et al., 1994),(Harwig ct al., 1994),(Yu et al., 200 I), 

(Thouzeau el al., 2003). Only the structure of spheniscin-2 has been determined, the 

other avian P-defensins structure has not been predicted but, from the amino acid 

sequence, they arc known to retain the triple antiparallel ()-sheets structure (Landon et 

al., 2004 ). 

1. 7 Evolutionary of /3-Defensins 

The P-defcnsins arc trans lated from genes containing two exons: cxon-1 encodes the 

signal peptide and cxon-2 encodes the propicce and mature dcfcnsin domain. Even 
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though, P-defensins were found widely in almost all vertebrates, only the signal 

sequence is highly conserved; the propiccc sequences and mature peptides sequences 

tend to be widely diverse, apart from the cysteincs framework. The extensive variations 

arc believed to be due to a positive selection on the short length of P-defensin. Morrison 

et al. (2003) calculated the rate of nonsynonymous substitution (dN) and the rate of 

synonymous substitution (ds) per site, for sequences of paralogous genes, within 

fourteen murine and four human P-defcnsin genes showed that following gene 

duplication, exon-1 and surrounding non-coding DNA had little divergence within 

subfamilies, whilst exon-2 had substantial variation with a ratio dNlds greater than 1, 

indicating the positive Darwinian selection (Maxwell et al., 2003). This positive 

selection was also shown in the avian P-dcfensins (Brockus et al., l 998),(Zhao et al., 

2001),(Lynn et al., 2004). 

The broad distribution of P-defcnsins across vertebrates species, whilst the other two 

types of defensin were restricted to mammalian, indicated a possibility that the 

P-dcfensins were the oldest dcfcnsin subfamily (Hughes, 1999),(Zhao et al., 

200 l ),(Lehrer and Ganz, 2002) ,(Nguycn et al., 2003). A phylogenetic tree diagram 

(Figure 1.13), generated by using the Clustal X program, showed the clustering of avian 

P-defensins with selected mammalian P-defcnsins. The phylogenetic tree agrees with 

the classification proposed by Zhang et al. ( 1998) with a modification in the avian 

P-dcfensins that is divided into two sub-classes. Since the divergence of mammalian 

and avian was believed to have taken place approximately 310 million years ago 

(Hedges et al., l 996),(Kumar and Hedged, 1998), the clustering of avian and 

mammalian P-defensins indicated that the P-dcfcnsins gene must have existed before 

the last common ancestor of birds and mammals (Zhao et al., 200 l ). This evidence is 

strongly supported with the purification ofOsp- 1 from ostrich, a group ofratite families 

that belongs to Palacognathiformcs, the oldest order of living birds. It has been reported 

that the divergence within ratitcs was not earlier than 90 million years ago, due to the 

break up of super-continent Gondwana around 150 million years ago (Cooper et al., 

1992),(van Tuincn et al. , 1998). Therefore, P-defcnsin genes would have been around 

for at least 90 million years. 
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Figure 1.13 Evolutionary tree of existing P-defensins. 

Bovine BNBD-1 

Bovine TAP 

Porcine BD-1 

MBD-1 

HBD-1 

THP-1 

Gal-1/CHP-1 

Gal-fo/CHP-2 

Sohe-1 

Sphe-2 

Gal-3 

GPV-1 

Osp-1 

Gal-2 

THP-2 

Class 1 J3-Defensins 

Class 2 J3-Defensins 

Class 3 J3-Defensins 
(Sub-class 1) 

Class 3 J3-Defensins 
(Sub-class 2) 

This evolutionary tree was constructed from alignment of chicken gallinacins 
(Gal-1-3/CHP-1-2), turkey hcterophil peptides (THP-1-2) and epithelial peptide (GPV-1), 
ostrich peptide (Osp-1), king penguin spheniscins (Sphe-1-2), human P-defensins 
(HBD-1-2), mouse P-defensin (MBD-1), porcine P-defensin (BD-1) and bovine p-defensins 
(BNBD-1 and TAP). 

The second evidence, showing that J3-dcfcnsins arc the oldest dcfcnsin subfamily, was 

provided when striking similarities between vertebrate J3-defcnsins and several peptide 

of animal venoms were drawn (Zhao et al., 2001),(Lehrer and Ganz, 2002),(Ganz, 

2003),(Nguycn et al .. 2003),(Torres et al., 2004). These venoms that retain J3-dcfcnsins 

motifs were crotaminc from South American rattlesnake, anthoplcurins, BOS and Shi 

from sea anemones, and four defensins-like-pcptidcs (DLPs) from male duck-billed 

platypus venom. The DLPs and the crotaminc showed conserved sequences with Gal-3, 

GPV-1 and human fl-dcfcnsins-3. The similarities were also shown by platypus DLPs, 

which were tertiary structures resembling bovine ncutrophil fl-dcfcnsins-1 (BNBD-1 ). 

Furthermore, DLPs and Sh l contained a short N-tcrminal helix that resembled a-helical 

segments in human fl-dcfcnsins-1 and 2. Modern mammals arc descended from reptiles 

(thcrapsids), which diverged from other reptilians as long ago as 220 million years, at 
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the same time as avian lines deviated from reptilians. The structural and sequence 

similarities of these compounds in the reptilians indicated that they genetically 

originated from an ancient P-defcnsin-like gene. The difference in function was 

believed to be due to adaptation of epithelial host defence peptides for efficacy against 

larger predators. 

In addition, comparison between a -defcnsins, P-defcnsins and insect defensins, based 

on the proportion of amino acid differences, showed that P-defensins were more closely 

related to the insect defensins, than to the mammalian a-defcnsins (Hughes, 1999). 

Between a- and P-defensins, five of the six-cysteine residues were the only conserved 

amino acid residues, whereas P-defcnsins and insect defensins conserved all 

six-cysteine residues. Within a- and P-defcnsins, positive Darwinian selection was 

displayed, when the rate of dN exceeded the rate of ds in the region of the gene encoding 

the mature defensins. Overall, the three defcnsins were distantly related as they shared 

common similarities only in the cysteine residues, suggesting that they evolved a similar 

convergent structure from gene duplication. Furthermore, this study, demonstrated that 

a-defensins had repeatedly duplicated after the divergence of these species, as a 

phylogenetic tree showed that a-defcnsins formed species-species clusters. Mammalian 

a-dcfcnsins also showed a unique coordinated evolution, such that the charge changes 

in the propieccs tended to be accompanied by an opposite charge change in the mature 

peptides, which caused little change in the net charge (Hughes and Yeager, 

1997),(Hughes, 1999), (Lynn et al., 2004). The rapid evolution of a -defensins was 

believed to be due to the evolutions of mammals, which occupied new niches and faced 

new pathogens. 

1.8 Applications of Host Defence Peptides 

There is a growing need to develop new classes of antimicrobial agents, with increasing 

resistance in bacterial species to conventional antibiotics (Zasloff, 2002),(Brogden et 

al., 2003),(Falla and Zhang, 2004),(Kues and Niemann, 2004),(Reddy et al., 

2004),(Otvos Jr., 2005),(Zhang and Falla, 2006). Furthermore, it has been more than 30 

years since a truly new class of antibiotics, linezolid, was introduced. The highly active 

nature of host defence peptides appeared to be the answer to the problem, because their 
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mode of action focuses on the pcrmeabilisation of microbial membranes and interaction 

with microbial cytoplasmic targets, instead of specific microbial targets, which is the 

mode of action of most conventional antibiotics. Since the microbial membrane 

composition is similar between species and strains, the microorganisms arc less likely to 

develop resistance against the non-specific action of host defence peptides. In addition, 

the wide spectrum of antimicrobial activity and their roles in the immunity of the host 

defence peptides indicated that they arc effective to treat bacterial infection and enhance 

immune responses. However, these peptides arc limited by their low efficacy and their 

inadequate safety margins, making them suitable only for topical applications. 

1.8.1 Current Developments of Host Defence Peptides into Therapeutic 

Applications 

With declining supplies of appropriate anti-infective agents, many large pharmaceutical 

companies withdrew from the field of antibiotic research and development. Several host 

defence peptides have been developed in small biotechnology companies. These 

developments are mostly to commercialise the work of their leading researcher. Some 

of these peptides arc currently undergoing laboratory testing but fcw have reached 

clinical trials. In the following section, the small biotechnology companies arc outlined 

together with their leading products and clinical trials results. 

The first company, Demcgen inc., is based in Pittsburgh, USA and it has two leading 

products, Demcge]TM and HistawashTM or HistagelTM (Reddy et al., 2004),(Hancock, 

2000),(Falla and Zhang, 2004 ),(McPhcc and Hancock, 2005). Demegel™ is a gel 

formulation used as a wound-healing product for infected burns and wounds that has 

been developed from a 22-rcsidue-a-hclical peptide. This peptide demonstrated a wide 

spectrum of antimicrobial spectrum including resistant strains of P. aeruginosa, S. 

aureus and antifungal activity. The other two products arc developed from P-113, a 

12-residuc portion ofhistatins, which arc compounds found naturally in human saliva. 

HistagclTM and Histawash T\t, were developed from an L form of the peptide that has a 

potent activity against Candida sp. and they arc used as mouth rinse formulation for the 

treatment and prevention of gingivitis. The D form of P-113, which showed potent 

activity against clinical isolates P. aeruginosa of cystic fibrosis (CF) patients, have been 

developed for therapy against lung infections in chronic CF patients. DcmcgcI1
" and 
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Histawash ™ have undergone phase II clinical studies whereas the P-113D have just 

started preclinical studies. 

The second company, Genaera Corporation located in Plymouth, USA, is the owner of 

Magainin Pharmaceuticals' peptide development programs, which was founded to 

commercialise host defence peptides discovered by Michael Zasloff (Zasloff, 

2002),(Falla and Zhang, 2004),(McPhce and Hancock, 2005),(Zhang and Falla, 2006). 

The leading product of Genaera is pcxiganan, also known as Locilex™ or MSI-78. It is 

a 22-residue variant of the amphibian peptide magainin-2, with a slight modified 

C-terminus that improves its spectrum activity and increases its stability. Pexiganan is 

intended for treating mild or moderate infections of diabetic foot ulcers. This product 

had reached phase III clinical trial before failing, because it could not offer greater 

benefit than the current standard drugs. It was reported that in 2002, Genaera Corp. 

entered a 3-year option agreement with DuPont for its peptide intellectual property. 

The third company is Intrabiotics Inc. located in Mountain View, USA (Hancock, 

2000),(Zasloff, 2002) ,(Falla and Zhang, 2004) ,(Kues and Niemann, 2004) ,(Reddy et al. , 

2004),(McPhce and Hancock, 2005). It focuses on the topical antimicrobial market, 

based on technology licensed from Bob Lehrer's laboratory at UCLA. The leading 

product is called iseganan (IB-367), an analogue of the porcine leukocyte peptide 

protegrin-1 . Iseganan demonstrated a promising in vitro profile including wide spectrum 

antimicrobial spectrum with low resistance emergence and maintenance of activity in 

the saliva. With these promising properties, iscganan is intended for treatment of oral 

mucositis (an inflammation that occurs in patients who have undergone chemotherapy) 

and lung infections of CF patients that can lead to ventilator-acquired pneumonia 

(V AP) . Phase I and II clinical trials showed promising results in treating P. aeruginosa 

infections, but in the phase III trials, higher rates of V AP and mortality in patients 

receiving iseganan caused the premature halting of the trial. 

The next two companies, Migcnix [nc. and Inimex Pharmaceutical Inc. are located in 

Vancouver, Canada. They focus on the commercialisation of peptides isolated from Bob 

Hancock's laboratory at the University of British Columbia (Hancock, 2000),(Zasloff, 

2002),(Falla and Zhang, 2004) ,(Kucs and Niemann, 2004) ,(Reddy et al. , 

2004),(McPhcc and Hancock, 2005),(Zhang & Falla, 2006). Migenix Inc., formerly 

known as Micrologix Biotcch Inc., developed MBI-226 and MBI-594AN, products 

derived from indolicidin. MB[-226 is a topical antibiotic formulation to prevent sepsis 

43 



Chapter I - Literature Review 

shock through reduction in central venous catheter (CVC) contamination. Colonisation 

ofCVC by bacteria, which lead to sepsis shock of patients, is a growing problem in the 

USA. Phase lll clinical trials ofMBI-226 did not show a statistically significant drop in 

the rate of infection but it showed a significant decrease of the CVC colonisation. With 

these promising results, Migenix Inc. is collaborating with Cadence Pharmaceutical to 

carry out a phase Illb clinical trial. The other product, MBI-594AN is also a topical 

drug used for acute acne treatment. A phase l!b clinical trial of MBl-594AN showed 

significant reduction of inflammatory acne with alcohol-based product containing 2.5% 

of MBI-594AN, indicating a future FDA application if it can pass the phase Ill clinical 

trial. The second company, lnimcx Pharmaceutical Inc., focuses on development of 

peptides that are antimicrobial and that can boost host innate immunity. IMXC00I, a 

short peptide with antimicrobial activity and immunostimulatory, is their promising 

product now undergoing pre-clinical trials. 

1.8.2 Potential Applications for Ostrich Host Defence Peptides 

With the current development of several host defence peptides for therapeutic products, 

ostrich host defence peptides also have a potential application for human therapeutic 

drugs. Therapeutic application of host defence peptides can be divided into 

pharmaceuticals or nutraccuticals (Anderson et al., 2004). Pharmaceutical products, 

which arc high value and highly pure, require complete clinical trials, whereas 

nutraccuticals are lower value products that do not require complete clinical trials or 

high purity. Furthermore, nutraceutical products can be commonly found in health food 

stores. Avian host defence peptides have shown a wide range in vitro activity against 

microorganisms, including anti-fungal activity against Aspergillus fumigatus. Even 

though not yet proven, avian peptides arc believed to possess immune-enhancing 

functions such as those found in their mammalian counterparts. These functions of host 

defence peptides can add value to ostrich blood, which is currently waste material in the 

ostrich meat industries. A nutraceutical product is the most likely application of the 

ostrich host defence peptides. They can add value to the existing ostrich cream and oil 

that arc commonly used as moisturisers and as a treatment for arthritis, eczema, burns, 

abrasions, sore joints, colitis and psoriasis. With the host defence peptides added to the 

cream/oil, these topical products can be used to protect wounds from bacterial or fungal 

infections and to enhance the immune response around the infected tissues. 
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Developments of ostrich host defence peptides into pharmaceutical products are also 

possible. Due to the high production cost, a candidate with great antimicrobial and 

immune-enhancing properties must firstly be sought. However, there will be a long 

period of time to develop this concept, since there has only been one peptide found from 

ostrich heterophil to date. 

1.9 Conclusion 

Animal and human immune systems can be divided into two types, innate immunity, 

which is activated by any invading pathogens, and adaptive immunity, which is a more 

specific defensive response than innate immunity and it is activated when the innate 

immunity is not capable of inactivating the pathogens. This innate immunity is found in 

all living organisms, whilst the adaptive immunity is only found in vertebrates. One 

component of the innate immunity is host defence peptides, which are relatively small 

molecules comprised of less than one hundred amino acids. These peptides are 

positively charged and they have an amphiphilic structure in solution. They have been 

isolated from granules of neutrophils in blood or epithelial cells of tissues . The primary 

function of these peptides is believed to be antimicrobial. In addition, these molecules 

have a significant role in inducing the innate and adaptive immune response of the host. 

The antimicrobial activity of host defence peptides is believed to be due to two different 

mechanisms. The first mechanism is known as the membrane disruptive mechanism, 

where the peptides disrupt the bacterial membrane, whereas the second mechanism is 

known as the non-membrane disruptive mechanism, where the peptides interact with 

bacterial intracellular components and inhibit the intracellular reaction of the bacterial 

cells. 

One of the major host defence peptide families is defcnsins, which have been isolated 

from vertebrates, insects and plants. Vertebrate defensins exist in three different forms: 

a-, 13-, and 0-defcnsins, of which only 13-defcnsins have been found in mammalians, 

birds and humans, whereas the other two defensins are restricted to mammalians and 

humans. Vertebrate 13-defensins can be further classified into three classes, based on the 

length and homology of the peptide and gene structures (Zhang et al., 1998). The first 

class is mammalian and human 13 -defensins that contain short prepro-sequences (63-64 

residues) and short introns (less than 1.6 kbp) , the second class is 13-defensins that 
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contain a long prcpro-sequences (68-69 residues) with more than 6.5 kbp of introns and 

the third class is avian f3-defcnsins. 

The avian granulocytes lack peroxidases and alkaline phosphatases (Topp and Carlson, 

1972),(Montali, 1988). As part of the non-oxidative mechanisms of the avian blood, the 

avian f3-defensins are believed to play significant roles in avian immunity, Avian host 

defence peptides have been isolated from heterophils of chicken (gallinacin-1-7), turkey 

(THP-1 -3), ostrich (Osp-1 ), epithelial of chicken (gallinacins-3), turkey (gallopavin-1) 

and the stomach content of king penguins (sphcniscin-1-2). The avian f3-defcnsins have 

been extracted with acid extractions and purified using a combination of ion-exchange 

chromatography, gel filtration and RP-HPLC. Furthermore, there arc gallinacins that 

have been identified from the chicken genome sequences. An evolutionary analysis 

showed that the avian f3-defensins was related to mammalian f3-defcnsins, suggesting 

that they might have originated from a common ancestral gene. 

In addition, the literature review discussed the growing problems of antibiotic resistance 

that require developments of new classes of antimicrobial agents. In terms of 

application, the host defence peptides have been reported to undergo rapid 

developments in therapeutic industries. These developments have been based on 

investigations carried out by leading researchers. Some of the host defence peptides 

have undergone a phase III clinical trials but these peptides arc limited by their low 

~fficacy and safety. The potential application of ostrich host defence peptides from 

ostrich blood is considered to be essential in the development of novel nutraceutical 

products and pharmaceutical products. 
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1.10 Objectives of Research 

The literature review on avian host defence peptides shows that very few studies have 

been undertaken in this field , especially the research on ostrich host defence peptides. 

Therefore, the objectives for this study arc as follows: 

I. To extract a nd purify host defence peptides from ostrich hctcrophils. The literature 

review indicated that avian hctcrophils contained several P-dcfens ins. Therefore, it 

is believed that ostrich host defence peptides from hctcrophils will be mainly 

comprised o f P-dcfcnsins. 

2. To investigate the effect of different environmental factors, such as sa lts, cationic 

ions and temperatures, on the potency of ostrich host defence peptides. The 

presences of salt, cationic ions and temperatures arc known to affect the activity of 

P-dcfens ins. 

3. To determine the mode of action ofan ostrich host defence peptide by us ing one of 

the purified peptides. The mode of action of avian P-dcfensins is important to show 

how the peptides inhibit microorganisms. Since no studies of avian P-dcfensins have 

shown the mode o f action, ostrich P-dcfcns ins would be compared with a human 

a-dcfcns in and a sheep cathclic idin. 
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Chapter 2 

Materials and Methods 

2.1 Materials, Chemicals and Media 

l) Fresh Blood 

The ma in material was ostrich fresh b lood that was obtained fro m LambNenison 

Meat Packers Fe ilding Limited, Fei ld ing, New Zeala nd. 

2) Microorganisms 

There were three types of organisms used commonly for antimicrobia l activity tests 

with radia l diffusion plate assay: Escherichia coli O I 57: H7, Staphylococcus aureus 

1056MRSA (methicillin resistant Staphylococcus aureus) and Candida albicans 

3 153A. Each microorganism represents Gram-negative bacteria, Gram-pos itive 

bacteria and yeast, respectively. The £. coli was obtained fro m Communicable 

Disease Center, New Zealand, the S. aurues was obtained from Institute o f Food 

Nutrition and Huma n Health, Massey Univers ity, New Zea land and the C. albicans 

was obta ined from Institute of Molecular Biosc iences, Massey University, New 

Zea land. These three types of microorganisms were expected to g ive an indication 

of the ostrich host defence peptides spectrum of activity. There were also other 

Escherichia coli strains used for a part icula r assay, which w ill be described in the ir 

respective sections. 

3) Sodium Phosphate Buffer t00mM 

A sodium phosphate buffer I 00 mM (pH 7.4) was made by mixing a mo no basic 

sodium phosphate and a dibasie sodium phosphate so lution (Ste inberg and Lehrer, 

1997). The monobasic sodium phosphate solution was made by diluting 15.6 g of 

NaH2PO4.2H2O in I litre of water. The dibas ic sodium phosphate so lution was made 

by diluting 26.8 g o f Na2HPO4.7H2O in I litre of water. 

4) Underlay Agar 

This agar was made by mixing I 00 ml sodium phosphate buffer, IO ml o f T SB 

(Trypt icase™ Soy Broth; Di feo 0370- 17-3, Sparks, MD, USA) and 10 g of Ultra 
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Pure™ agarose ([nvitrogen 15510-019, Carlsbad, CA, USA) (Steinberg and Lehrer, 

1997). Deionised distilled water was added to bring the volume to I litre. The 

mixture was heated until the agarose dissolved and then 40 ml of aliquots was 

dispensed into 125 ml Durham bottles. Each bottle was sterilised and stored at room 

temperature. This agar contained a limited amount of nutrients and it was used for 

pathogens inoculations. The agar was liquefied and placed in a waterbath set at 50°C 

before use. 

5) Overlay Agar 

This agar was made by mixing 60 g of TSB and IO g of agarose in I litre of 

deionised distilled water (Steinberg and Lehrer, 1997). The mixture solution was 

boiled until the agarose dissolved and then 40 ml of aliquots was dispensed into 125 

ml Durham bottles. The bottles were then sterilised and stored at room temperature. 

This agar contained more TSB than the underlay agar, which arc the nutrients used 

for growing the pathogens. The agar was liquefied and placed in a waterbath set at 

50°C before use. 

6) Synthesised Antimicrobial Peptide 

There were two synthesised antimicrobial peptides: sheep myeloid antimicrobial 

peptides-29 (SMAP-29) and human neutrophil peptide-I (HNP-1). SMAP-29 is a 

cathelicidin, an alpha-helical peptide that has 29 amino acid residues and a 

molecular weight of approximately 3179.99 Da (Mahoney et al., 1995),(Tack et al., 

2002). This peptide was synthesised at Nucleic Acid Protein Service Unit (NAPS 

unit), University of British Columbia, Vancouver, Canada. HNP-1 is a beta-sheet 

peptide and belongs to a a-defcnsin family, which has a molecular weight of 

approximately 3439.51 Da (Ganz et al., 1985),(Selstcd et al., 1985). This peptide 

was purchased from Peptide International Inc., Louisville, KY, USA. The amino 

acid sequences ofSMAP-29 and HNP-1 arc as follows: 

• SMAP-29 

• HNP-1 

NH, -RGLRRLGRKIAHGVKKYGPTVLRIIRIAG 

NH,-ACYCRIPACIAGERRYC3TCIYQGRLW AFCC 

7) lOX Binding Buffer for DNA Gel Electrophoresis 

50 

This buffer contains the following: lOO mM of Tris, 200 mM of KC!, 10 mM of 

EDT A, IO mM of OTT and 50% (v/v) of glycerol (Park et al., 1998). The pH was 
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adjusted with HCI to pH 8.0. The ingredient mixtures were autoclaved at 121 °C for 

15 minutes in order to avoid contamination, which could cause DNA degradation. 

Bovine serum a lbumin (BSA, Sigma-Aldrich A-7030, St. Louis, MO, USA) was 

added last, through a filter-sterilised syringe (Minisart 0.45 µm, Sartorius 16555 K, 

Hannover, Germany) to the final concentration of 500 µg/ml. 

2.2 Peptide Extraction and Purification 

2. 2.1 Crude Extraction 

The extraction method carried out was adapted from methods of purification of bovine 

neutrophil P-defcnsins (Selsted et al. , 1993). This method was modified to purify 

ostrich (Yu et al. , 2001) and ovine host defence peptides (Anderson and Yu, 2003). 

The process began by collecting four litres of fresh blood in two containers stored in 

ice. Each container contained 200 ml of anti-coagulant 10% sodium citrate. The blood 

was then filtered to remove any feathers or other so lid contaminants. An aqueous 

ammonium chloride 0.83% (w/v) concentration was mixed with the blood in I: I ratio to 

lyse the red blood ce lls. A mixture of lysed red blood cells and intact white blood cells 

was separated by centrifugation (Sorvall GS-3 rotor, 680g for 15 min, 4°C; Thermo 

Electron Corp. , Waltham, MA, USA). The white blood cells were resuspended in PBSX 

buffer (13.7 mM of NaCl, 2.7 mM of KCI, 0.5 mM of MgC[z and 8.1 mM ofNa2HPO4, 

pH 7.4). This solution was stained with Diff-Quick staining kit (Baxter Scientific 

B4132-1 , Miami, FL, USA) and examined under the microscope. If red blood cells were 

still present, the red blood cells lysis step would be repeated. 

A blender (MSE Atomix Blender) was then used for 5 minutes to disrupt the heterophils 

and to release the granules. These granules were co llected with centrifugation (Sorvall 

SS-34 rotor, 27,000 g for 40 min, 4°C; Thermo Electron Corp., Waltham, MA, USA) 

and redissolved in 10% acetic acid. The solution was stained with the Diff-Quick 

staining kit in order to check the white blood cells. If the white blood ce lls were still 

present, the disruption step would be repeated. 

The solution containing the granules was continuously stirred overnight at 4°C to 

extract the host defence peptides. After overnight extraction, the antimicrobial crude 

extract was separated from the heterophil granules with centrifugation (Sorvall SS-34 
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rotor, 27,000 g for 20 min, 4°C). Rota-evaporation (Buchi Rotavapor RI IO, Btichi 

Labortechnik AG, Flawil, Switzerland), with bath temperature set to approximately 

37°C, was used to remove some acetic acid. The remaining acetic acid was removed 

with freeze-drying (Virtis freeze dryer model I 0-020, Virtis, Gardiner, NY, USA). 

Finally, the extracted pellets were resuspended in 0.01% acetic acid. This solution, 

referred to the crude extract, would be used in the purification process. 

2.2.2 Cation-exchange Chromatography 

Cation exchange chromatography was used as the first purification step. The column 

was packed with Macro-Prep® CM, a weak cation exchange support, (Bio-Rad 

156-0070, Hercules, CA, USA). After the crude extract was loaded into the column, the 

anionic components were eluted from the column using degassed 25 mM ammonium 

acetate solution. The bound cationic peptides were washed out with degassed I 0% 

acetic acid. Both solutions were run at a flow rate of 20 ml/hr using a peristaltic pump 

(Amersham Biosciences Peristaltic Pump P-1, Castle Hill, NSW, Australia). A fraction 

collector (LKB Ultrorac fraction collector 7000, Bromma, Sweden) was used to collect 

the cluant in IO-minute fractions. A UV detector (LKB 2138 UVICORD S, Bromma, 

Sweden) and a chart recorder (Sekonic SS-250F recorder, Tokyo, Japan) were used to 

measure and record the absorbance over the time of the eluant. The chart recorder was 

set to a sensitivity of 0.1 and 30 mm/hr such that 5 mm on the chromatograph matched 

to one fraction. The fractions containing the anionic and cationic compounds from the 

column were collected separately in two containers. The 25 mM ammonium acetate 

buffer and the 10% acetic acid were removed using rota-evaporation and freeze-drying. 

Each fraction was then redissolved using 0.01 % acetic acid. They were tested for 

antimicrobial activity (Chapter 2, Section 2.2.6) and the fraction showing antimicrobial 

activity was further purified with RP-HPLC. 

2.2.3 RP-HPLC (Analytical Column) 

The cationic components were readily separated into purified peptides usmg an 

analytical HPLC column; model Jupiter 4µ Proteo 90A, 250 mm x 4.6 mm, 4 micron 

(Phenomenex OOG-4396-EO, Torrance, CA, USA). The column was injected with 50 
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µI of the cationic fractions. The peptides were separated using gradient differences of 

two aeetonitrile buffers: Buffer A contained 5% acetonitrilc and 0 .1 % trifluoroacetic 

acid (TF A) and Buffer B contained 95% acetonitrile and 0.1 % TF A. Elution of the 

antimicrobial peptides was carried out at I ml/min flow rate and monitored using a UV 

detector with wavelengths of 230 nm and 215 nm. Each purified peptide was collected 

in separate Eppcndorf tubes, placed in a vacuum oven for one hour at 40°C and 

freeze-dried. They were tested fo r antimicrobial activity (Chapter 2, Section 2.2.6) and 

the fractions showing antimicrobial activity were characterised with mass spectrometry 

and N-terminal sequencing (Chapter 2, Section 2.2.4 and 2.2.5). 

2.2.4 Mass Spectrometry 

Mass spectrometry was carried out at the Protein Microchemistry Facility, Department 

of Biochemistry, Univers ity of Otago, Dunedin. The mass spectrometry was done using 

a MALDI-TOF-MS (matrix-assisted laser desorption/ionisation-time-of-flight-mass 

spectrometry). The samples were prepared by mixing peptide samples (0.5 µl , from 50 

µI total vo lume HPLC fractions) and matrix (0.5 µI of 10 mg/ml 

a-cyano-4-hydroxycinnamic acid in 0. 1 % TFA, 60% acetronitrilc) directly on a 

stainless steel s lide. This solution was left to dry at room temperature. Mass data were 

collected at near threshold laser fluences in the positive ion mode, with a linear 

instrument (Finnigan Lasermat 2000, Thermo Bioanalys is, Hemet Hempstead, U K). For 

e lcctrospray ionisation (ES[), the sample (di luted I : I from previous dilution in 50% 

McCN) was directly infused at 3 µ I/min into the Finnigan LCQ Dcca Mass 

Spectrometer, using the Elcctrospray Ionisation Probe (Thermo Electron Corp., 

Waltham, MA, USA). Spray voltage was set to 5 kV and sheath gas (N2) was set to 

approximately 33 units with capil lary temperature set at 220°C. Data was collected over 

a series of scans and these were averaged to produce the spectrum observed. 

2.2.5 N-Terminal Sequencing 

N-terminal sequencing was also carried out at the Protein Microchemistry Facility, 

Department of Biochemistry, University of Otago, Dunedin. To analyse each peptide 

sequence, the procedure was carried out over a series of scans and these were averaged 

to produce the spectrum observed. Automated Edman peptide sequencing was 
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completed on a glass fibre disk using a Procise 492 Protein Sequencer (Applied 

Biosystems, Foster City, CA, USA), with pulsed liquid TFA delivery. 

2.2.6 Radial Diffusion Plate Assay 

This assay was used to test the antimicrobial activity (Steinberg & Lehrer, 1997). Three 

common pathogens used in the assay were E.coli O157:H7, S. aureus 1056MRSA and 

C albicans 3153A. The pathogens were grown in TSB until they reached mid-log 

phase, which took approximately four hours. Each log culture was then diluted I 0-fold 

and mixed with the underlay agar, poured into separate petri dishes and allowed to set. 

A number of wells were made in the agar to allow 5 ~ti addition of the test samples, 

which were the crude extract, cation exchange fractions and the purified peptides from 

RP-HPLC. A positive control and a negative control were always included. The positive 

controls were three antibiotics: 1 ~tg/ml polymyxin B sulphate (Sigma-Aldrich P-1004, 

St. Louis, MO, USA). l ~tgiml Nisin (made from Nisaplin containing 2.5% nisin; Aplin 

and Barrett Ltd, Beaminster, England) and 10 ~tg/ml Nystatin (Sigma-Aldrich N-4503, 

St. Louis, MO, USA), which were antibiotics used for Gram-negative, Gram-positive 

and yeast, respectively. The negative control was 0.01 % acetic acid. The plates were 

placed in a 37"C incubation room for an hour in order to allow the test samples to 

diffuse into the underlay agar. Overlay agar was poured onto the underlay agar and 

allowed to set before incubation overnight in a room at 37"C. On the following day, the 

antimicrobial activity of the tested samples was indicated by a clearing around the wells, 

which was measured with a ruler. 

2.2. 7 Protein Concentration Determination 

Protein concentrations for the RP-HPLC peaks were determined using do/METRIC™ 

protein assay (Geno Technology Inc., St. Louis, MO, USA). The purified peptides were 

diluted with the supplied dilution buffer, which then pipetted onto a test strip. The strip 

was then placed in Fixer-A solution and incubated for 2 minutes at room temperature. 

After that, the strip was shaken in Dcvcloper-B solution for 30 seconds and incubated 

for 2-4 minutes to develop spots on the strips. These spots became visible within 2-3 
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minutes. They were compared to the dotMETRIC™ scale to determine the protein 

concentration. This test was carried out in dup licate to ensure accuracy of results. 

2.2.8 Minimum Inhibitory Concentration (MIC) 

The min imum inhibitory concentration (MIC) of each puri fied peptides were 

determined us ing radial diffus io n p late assays of diluted peptides (Lehrer et al., 199 1 ). 

The radial diffus io n plate assay (Sectio n 2.2.6) was carried out using multiple dilutions 

o f the peptides, where protein concentrations have been determined us ing 

dotMETRIC™ protein assay. A fter overnig ht incubation, the diameters of the clearing 

zone were measured w ith a ru ler fo r each peptide concentration. The assay was carried 

out in duplicate. A graph o f the s ize o f the clearing on the plate, minus the s ize of the 

well, aga inst log peptide concentration was plo tted and a best-fit straight line was 

determined using regress io n. The MIC was then calculated by finding the intersection of 

the line with the x-axis, which indicated the peptide concentration required to have a 

zero c learing (Equation ( I)). The average value o f the duplicates was taken to g ive the 

fina l MIC va lues. 

- Yint 

MIC= e gradient 
Equation ( I) 

where Y int and gradient are the y-intercepts and the constant gradient, respectively, 
obtained from the regression equation of the log peptide concentration graph. 

2.3 Assessment of Peptide Activity in Variety of Conditions 

2.3.1 RP-HPLC (Semi-prep column) 

For characterisation o f ostric h antimicrobial peptides, two ostrich peptides, namely 

ostricac in- 1 and 2 (OSP), were chosen (Table 2. I). These two peptides were used fo r 

the study of the peptides antimicrobia l activity under a variety of cond itions and the 

investigation of mode o f action o f avian B-dcfcns ins against Gram-negative bacteria. 

Both peptides were not commerc ia lly synthesised due to hig h cost. It has been reported 

that synthesising dcfcnsins is di fficult and expens ive, thus, li mit ing their use fo r 

investigation into mode of actions (Boman, 2003). This outcome is believed to be due to 

the three-disulphide bridges, which arc formed by the s ix cysteines in a specific manner. 
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Therefore, to generate sufficient materials for the characterisation tests, a semi-prep 

HPLC column, model Jupiter IOµ Proteo 90A, 250 mm x IO mm, IO micron 

(Phenomenex OOG-4397-NO, Torrance, CA, USA) was used. With the semi-prep 

column, the injection volume was increased 4-fold to 200 µI. The peptides were 

separated using gradient differences of the same acetonitrile buffers. Elution of the 

antimicrobial peptides was carried out at 4 ml/min flow rate and monitored using the 

same UV detector with wavelength of 230 nm and 2 15 run. The purified peptides were 

collected, placed in a vacuum oven for one hour at 40°C and freeze-dried. 

Table 2.1 Sequence and Molecular Mass of the Ostrich Antimicrobial Peptide, Osp-1 and 
2. The residues in red bold indicate the P-defensin core motif. 

Name Molecular Mass Amino Acid Sequence 

Osp-1 4009.8 - - - - -LFCR- -KGTCHFGGCPAHLVKVGSCFGFRACCKWPWDV 

Osp-2 4704.9 APGNKAECEREKGYCGFLKCSFPFVVSGKCSRFFFCCKNIW-

Consensus -- - - -- - c ---KG- C-F--C----v~-C- -F--CCK--W--

2.3.2 MIC using Micro Broth Dilution 

A modified broth dilution method with Mueller-Hinton broth in polypropylene 

microtiter plates was used as an alternative method in order to determine the MIC of 

Osp- 1 and Osp-2 (Wu and Hancock, l 999a),(Zhang et al., 2000) 

Each pathogen, E. coli O 157: H7 and S. aureus l 056MRSA, was grown at 30°C in 

Mueller-Hinton Broth (MHB, Merck 110293, Darmstadt, Germany) to OD6oo of 0.1. 

This culture was then diluted down 1000-fold. A media containing 0.2% BSA and 

0.0 I % acetic acid was added to each well of the microtiter plate using a multipipettor 

set at 50 µl, except for the first column. The same media was used to dilute the peptides 

to 2X of the desired concentration. The first column was added with 50 µl of the peptide 

with 2X concentration. A series of two-fold dilutions were made across to the tenth 

column using a multipipettor set at 50 µI. The diluted microorganisms were then added 

last, starting from the last column that contained peptides with the lowest concentration. 

The two peptides were tested separately on different microtiter plates. The plates were 

incubated at 37°C overnight. The MIC values were determined at the lowest 

56 



Chapter 2 - Materials and Methods 

concentration at w hich the growth was inhibited, indicated by the absence of 

precipitates. The assays were carried out in duplicate. 

However, this method appeared to require high concentration of peptides, which could 

not be produced with the semi-prep RP-HPLC column. Therefore, the radial diffusion 

p late assay method was used, instead o f this micro broth dilution method. The radial 

diffus ion plate assay method was not suitable for an investigation into changes in pH, 

because the pH of the agar was changed after terilisation, he nce, the change in pH was 

not included in this study. 

2.3.3 Monovalent cation Effects 

The effect of monova lent cation concentration o n the antimicrobia l activity of the 

peptides was tested by determining the M!Cs o f the peptides against £ . coli O157:H? 

and S. aureus I 056MRSA, in a variety o f monovalent cation conce ntrations. A modified 

radial diffusion plate assay, described in Section 2.2.6, was used . There were two 

monovalent cations (Na+ and K+) used in this assay in the form of chloride sa lts. NaCl 

or KC l was added to the underlay agar w ith the final concentrations of 0, I 0, 50, I 00, 

200 and 500 mM . The assays were independently carried out three times with duplicates 

on every run. The average, standard deviations and 95% confidence interva ls of the 

M ICs were determined us ing "AVERAGE", "STOEY" and "CONFIDENCE" functions 

in Microsoft Excel. The average MIC values a nd the error limit, which was calcu lated 

adding and subtracting the confidence interval value to the average value, arc plotted for 

each cationic ion concentration as histograms. 

2.3.4 Divalent Cation Effects 

The effect o f diva lent cation concentration on the antimicrobial activity of the peptides 

was tested by detcrmin ing the MI Cs of the peptides against £ . coli O 157: H7 and S. 

aureus 1056MRSA, in a variety of divalent cation concentrations. This was 

accomplished in the same way as described in Section 2.3.3 for determining the e ffect 

of the monovalent cation concentrations on the activity o f the peptides. There were two 

divalent cations (Ca2+ and Mg2+) used in this assay. They were added to the underlay 

agar as c hloride sa lts. The final concentrations of the c divalent cations in the underlay 
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agar were 0, 2, 5 and 10 mM. The assays were independently carried out three times 

with duplicates on every run. The average, standard deviations and 95% confidence 

intervals of the M!Cs were determined using "AVERAGE", "STDEV" and 

"CONFIDENCE" functions in Microsoft Excel. The average MIC values and the error 

limit, which was calculated adding and subtracting the confidence interval value to the 

average value. are plotted for each cationic ion concentration as histograms. 

2.3.5 Temperature Effects 

The effects of temperature on the antimicrobial activity of the peptides were tested by 

determining the M[C of the peptides against E. coli O I 57:H7 and S. aureus 

1056MRSA, after they had been heated to a variety of temperatures. The MICs were 

determined using the radial diffusion plate assay method, as described in Section 2.2.6. 

Before the MIC assay, the peptides were heated for 30 minutes and then cooled on ice. 

The temperatures, to which the peptides were heated, were 30, 50, 70 and 90°C. There 

were also peptides that were autoclaved (121°C, 20 minutes). The average, standard 

deviations and 95% confidence intervals of the M!Cs were determined using 

"AVERAGE", "STDEV" and '"CONFIDENCE" functions in Microsoft Excel. The 

average MIC values and the error limit, which was calculated adding and subtracting the 

confidence interval value to the average value, arc plotted for each cationic ion 

concentration as histograms. 

2.3.6 Analysis of Variance (ANO VA) 

Analysis of variance (ANOV A) of the MIC data from each experiment were analysed 

using MIN!T AB program in order to determine if there was a difference between the 

mean M!Cs for the different peptides and for the different conditions. The "two way 

ANOV A" function with confidence intervals (CI) of 95% was used. The y-variatc was 

In MIC of the peptide, whilst the row and column factors were the concentration of the 

cations/temperature conditions and the number of repeats, respectively. The p-value, 

indicated in the last column, showed whether the environment factors significantly 

affected the antimicrobial activity of the Osp-1 and 2 (i.e. p value is less than 5%). 
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2.4 Study of Antimicrobial Peptide Mechanisms of Action 

2.4. 1 LPS Binding Assay 

Lipopolysaccharidc (LPS) is part of the outer cell wall of Gram-negative bacteria. It is 

believed that the cationic antimicrobial peptides bind to negative charged 

lipopolysaccharide (LPS), due to the electrostatic interaction. The ability of ostricacins 

to bind to LPS was determined by determining their ability to displace bound 

fluorescent dye, dansyl polymyxin B (DPX) (Moore et al. , 1986),(Hancock et al., 

1991 ),(Anderson et al., 2004) ,(Powcrs et al., 2004) 

The LPS isolated from Escherichia coli O 111 :84 (Sigma-Aldrich L-2630, St. Louis, 

MO, USA) was resuspended in 5 mM HEPES buffer pH 7.2 (Sigma-Aldrich H-3375, 

St. Louis, MO, USA), to a concentration of 3 µg/ml. For the assay, 2 mL of the LPS 

solution were mixed with 20 µl of I 00 µM DPX (Invitrogen P-13238, Carlsbad, CA, 

USA) in a I -cm quartz cuvettc, at which the LPS would be saturated with DPX. 

The fluorescence intensity was measured using a spcctrofluorophotomcter (Shimadzu 

Corp. model RF-150 I, Kyoto, Japan) with an excitation and an emission wavelength set 

at 340 nm and 485 nm, respectively. After the initial reading was recorded, the mixture 

was titrated with an equal amount of the test peptides. The fluorescence reading was 

recorded after each peptide addition. From the collected data, the fraction of 

fluorescence inhibited was calculated using Equation (2). 

F = ~nitial - Fn 
inhib 

~nitial 
Equation (2) 

where F;nhib is the fraction of fluorescence inhibited, F;0 ;1;31 is the initial fluorescence before 
any peptides addition and F0 is fluorescence reading at concentration n. 

The fraction of fluorescence inhibited was then plotted against the peptide 

concentrations. If the test peptides were able to displace some DPX from the LPS, the 

fluorescence intensity would decrease, hence the fraction of fluorescence inhibited 

would increase. SMAP-29 and HNP-1 were used for comparison with Osp- 1 and 2. 
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2.4.2 Outer Membrane Permeabilisation Assay 

This assay was carried out at The Centre for Microbial Diseases and Immunity 

Research, Department of Microbiology and Immunology, University of British 

Columbia, Vancouver, Canada. In this assay, the ability of the antimicrobial peptide to 

lysc bacterial outer membrane was carried out by assessing their ability to promote 

uptake of 1-N-phcnylnapthy!aminc (NPN) (Loh et al., 1984),(Hancock et al., 

199 I ),(Powers et al., 2004). If the peptide is able to promote uptake of the NPN, the 

fluorescent dye will illuminate inside the bacterial cytoplasm. 

A log culture of E.coli UBI 005 was grown in Luria-Bertani (LB) Broth (Difeo 244620, 

Sparks, MD, USA) at 30"C until an 00000 of0.5. This culture, E.coli UB1005, is a wild 

type strain of E. coli obtained from the University of British Columbia, Vancouver, 

Canada. The cells were then centrifuged (Sorvall SS-34, l 0,000 rpm for 5 min, room 

temperature) and washed in 5 mM HEPES, 5 mM glucose buffer pH 7.4 containing 5 

µM carbonyl cyanide m-chloro-phenylhydrazone (CCCP, Sigma-Aldrich C2759, St. 

Louis, MO, USA). The cells were collected with Sorvall SS-34, 18,000 g for 5 minutes 

at room temperature and re-suspended in the corresponding buffer to the same optical 

density. 

The fluorescence intensity was measured, usmg a model LS50B luminescence 

spectrometer (Perkin Elmer, Shelton, CT, USA) with an excitation and an emission 

wavelength set at 350 nm and 420 nm, respectively. A 2 ml cell suspension was placed 

in a I cm cuvette and mixed with 20 µI of 0.5 mM NPN (lnvitrogcn P-65, Carlsbad, 

CA, USA). The background f1uorcsccncc of the cell suspension was monitored for 30 

seconds before the addition ofNPN, to ensure background fluorescence was nil and an 

additional 60 seconds was monitored to ensure cell stability. The peptide was then 

added to a final concentration of I r1M or 0.5 µMin the case ofpolymyxin B sulphate, 

the positive control. Changes in fluorescence intensity were recorded until a plateau was 

observed. When the plateau appeared, it indicated that maximum uptake of the NPN dye 

was reached and the assay was stopped. SMAP-29 and HNP-1 were used for 

comparison with OSP-1 and 2. 
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2.4.3 Cytoplasmic Membrane Depolarisation Assay 

This assay was a lso carried out at The Centre for Microbial Diseases and Immunity 

Research, Department o f Microbiology and Immuno logy, University o f British 

Columbia, Vancouver, Canada. In this assay, cytoplasmic membrane depo larisat ion 

ability was determined us mg a membrane potential sens itive dye, 

3,3-dipropylthiacarbocyanine iodide (diSC35), and Escherichia coli DC2, previous ly 

described in (Wu and Hancock, 1999a),(Wu et al., 1999b),(Zhang et al., 2000),(Powers 

et al. , 2004). 

The log culture o f £. coli DC2 strain was grown in Luria-Bertani (LB) Broth at 30°C 

until an 00600 o f 0.5. £. coli DC2 is an outer membrane permeable mutant obtained 

from the University o f British Co lumbia, Vancouver, Canada. The cells were 

centrifuged (Silencer, 3000 rpm for IO min, room temperature) washed and resuspended 

in 5 mM HEPES, 5 mM g lucose buffer pH 7.4 to an OD6oo o f 0.05. A diSC35 

(Invitrogen D-306, Carlsbad, CA, USA) stock so lut ion was added to a fina l 

concentration o f 0.4 µM and the cell suspension was incubated at room temperature fo r 

30 minutes to allow quenching. KC! so lution was then added to the cell mixture to a 

fina l concentration of 0. 1 M and incubated at room temperature for another IO minutes 

to equilibrate the cytoplasmic and externa l K+ concentration. 

A 2-ml of the suspension, conta ining the ce lls, d iSC35 and KC!, was placed in a I-cm 

cuvette and measured for its initia l fluo rescence, using a model LS50B luminescence 

spectrometer (Perkin Elmer, She lton, CT , USA) with an exc itation and an emissio n 

wavelength set to 622 nm and 670 nm, respectively. The peptide was then added to the 

mixture to a fina l concentration of I µ M. In a ll cases, the background fluorescence of 

the ce ll suspension was monitored fo r 60 seconds before the addition o f the peptides to 

ensure ce ll stability. Changes in fluorescence were monitored until a plateau was 

reached. SMAP-29 and HNP- 1 were used fo r comparison w ith OSP- 1 and 2. 

Gramic idin (Sigma-Aldrich G-5002, St. Louis, MO, USA) was used as a positive 

control. 
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2.4.4 Optical Density and Colony Forming Unit Measurements 

Measurements of optical density (OD) and colony formation units (CFU) were carried 

out over time to determine whether the antimicrobial peptides could kill or inhibit 

growth of E. coli O 111. This E. coli culture was obtained from Communicable Disease 

Center, New Zealand. The Gram-negative bacterium was grown overnight at 30°C in 

MHB, which was then used to inoculate the log culture. After 2 hours incubation, the 

log culture was diluted to OD6oo of 0.1 and it was then placed into four cuvettes. These 

cuvettes contained OSP-1, OSP-2, polymyxin B sulphate (positive control) and 0.01 % 

acetic acid (negative control), respectively. At time zero, 100 µl of the peptides or 20 µl 

of the controls were added to their respective cuvettes and recorded for initial OD6oo. 

The absorbanee was then recorded every 15 minutes for the first hour and then at 1.5 hrs 

and at 2 hrs, using a double beam spectrophotometer (Hitachi U-2000, Tokyo, Japan). 

Each time the OD600 was recorded, a 100 ~ti of the culture was taken to make serial 

dilutions up to 10-7 using peptonc water (Merck, Darmstadt, Germany). For the 10-5 
- 10-7 

dilution, I ml was taken out for plating on a plate count agar (Merck, Darmstadt, 

Germany) and incubated overnight at 37°C. During the OD measurements, the cuvettes 

were incubated in a waterbath at 37°C. After overnight incubation, plates containing the 

appropriate dilutions were counted for CFU, using a colony counter (Suntex model 

CC-560, Taipei County, Taiwan). 

2.4.5 DNA Gel Electrophoresis 

To determine whether the ostrich peptides were able to bind the DNA, a DNA gel 

electrophoresis was carried out (Park et al., 1998). The bacterial DNA used for this test 

was ADNNEcoRI marker (Promega US 01721, Madison WI, USA). The DNA was 

mixed with I OX binding buffer and the peptides (OSP-1 and OSP-2) according to the 

ratio shown in Table 2.2. Oabac5mini was included for a control because this peptide 

was known to bind bacterial DNA (Anderson, R.C., unpublished data). Water was 

added to each solution up to a final volume of 20 µ1. The solutions were incubated at 

room temperature for an hour. 

To trace the DNA, 2 µl of loading buffer (20% (w/v) sucrose and 0.125% (w/v) 

bromophenol blue) were added before they were loaded onto a 0.75% agarosc/TAE gel. 

The gel was run at l 08 V and 70 mA for approximately 1.5 hours with a running buffer 
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(0 .04 M of Tris and 0.00 I M o f EDT A, pH 8.0). The gel was then stained w ith ethidium 

bromide (Boehringer Mannheim Gmbh, Mannheim, Germany) and photographed with 

Gel Doc XR System (Bio-Rad Labo ratories, Hercules, CA, USA) . 

Table 2.2 Ingredients for Peptide-DNA Binding Gel Electrophoresis. 

Volume Required (µ I) 

DNA:Peptide ] :0 I :0.5 I: I I :2 1:4 I :8 

Eco R[ (0.1 µg /µ I) 

I Ox Binding Buffer 2 2 2 2 2 2 

Peptides 0 2 4 8 16 
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Chapter 3 

Extraction and Purification of Host Defence 

Peptides from Ostrich Heterophils 

3.1 Introduction 

In Chapter I , it was explained that host defence peptides iso lated, from avian 

hctcrophils, were merely P-dcfcnsins (Evans et al. , 1994),(Harwig et al., I 994),(Yu et 

al., 2001). The P-dcfcnsins arc a sub-family of dcfcns ins, which is a fami ly of host 

defence peptides characterised by triple-stranded antiparallcl P-shcct structures and 

three intramolccular disulfide bridges formed by s ix cystcinc residues (White et al. , 

1995),(Harmon, 1998),(Lchrcr and Ganz, 2002),(Ganz, 2003),(Torrcs and Kuchel, 

2004). [n addition to the host defence peptides, there arc also peptides with 

P-dcfcns in- likc-folding found in the toxin of rattlesnake, sea anemone a nd platypus. 

They arc believed to represent an adaptation of ep ithelia l host defence peptides for 

efficacy against larger predators. 

Our interest in research into antimicrobial peptides fro m ostrich blood was two-fold. 

Firstly, s ince avian species rely very much on non-oxidative mechanisms, composed of 

host defence peptides and lysozymc, the presence of these cationic peptides in ostriches 

indicates that these peptides arc the primary mechanism for their survival as one of the 

o ldest order of flightless birds (Evans et al., 1994),(Harmon, 1998),(Yu et al. , 200 l). In 

addition, there has been very limited research on avian host defence peptides, as 

described in C hapter I. Secondly, these peptides can be developed to increase the value 

of ostrich blood, which is currently discarded as waste effluent in New Zealand meat 

processing plants. They can be developed into nutraceutica l products, such as a crude 

extract that conta ins a mixture of ostrich antimicrobial peptides and ostrich topical 

products that has antimicrobial properties. With additional antimicrobial properties, 

these peptides can add more value to New Zea land ostrich industries. 

Previous research into the purification of ostrich host defence peptides has been 

undertaken at Massey Univers ity (Yu et al., 200 I ),(Tan and Yu, 2002, unpublished 
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results). Yu et al. (2001) successfully isolated one ostrich host defence peptide called 

ostricacin-1 (Osp-1 ). Osp-1 appeared to be (3-dcfcnsins that showed activity against E. 

coli 0111 and S. aureus NCTC4163, whilst Tan and Yu (2002) identified ostricacin-1 

and another peptide with activity against E. coli O157:H7, S. aureus 1056MRSA and 

Candida albicans 3153A. However, Tan and Yu (2002) could not characterise the 

peptide, due to poor separation in the RP-HPLC column. 

The main objective of this part of research was to isolate and purify host defence 

peptides components from ostrich hcterophils. Once purified, a radial diffusion plate 

assay method was used in order to test the antimicrobial activity of the ostrich peptides 

against E. coli O157:H7, S. aureus 1056MRSA and Candida albicans 3153A. The E. 

coli and C. albicans arc well-known pathogen strains, whereas the S. aureus is a 

Gram-positive resistant bacterium that causes infections ranging from skins abscesses to 

life-threatening conditions, such as endocarditis and toxic shock. The molecular weights 

and N-terminal sequences were then determined and compared with the other 

P-defcnsins. From previous investigations of avian host defence peptide, it could be 

hypothesised that the peptides would be P-dcfcnsins. 
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3.2 Results and Discussion 

3.2.1 Peptide Extraction 

Extraction of host defence peptides from ostrich hctcrophils could be divided into three 

stages: disruption of red blood cells through isotonic shock; disruption of the 

hctcrophils (granulocytes) ; and extraction of the host defence peptides from the 

granules. These three stages arc outlined in C hapter 2, Section 2.2. 1. Each stage of 

extraction was followed by a centrifugation step that removed the unwanted materials 

and a microscopic examination of blood samples, which had been stained with a 

Diff-Quick staining kit. The microscop ic examination was carried out to ensure that 

each stage was completed (Figure 3. 1 ). 

The isotonic shocks had to be repeated three times in order to disrupt most of the red 

blood cells. After centrifugation, the hctcrophils were resuspended in a PBSX buffer 

and disrupted us ing a blender. The granules were separated with a centrifuge and 

resuspended in I 0% acetic acid . Extraction of the host defence peptides was carried out 

overnight. The crude extract was then freeze-dried and resuspended in 0.0 I% acetic 

acid. Antimicrobial activity, with radial diffusion plate assay, showed that the crude 

extract had activity against £. coli O l 57:H7, S. aureus 1056MRSA and C. albicans 

3 I 53A (Table 3. 1). The positive controls were: Polymyxin B Sulphate, Nisin and 

Nystatin, which were used for£. coli Ol57:H7, S. aureus l056MRSA and C. albicans 

3 153A, respectively. The negative control was 0.0 I% acetic acid. To purify and isolate 

the host defence peptides, the crude extract was then run through a cationic exchange 

column, fo llowed by purification through a RP-HPLC column. 

In this extraction method, two modifications were made to reduce the time-consuming 

extraction process previous ly reported (Yu et al. , 200 1), (Anderson and Yu, 2003). The 

first modification was a change of ratio of ammonium chloride to blood cells, from 3: I 

to I: I. The change in ratio reduced the working vo lume and hence it reduced the 

extraction time. The second modification was in the disruption of the granulocytcs step, 

where a blender replaced the sonicator. Sonicators arc known to generate more heat than 

blenders and the increase of temperature is not desirable, because it can affect the 

peptides potency. During the course of work in 2003, Anderson and Yu found that a 

blender worked as efficient ly as a sonicator. Therefore, in our research, the blender was 

preferred instead of the sonicator. 
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Figure 3.1 Microscopic Examination (400x) of Blood Cells Stained with DitT-Quick. 
The ostrich blood comprised of red blood cells and heterophils (+ ) (A). The number of 
red blood cells decreased, whilst the heterophils (+ ) remained intact, after the first 
isotonic shock (B). After the second isotonic shock, there were some intact red blood cells 
(+ ) and lysed red blood cells(+ ) (C). After the third isotonic shock, most red blood cells 
were lysed (-+), whilst the heterophils (+ ) remained intact (D). Lastly, (E) shows the 
heterophils were successfully disrupted ( + ). 
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3.2.2 Peptide Purification with Cationic Exchange 

The crude extract was passed through the cationic exchange column, which was packed 

with Macro-prep® CM, in order to separate the cationic components from the anionic 

components. This method is described in Chapter 2, Section 2.2.2. A typical 

chromatograph, representing a cationic exchange chromatography run, is shown in 

Figure 3.2. The non-cationic components (Fl) were eluted with 25 mM ammonium 

acetate solution, whilst the cationic components (F2) were retained in the column and 

washed out with 10% acetic acid. Antimicrobial activity tests of the cationic and anionic 

fractions showed that the activity of crude extract was mainly retained in the cationic 

fraction (Table 3.1). The positive controls were Polymyxin B Sulphate, Nisin and 

Nystatin, which were used for E. coli O I 57 :H7 , S. aureus I 056MRSA and C. albicans 

3153A, respectively. The negative control was 0.01 % acetic acid. The two fractions 

were divided into several aliquots and kept in freeze-dried form to avoid peptide 

degradation. Each aliquot was resuspended and then ran through an RP-HPLC column. 

Figure 3.2 Ion-Exchange Chromatograph of the Ostrich Crude Extract. 
The column was run initially with 25mM ammonium acetate. At 'elute', the running 
buffer was changed to 10% acetic acid and at 'Wash' the running buffer was changed to 
20% ethanol. 

F2 

Fl 

Wash 

Elute 

l l 
Time (Minutes) 
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Table 3.1 Plate Assay of Ion Exchange Column Fractions and Crude Extract. 

Tested Clearing Diameters (mm) 

Sample 
E. coli O157:H7 S. aureus 1056MRSA C. al bi cans 3153 A 

Crude extract 7 8.5 8 

Fraction I No clearing No clearing No clearing 

Fraction 2 7 8 6 

Positive 10 8 8 

Negative No clearing No clearing No clearing 

3.2.3 Peptide Purification with RP-HPLC (Analytical Column) 

In the RP-HPLC column, the cationic fraction was readily separated into 24 peaks when 

the column was nm with a gradient of 21-29% acctonitrilc containing 0.01% TFA 

(Figure 3.3). This method is described in Chapter 2. Section 2.2.3. These 24 peaks were 

then tested for antimicrobial activity against the three pathogens (Table 3.2). All peaks 

showed activity against the bacteria, except for Peak 6, 7, 21 and 22. Peak 5, 9, 13, 14, 

19 and 20 were chosen for characterisation, using mass spectrometry and N-terminal 

sequencing. Peak 8, 11, and 15-17, which also showed activity. were not characterised. 

because they were not well separated. Peak 24, which appeared at the washing phase. 

also showed activity, indicating a possibility of more host defonce peptides present in a 

higher aectonitrile gradient. Purification of these other peptides was attempted using a 

gradient of 29-36% acetonitrile containing 0.01 % TFA. This attempt was not 

successful, because the peptides were not well separated (results not shown). 
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Figure 3.3 RP-HPLC chromatograph of Fraction 2 of the Cationic Exchange Column. 
The red arrows indicate peaks that were selected for further analysis. 
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Table 3.2 Plate Assay of RP-HPLC Peaks. 

Tested Clearing Diameters {mm) 
Sample E.coli 0157:H7 S. aureus 1056 MRSA 

Peak 1-4 2 1.5 

Peak 5 2 2 

Peak 6-7 No Clearing No Clearing 

Peak 8 3 3 

Peak 9 3 3 

Peak 10 2 2 

Peak 11 4 5 

Peak 12 2 3 

Peak 13 3.5 4 

Peak 14 3 2.5 

Peak 15- 17 3 3 

Peak 18 3.5 3.5 

Peak 19 4 4 

Peak 20 3.5 3.5 

Peak 2 1-22 No Clearing No Clearing 

Peak 23 2 2 

Peak 24 4 4 

24 

50 

C. albicans 3153A 
No Clearing 

No Clearing 

No Clearing 

No Clearing 

No Clearing 

No Clearing 

3.5 

3 

No Clearing 

2 

2 

No Clearing 

No Clearing 

2 
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3.2.4 Mass Spectrometry and N-terminal sequence Analysis 

The molecular weights of the six RP-HPLC peaks were determined using MALDI-TOF 

mass spectrometry. This method is described in Chapter 2, Section 2.2.4 and 2.2.5. The 

molecular weights of Peak 5, 9, 19 and 20 were determined to be 4979. l, 4752.4, 

4009.8 and 4704.9 Da, respectively (Table 3.3). The amino acid sequences of these four 

peptides were then determined with N-terminal sequencing analysis (Table 3.3). From 

the mass spectrometry and N-tenninal sequencing, Peak 19 was confirmed to be Osp-1. 

The N-tcnninal sequence analysis of subsequent Peak 20, 5 and 9 revealed that these 

peptides were comprised of 36-42 amino acid residues. Peak 20, 5 and 9 were named as 

ostricacin-2, 3 and 4 (Osp-2-4), respectively. The other two peaks, Peak 13 and I 4, 

appeared to comprise a mixture peptide (Protein Microchemistry Facility, personal 

correspondence, 2004). The MALDI-TOF of Peak 13 showed a major peak at 

approximately 4.2 kDa and a minor peak at 5.36 kDa, whilst Peak 14 had a major peak 

at 5.36 kDa and two minor peaks at 3.6 kDa and 3.9 kDa. Therefore, the N-tcrrninal 

sequencing of Peak 13 and 14 were not carried out. 

The four ostricacins can be classified as P-dcfcnsins, since their molecular weights and 

their amino acid residues arc within the range of those known P-dcfcnsins (molecular 

weight of P-dcfensins is between 4-6 kDa with amino acid residues between 36-42 

residues (White et al., 1995),(Ganz, 1999),(Lchrcr and Ganz, 2002),(Torres and Kuchel, 

2004)).Thcy share eight conserved residues that include the six-cystcinc residues and 

. I~ 28 ll . bl two glycmcs, Gly - and Gly (indicated as ovcra consensus m Ta c 3.3). As 

P-dcfcnsins, the intramolccular disulfide bonds arc formed through the pairing of 
. 8 . ,~ . Is . 1 I d · )(I · 19 Th · cystcmc -cystcmc ·, cystcmc --cystcmc- , an cystemc- -cystcmc· . csc cystcmc 

residues arc known as the stabiliser of P-dcfcnsins molecules. Harwig et al. ( I 994) 

suggested that the six-cystcincs, Glyu, Pro21 and Gly"8 were essential structural 

clements of the P-dcfcnsins and they were designated as 'P-dcfcnsin core motif 

(Harwig et al., 1994). However, prolinc21 is not commonly conserved in other 

P-dcfcnsins, as shown in Table 3.3. Therefore, the '[3-dcfcnsin core motif is proposed 

to comprise of only eight residues instead of nine. 
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Table 3.3 Mass spectrometry and N-terminal sequencing of Osp-1-4. Using FAST A, these 
ostricacins were aligned with the chicken gallinacins and turkey THPs. 

Peptides 

Osp-1 (Pl9) 

THP-2 

Gal-2 

Consensus 

Complete sequence 

1 10 20 30 40 45 

----- LFC- -RKGTCHFGGC-PAHLVKVGSCFGFR - ACCKWPWD 

----- LFC- - KRGTCHFGRC-PSHLIKVGSCFGFR - SCCKWPWD 

- -- -- LFC- - KGGSCHFGGC- PSHLIKVGSCFGFR - SCCKWPWN 

- -- -- LFC-- +- G+CHFG - C- P+HL+KVGSCFGFR - +CC KWPW+ 

Osp-2 (P20) APGNKAECEREKGYCGFLKC-S FPFWSGKCSRFF - FCCKNIW -

Gal-I 

Gal-la 

THP-1 

Consensus 

Osp-3 (PS) 

Gal-7 

Consensus 

Osp-4 (P9) 

Gal-8 

Consensus 

Overall 

Consensus 

-- GRKSDCFRKSGFCAFLKC- PSLTLISGKCSRFY - LCCKRIWG 

-- GRKSDCFRKNGFCAFLKC-PYLTLISGKCSRFH - LCCKRIW -

--GKREKCLRRNGFCAFLKC-PTLSVISGTCSRFQ-VCCKTLLG 

--G:+- : C-R: : G+C: FLKC- : --- ++SG- CSRF -- - CCK-+--

I PRPLDPCIAQNGRCFTGI C-RYPY FWI GTCRNG - KS CCRR--R 

IPRPIDTCRLRNGI CFPGI C-RRPYYWI GTCNNGI GS CCARGWRS 

IPRP+D: C-- +NG- CF: GI C- R-PY+WI GTC: NG -- SCC - R--R 

LPVNEAQCRQVGGYCGLRI C-NFPSRFLGLCTRNH - PCCSRVWV 

--NNEAQCEQAGGI CSKDHCFHLHTRAFGHCQRGV - PCCRTVYD -

---NEAQC :Q:GG- C: - -- C- ++-+R-+G- C-R: -- PCC --V+ --

-------c ----G-c-- --c --------G-c------cc------

Mol. 

Weight 

4009.8 

4063.8 

3916.0 

4704.9 

4505 .0 

4582.0 

4425 .3 

4979.1 

5003.8 

4752.4 

4593.1 

Similarity 

82.9% 

80.0% 

56.4% 

56.4% 

50.0% 

67.5% 

46.2% 

Note: "-" indicates no identi cal or conserved residues have been observed; "+" indicates 
conserved substitutions have been observed according to their hydrophobicity or charge; and":" 
indicates semi-conserved substitutions are observed according to their hydrophobicity or charge. 
Molecu lar weights and sequence of Gal- I, - I a , -2 and the Osps were based on mass 
spectrometry measurement and sequence determination of the isolated peptides, whilst Gal-7, 
Gal-8 , THP-1 and THP-2 were based on genomic data (Evans et al., 1994),(Harwig et al., 
1994),(Xiao et al., 2004) 

A database search usmg FAST A was then carried out, based on the ammo acid 

sequence of Osp- 1-4, in order to identify relationships between these ostricacins with 

other P-dcfcnsins. The results, also displayed in Table 3.3, show that the closest 

relations to Osp-1 , 2, 3 and 4 arc two turkey P-dcfcnsins (THP- 1 and 2) (Evans et al. , 
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1994) and five chicken gallinacins (Gal-I, la, 2, 7 and 8) (Harwig et al., 1994),(Xiao et 

al., 2004). 

The highest percentage similarities are shown between Osp-1 and THP-2 (82.9%) with 

29 identical amino acid residues and between Osp-1 and Gal-2 (80%) with 27 identical 

amino acid residues. These three peptides, Osp-1, Gal-2 and THP-2 share 27 conserved 

residues. Compared with the other avian J3-dcfcnsins, these three peptides have some 

residues truncated at the amino termini. They also have a unique characteristic with two 

missing residues between cysteine8 and cystcinc 15
• In addition, these peptides' 

sequences always show lcu-phc-cys motif at the ammo termini and 

lys-trp-pro-trp-asn/asp motif at the carboxyl termini. 

The other ostricacins show only moderate similarity to their chicken and turkey 

counterparts. Furthermore, each ostricacins and their avian counterparts retain a 

distinctive motif at the amino termini. Osp-2 showed 56.4% similarity to Gal- I and 

Gal- I a and 50% similarity to THP-1. These four peptides share 18 conserved residues. 

They have a distinct motif of five residues at the amino terminus, which is comprised of 

glycincs, two basic residues (lysine or arginine) and two varying residues, before 

cystcinc8
. The two varying residues arc usually polar with charge residues, except 

Osp-2, which instead has a non-polar residue (alaninc6
). The other two ostricacins, 

Osp-3 has 28 identical residues with Gal-7, whilst Osp-4 has 18 identical residues with 

Gal-8 ( 46.2% similarity). Osp-3 and Gal-7 characteristic motif at the amino terminus is 

comprised of one isolcucinc, two pralines, one arginine, one aspartic acid and two 

varying residues. The varying residues include a large non-polar residue (lcucine and 

isolcucine) and a small polar residue (prolinc and threonine). Osp-4 and Gal-8 show a 

characteristic motif of asn-glu-ala-gln-cys at the amino terminus. In contrast to Osp-1, 

all three ostricacins are not missing two residues between cysteinc8 and cysteine 15
. 

3.2.5 Antimicrobial activity of OSP-1-4 

The minimum inhibitory concentrations (MI Cs) of these peptides were determined 

using the radial diffusion assay method (Table 3.4). This method is described in Chapter 

2, Section 2.2.8. Amongst the four purified peptides, Osp-4 showed the weakest activity 

with the highest MIC values against the £. coli and S. aureus. Osp-1-3 appeared to be 

effective in killing both bacteria, as indicated by the low MIC values. In addition to the 
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activity against bacteria, Osp-2 also displayed activity against C. albicans with MIC 

value of 6.20 µg/ml. 

Table 3.4 Minimum Inhibitory Concentrations (µg/ml) of Ostricacins-1-4. 

Peptide E. coli O157:H7 S. aureus l 056 MRSA C. albicans 3153 A 

Osp-1 1.29 1.17 

Osp-2 0.96 1.25 6.20 

Osp-3 2.41 2.78 

Osp-4 12.03 11.48 

The antimicrobial activity test indicates that the ostricacins arc effective to inhibit 

growth of both Gram-negative bacteria and Gram-positive bacteria, but not so effective 

against the yeast. The MIC values of Osp-1-4 against the two bacteria are as active as 

the other avian P-dcfcnsins, with MlC ranging from 0.5- 16 µg/ml (Evans et al., 

1995),(Thouzeau et al., 2003). Ostricacins-1-3 also appear to be as potent as the chicken 

gallinacins (Gal-I, I a & 2) , which are efficient in inhibiting growth of E. coli and L. 

monocytogenes (Harwig ct al., 1994). These gallinacins have shown activity as potent as 

the rabbit ncutrophil peptide NP- I and stronger activity than the human HNP-1 . These 

ostricacins show more potency than the thirteen bovine neutrophil P-defcnsins (Selsted 

et al., 1993). However, amongst the avian P-dcfcnsins, only Osp-2, CHP- 1 and THP- 1 

have shown potent activity against C. albicans. Investigation into the bactericidal 

effects of the avian P-dcfensins has only been done with spheniscin-2, which showed 

bactericidal activity mainly against Gram-positive bacteria (Thouzeau et al., 2003). 

Sphcniscin-2 was also the only avian P-dcfcnsins that demonstrated activity against 

filamentous fungi. 

3.2. 6 Amino Acid Composition Analysis 

Compositions of these ostricacins were analysed usmg ExPASy ProtParam tools 

(http: //us.cxpasy.org/tools/protparam.html) , a website based programme used for 

examining protein physical and chemical parameters (Table 3.5) . The four ostricacins 
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were rich in glycincs, cysteincs, and basic amino acids ( arginines and lysincs ), as 

indicated in bold (Table 3.5). 

Table 3.5 Amino Acid Composition ofOstricacins-1-4 (mole percent). 

Amino Osp-1 Osp-2 Osp-3 Osp-4 Amino Osp-1 Osp-2 Osp-3 Osp-4 
acid acid 

Ala 5.6 (2) 4.9 (2) 2.5 (I) 2.4 (I) Leu 5.6 (2) 2.4 (I) 2.5 (I) 9.5 (4) 

Arg 5.6 (2) 4.9 (2) 17.5 (7) 11.9 (5) Lys 8.3 (3) 12.2 (5) 2.5 (I) 

Asn 4. 9 (2) 5.0 (2) 7. I (3) Met 

Asp 2.8 (I) 2.5 ( I) Phe 11.1(4) 14.6 (6) 5.0 (2) 4.8 (2) 

Cys 16.7 (6) 14.6 (6) 15.0 (6) 14.3 (6) Pro 5.6 (2) 4.9 (2) l0.0 (4) 7.1 (3) 

Gln 2.5 (I) 4.8 (2) Ser 2.8 (I) 7.3 (3) 2.5 (I) 4.8 (2) 

Glu 7.3 (3) 2.4 (I) Thr 2.8 (I) 5.0 (2) 2.4 ( 1) 

Gly 13.9 (5) 9.8 (4) 10.0 (4) 9.5 (4) Trp 5.6 (2) 2.4 (I) 2.5 (I) 2.4 (I) 

His 5.6 (2) 2.4 (1) Tyr 2.4 (1) 5.0 (2) 2.4 (I) 

lie 2.4 (I) 10.0 (4) 2.4 ( 1 ) Val 8.3 (3) 4.9(2) 9.5 (4) 

These four amino acids, glycines, cysteines, arg111111es and lysines, have also been 

commonly found comprising bovine P-dcfcnsins (Selstcd ct al., 1993), chicken 

P-dcfcnsins (Evans et al., l 994).(Harwig et al., 1994), turkey P-dcfcnsins (Evans et al., 

1994), king penguin P-defcnsins (Thouzeau et al.. 2003), human P-dcfcnsins (Hoover et 

al., 200 l) and murinc P-dcfcnsins (Kliivcr et al., 2006). The significance of these 

residues in p-defcnsins is two-fold. Firstly. the cystcincs and two glycines arc essential 

structural residues, because they are components of the 'P-dcfcnsin core motif'. 

Secondly, the presence of arginine and lysine residues provides the peptides with a 

positive charge. With the addition of non-polar residues (alanincs, phcnylalanines, 

isolcucines, lcucincs and valincs). P-dcfcnsins have an amphiphilic structure, which is 

the nature of host defence peptides that facilitates interactions with the negatively 

charged microbial surface structures, leading to inactivation of the pathogens. 
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Furthermore, Harwig et al. ( 1994) suggested that poor activity of Gal-2 against C. 

albicans was believed to be due to the truncation of three residues in the amino terminus 

and there being only four residues, instead of six, between the first and second cysteines 

that led to the loss of three basic amino acid residues (Harwig et al., 1994). This idea 

can also be applied to the four ostricacins, where a correlation can be drawn between the 

ostricacins activity and the basic amino acid residues of the amino terminus. Osp-l , 

which is closely related to Gal-2, also has few residues truncated at the amino terminus 

and there is a loss of two residues between the first and second cysteine residues, whilst 

Osp-2, which is closely related to Gal-I and Gal- la, has longer residues in the amino 

terminus and retains six residues between the first and second cysteine residues . The 

missing residues, similar to the gallinacins, causes Osp-2 to have more positively charge 

residues at the C-tcrminal, hence it showed stronger activity against the three pathogens, 

particularly against C. albicans. For Osp-3 and Osp-4, the amino terminus do not lose 

any residues, but these two ostricacins have less basic residues than Osp-2. Osp-3 only 

has one arginine before the first cystcinc, whereas Osp-4 docs not have any basic 

residues before the first cystcinc. These differences arc believed to cause weaker 

antimicrobial activity. 

3.2. 7 Evolutionary Analysis of the Ostricacins 

The FAST A database search, carried out previously, recognised many other 13-defcnsins 

from mammalian and chicken. A phylogenetic analysis of the ostricacin was then 

carried out with Clustal X program, at which the ostricacins (Osp-1-4) were aligned 

with the chicken gallinacins (Gal-1 - 13), the turkey hcterophil peptide (THP- l-2) and 

turkey epithelial 13-dcfensin (G PY- 1 ), the king penguin sphcniscins (Sphe- l -2), bovine 

(BNBD- l and TAP), sheep (SBD- 1 ), pig (BD- l ), murinc (MBD-1 ), rhesus monkey 

(RhBD-1) and human 13-defcnsin (HBO- I) . A phylogenetic tree, which was based on 

the alignments of Clustal X, was generated to illustrate the evolutionary relationship 

between the four ostricacins and the avian and mammalian 13-defcnsins (Figure 3.4). 
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Figure 3.4 Phylogenetic tree illustrating the homology of Osp-1-4 with other avian and 
mammalian P-defensins. 

. 

I 
I I 

I 

-
I 
I 

- I 
I 

I 
I 

Gal-6 

Osp-3 

Gal-7 

Gal-3 

GPV-1 

Spbe-1 

Spbe-2 

Gal-4 

Gal-5 

Osp-4 

Class 3 
~-Def ens ins 
Sub-class 2) ( 

Gal-8 
1111111111 II I 111 Ill I 11111111 Ill II 1111 Ill Ill 111111111111 Ill 111111111I11111111111 II I 111111111 Ill 111111111111 Ill II I 1111111 I •••••••••••••••••••••••••••C 

I 
I I 

- I 

I 
I I 

I 

Osp-2 

THP-1 

Gal-1 

Gal-la 

Osp-1 

Gal-2 

THP-2 

Class 3 
~-Def ensins 
Sub-class 1)

1 

( 

......................................................................................................................... ........................... , 
-

-
I 
I 

Gal-1 

Gal-9 

Gal-10 

MBD-1 

HBD-1 

RhBD-1 

1 

Class 2 
~-Defensins 

........................................................................................................................... 
-----1 

I 
I I 

I 

Gal-13 

BNBD-1 

BD-1 

TAP 

B -S D 1 

Gal-12 

Class 1 
~-Def ens ins 

•······················--·-·····------ ..... ............................................................ .. .................................................................. .. ................................. .............. . 

The phylogenetic tree has three variations, compared with Figure 1.13, which agreed 

with the classifications described in Zhang et al. ( 1998) (Zhang et al., 1998). The first 

variation is the number of branches. Figure 1.13 shows two branches, of which the first 

branch deviates into two other branches, ~-defensins class [ and class II , whilst the 

78 



Chapter 3 - Extraction and Purification 

second branch, known as class III, is comprised of mostly avian P-defensins. Compared 

with Figure 1.13, Figure 3 .4 instantly branches into the three classes. 

The second variation is the presence of some avian P-defensins (gallinacins-9-13) m 

P-defensins class I and class II, which were not shown previously, because only 

gallinacins isolated from the chicken heterophils had been identified at the time when 

the classification was introduced. The hctcrophil gallinacins arc not closely related to 

the mammalian P-defensins. On the other hand, Gal-9- 11 are closely related to human, 

mouse and rhesus monkey P-defcnsins, whereas Gal-12-13 are closely related to cattle 

P-dcfensins, including the bovine, sheep and pig P-defcnsins. Therefore, these 

gallinacins can be c lassified into P-dcfcnsins class I and class [I. Furthermore, the 

clustering of these gallinacins with the mammalian P-defcnsins supports the idea that 

these P-dcfcnsins have been around before the mammalian and avian lines diverged, 

which was estimated to be approximately 3 10 million years ago (Hedges et al. , 

1996),(Kumar et al. , 1998),(Xiao et al., 2004 ). 

The last variation is in the subdivision of the third class, which is the avian P-dcfensins. 

In Figure 1.13, the division of the avian P-dcfcnsins was drawn between the P-defensins 

that had truncated amino acids in the amino tcrminuscs (Osp- 1, Gal-2, THP-2, etc) and 

the P-defcnsins that did not have truncated amino acids. ln Figure 3.4, sub-class I is 

comprised of avian P-defensins isolated from the hctcrophils, whereas sub-class II is 

comprised mostly of avian P-defcnsins that arc not isolated from hctcrophils, except for 

Osp-3 and Osp-4. Gal-4-7 have been reported to be expressed in bone marrow cells, 

whereas Gal-8 was reported to be expressed in epithelial cells (Xiao et al. , 2004). 

Furthermore, the phylogenetic tree gives further insight into the evolutionary history of 

P-dcfcnsins. As discussed in the Literature Review, since the ostrich is considered to be 

the oldest order of flightless birds, the purifications of ostricacins suggests that 

P-dcfcnsins were phylogenctically an ancient effectors molecule of innate immunity, 

which would have around for at least 90 million years when the ratite species began to 

diverge (Cooper et al., 1992),(van Tuinen et al., 1998). This idea is strongly supported 

by the relatively even distribution of the four ostricacins through the avian P-dcfensins 

class. [n addition, purification of the four ostricacins sustains the idea that avian host 

defence peptides arc mainly composed of P-defcnsins. These avian P-defensins 

sequences are completely diverged, except for the "P-dcfcnsin core motif '. This is 
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believed to be due to a positive Darwinian selection that causes these short molecules to 

vary significantly throughout the avian species (Xiao et al., 2004 ),(Hughes and Yeager, 

1997),(Hughes, 1999),(Ganz, 2005). The positive Darwinian selection caused even 

more variation, as the avian and mammalian species diverged. With different 

pathogenic microbial flora in each animal species, the diversification at the amino acid 

level was believed to have caused the emergence of a-defcnsins in mammalian species 

and 0-defensins in primates. 
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3.3 Conclusion 

Four host defence peptides, namely ostricacins-1-4 were successfully purified from 

ostrich hetcrophils, using a combination of cationic exchange chromatography and 

RP-HPLC. As hypothesised, these ostricacins were P-defensin molecules characterised 

with the six-cysteinc residues, which formed intramolecular disulfide bonds. The 

molecular weights of these ostricacins ranged from 4000-5000 Da. The ostricacins ' 

amino acid sequences were highly diverged, with eight conserved residues, including 

the six-cysteincs and two glycincs. These conserved residues are known as the 

"P-dcfensin core motif'. 

The antimicrobial activity test , using the sensitive radial diffusion plate assay, showed 

that the ostricacins were effective inhibiting the growth of £. coli O l 57:H7 and S. 

aureus l 056MRSA, but they were not so effective against C. albicans 3153A. Only 

ostricacins-2 showed potency against the yeast. This activity against the yeast was 

related to the number of basic amino acids in the amino terminus, because ostricacins-2 , 

along with gallinacins-1 and turkey hctcrophil peptide- I , retained more basic residues in 

the amino terminus than the other avian P-dcfcnsins. MIC values of these ostricacins, 

against the three pathogens, range from 0.96- l 2.03µg/ml. The antimicrobial activity 

was similar to the chicken gallinacins and the king penguin spheniscin-2. Compared 

with the MIC values of the mammalian P-dcfcnsins, they appeared to be as potent as the 

rabbit neutrophil peptide NP- I and they were more potent than the human HNP-1 and 

the thirteen bovine neutrophil P-dcfcnsins (Sclstcd et al., 1993),(Harwig et al., 1994). 

An analysis of the amino acid composition revealed that the ostricacins were rich in 

glycincs, cysteincs, arginines and lysincs. Glycines and cystcines were believed to play 

a significant role in stabilising the P-dcfcnsins structure, whilst arginines and lysines 

were believed to provide the cationic charge of the P-defcnsins. These basic residues 

together with the hydrophobic residues arc important in order to provide an amphiphilic 

structure, which plays a significant role in inactivating pathogens. 

Evolut ionary analysis, which was based on the alignment of ostricacins sequences with 

the other avian and mammalian P-dcfcnsins, yielded a phylogenetic tree, showing a 

division of vertebrate P-dcfcnsins into three classes. This classification was different in 

comparison to the classification introduced by Zhang et al. ( 1998). Zhang et al. ( 1998) 
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divided vertebrate J3-defensins into avian J3-defcnsins and mammalian J3-defensins, in 

which the mammalian J3-dcfensins were differentiated into two more classes (Zhang et 

al., 1998). The phylogenetic tree divided vertebrate J3-defcnsins into three classes. 

Furthermore, gallinacins-9-13 could be classified into the J3-defensins class I and class 

II, based on the phylogenetic tree, because these avian J3-defcnsins were closely 

clustered with the mammalian J3-defensins. In addition, the four ostricacins were evenly 

distributed in the avian J3-defensins class, which was differentiated into two subclasses. 

The first subclass was mainly comprised of avian heterophil J3-defcnsins, whilst the 

second subclass, with the exception of ostricacins-3 and 4, was comprised of avian 

J3-defcnsins expressed in the non-heterophil cells. 

The clustering of avian and mammalian J3-defonsins indicated that J3-defcnsins would 

have been around before the mammalian and avian lines diverged, approximately 310 

million years ago. After the divergence, the J3-defcnsin genes would have undergone 

positive Darwinian selection at the amino acid level, which caused the high variations 

of J3-defensins sequences in the entire vertebrates. The positive Darwinian selection was 

also believed to be the cause of the emergence of a-defensins in mammalian species 

and 0-defcnsins in primates. 

82 



Chapter 4 - Factors Affecting Antimicrobial Activity 

Chapter 4 

Investigation of Antagonist Factors Affecting 

Antimicrobial Activity of Ostricacins-1 and 2 on 

E.coli O157:H7 and S. aureus 1056MRSA 

4.1 Introduction 

Most body fluids of vertebrates, such as sputum, milk, airway surface liquid, blood and 

scrum/plasma, arc known to contain 100-150 mM of sodium ions (Na+/K+) and 1-2 mM 

divalent cations (Mg2+/Ca2+). These cations arc commonly found in animals and in the 

human body as electrolytes. The balance of electrolytes is essential for the normal 

function of organs and cells in animals and in the human body. However, the presence 

of these cations has demonstrated antagonist effect on the antimicrobial activity of 

de fens ins (Evans et al. , 1995),(Martin et al. , 1995),(Yang et al. , 200 1 ),(Ganz, 

2003),(Ganz, 2005). This is believed to be due to the competing nature of these cations 

for a specific binding site on the surface of microbial cells, such as lipopolysaccharidcs 

(LPS) of Gram-negative bacteria. The presence of these cationic ions is known to 

neutralise the positive charge of the host defence peptides, which is required for the 

initial interaction with the microbial membrane. Therefore, under physiological 

conditions, defcnsins arc more likely to occur in the phagocytic vacuoles of phagocytes, 

where concentrations of cation and salt arc minimal. A number of studies have also 

reported the antagonist effect of salt, divalent cations and sodium alginate on the 

activity of other host defence peptides (Friedrich et al. , 1999),(Tam et al., 

2002) ,(Anderson and Yu, 2005),(Bowdish et al. , 2005) ,(McPhce and Hancock, 2005). 

As described in Chapter 3, four ostricacins have been successfully purified and 

characterised from ostrich hctcrophils. Two of these ostricacins, Osp- 1 and Osp-2, have 

demonstrated antimicrobial activity and homology to other chicken and turkey 

hctcrophil P-defcnsins. Therefore, in this chapter, Osp- l and 2 were chosen for further 

investigation into the antagonist effect of cationic ions on antimicrobial activity against 

E. coli O I 57:H7 and S. aureus I 056MRSA. These two particular bacteria were chosen 
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because the E. coli strain is a well-known food-pathogen, whilst the S. aureus strain is a 

resistant strain of Gram-positive bacteria that causes infections ranging from skins 

abscesses to life-threatening conditions, such as endocarditis and toxic shock. The yeast 

Candida albicans 3153A, which was used in the preliminary study (Chapter 3), was not 

included in this part of study, because the ostricacins showed little or no antimicrobial 

effect against the pathogens. In addition to the cations, varying temperatures was also 

included in the study, because it is known that increased temperature can cause 

denaturation of protein and peptides. Therefore, the objective of was this part of 

research was to investigate the effect of monovalent cations, divalent cations and 

temperature on the antimicrobial activity of ostricacins-1 and 2 against E.coli 0157:H7 

and S. aureus 1056MRSA. 
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4.2 Results and Discussion 

4.2.1 Effect of Monovalent Cations on E.coli 0157:H7 

The first antagonist factor investigated was monovalent cations (Na+ and K+). This 

investigation was carried out by determining the MIC values, using a modified radial 

diffusion plate assay method, as described in Chapter 2, Section 2.3.3. The monovalent 

cation concentrations varied between O mM and 500 mM. These cations were prepared 

as chloride salt so lutions and they were then added into the melted underlay agar. The 

ostricacins were applied to the wells made in the underlay agar. 

The results of the monovalent cation effect on the MIC of Osp- 1 and Osp-2 on £. coli 

0157 :H7 are shown in Figure 4. 1, which displays the MIC of both ostricacins as 

geometric means of the three runs. An example of the MIC calculation can be found in 

Appendix I, Section 1. 1. Figure 4.1 also displays error bars, indicating a 95% 

confidence interval of each MIC value. However, the values of these error bars are too 

small to be seen (Appendix I , Section 1.2). The significant effect of the monovalent 

cations on the ostricacins is indicated by a two-way analysis of variance (ANOV A) of 

the MIC, which was carried out with a 95 % confidence interval on two parameters: the 

number of runs and the monovalent cation concentrations. The ANOVA results, shown 

in the Appendix I , Section 1.3 , suggest that the number of runs do not have a significant 

effect on the ostricacins ' MIC values (p-va lue > 0 .1), but the concentrations of 

monovalent cation have a significant effect on the MIC values (p-value < 0.05) . 

The average MIC values of Osp- 1 and Osp-2 were I. 79 µg/ml and 1.49 µg/ml, 

respectively, when there were no cationic ions present (Figure 4. 1 ). These values were 

referred to as the original MIC values . Furthermore, the monovalent cations affected the 

ostricacins ' antimicrobial activity on the Gram-negative bacterium, which were 

indicated by the increasing MIC values. The MIC values of Osp-1 gradually increased 

(8-12-fold), as the concentration of Na+/K+ increased from O mM to 100 mM. A 

noticeable increase of MIC could a lso be seen at 200 mM Na+ (42-fold) and at 200 mM 

K+ (23-fold) . The MIC values of Osp-2 increased more rapidly than the Osp-1 MIC 

(30-70-fold), as the concentration of Na+/K+ increased from O mM to 200 mM. At 200 

mM, the Osp-2 MIC increased 150- fold from the original value . Both ostricacins lost 

their activity at 500 mM of the monovalent cations. 
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Figure 4.1 The effect of monovalent cations, Na+ (A) and K+(B), on the MIC of Osp-1 and 
2 against E. coli 0157:H7. 
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4.2.2 Effect of Monovalent Cations on S. aureus 1056MRSA 

The results of the monovalent cation effect on ostricacins- 1 and 2 MIC against S. aureus 

I 056MRSA arc summarised in Figure 4.2, w ith error bars indicating 95% confidence 

intervals o f the mean MIC values. However, the values o f these error bars are too small 

to be seen (Appendix 1, Section 1.2). The ANOVA of the MIC (with 95% confidence 

interval) was carried out using the same two parameters described previously. These 

results suggest that the number of runs do not have a significant effect on the 

ostricacins ' MIC values (p-valuc > 0.3), but the concentrations of monovalent cation 

have a significant effect on the MIC values (p-value < 0.05). 

The original MIC values ofOsp- 1 and Osp-2 on S. aureus 1056MRSA were 2.48 µg/ml 

and 2.25 µg/ml, respectively (Figure 4.2). The monovalent cations also affected the 

ostricacins ' antimicrobial activity on the Gram-positive bacterium. Osp-1 MIC values 

rose gradually, as the concentration of Na +/K+ increased from O mM to 200 mM . At 200 
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mM Na+/K+, the Osp-1 MICs increased 30-fold and it lost its activity at 500 mM. 

Furthermore, Osp-2 potency decreased more rapidly, with a 50-fold increase of MIC at 

200 mM Na+/K+ and loss of activity at 500 mM. These results also showed that the 

activity of Osp-2 on S. aureus was markedly affected by potassium ions, because Osp-2 

lost its activity at 200 mM K\ whilst the peptide still retained moderate antimicrobial 

activity at the same concentration of Na+. 

Figure 4.2 The effect of monovalent cations, Na+ (A) and K+ (B), on the MIC ofOsp-1 and 
2 against S. aureus I 056MRSA. 
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The effect of monovalent cations on other avian ~-defcnsin have not been investigated, 

apart from the king penguin spheniscin-2 (Sphe-2) (Landon et al., 2004). Sphe-2 

demonstrated potent antimicrobial activity against E. coli and S. aureus at 160 mM 

NaCl, but its potency against S. aureus decreased 16-fold at concentration 480 mM 

NaCl, whilst its potency against £ . coli at 480 mM could not be determined, due to poor 

growth of the bacterium. A similar result was also shown by human ~-defcnsin-3 
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(HBD-3) (Harder et al., 200 I). HBD-3 demonstrated a decrease of activity against S. 

aureus at 250 mM NaCl concentration, whilst it was still potent at physiologic salt 

concentrations (I 00-150 mM). The ability for Sphc-2 and HBD-3 to retain their potency 

at physiologic salt and high salt concentrations was believed to be due to the net 

positive charges, since Sphe-2 and HBD-3 have a net positive charge of+ 11 and + l 0, 

respectively. In comparison to Sphe-2 and HBD-3, the ostricacins potency, with a net 

positive charge of +4, declined at low NaCl concentration (IO mM) and the ostricacins 

demonstrated no activity at 500 mM. 

A correlation between the degree of positive charge and the effect of monovalent 

cations on peptides' potency is maintained in other vertebrate 13-dcfcnsins. Firstly, 

investigations of sodium chloride salts effect on human 13-dcfcnsins-l and human 

13-dcfcnsins-2 (HBD-1 and 2) demonstrated that the potency of HBD-1 and HBD-2 

against P. aeruginosa and E. coli decreased, respectively, by increasing the 

concentration of sodium chloride (Goldman et al., 1997), (Bals et al., 1998b). There 

were also other animals 13-defcnsins, such as canine 13-delcnsins (cBDs) and mouse 

13-dcfensin- l (MBD-1 ), which demonstrated decreasing activity against E. coli, with 

increasing sodium chloride concentrations (Bals et al., I 998a),(Sang et al., 2005). A 

similar result was also demonstrated by human HNP-1, an a-defonsin whose potency 

was affected by 100 mM sodium ions (Turner et al., 1998). These defcnsins, HBD-1 

and 2, cBDs, MBD-1 and HNP-1 have lower net positive charges (+3, +4 or +6), when 

compared with Sphc-2 and HBD-3. 

In addition, other host defence peptides, such as cccropin-bce melittin hybrid peptide 

(CEME) (Friedrich et al., 1999), human LL-37 and porcine PG-I (Turner et al., 1998), 

and ovinc SMAP-29, OaBac5mini and Oabac7.5mini (Anderson and Yu, 2005), have 

also demonstrated the effect of monovalent cations on the antimicrobial activity against 

various pathogens. Firstly, the activity of CEME variants, with positive charge between 

+5 and+ 7, demonstrated that their activities were not affected by the increasing sodium 

ions. Secondly, human LL-37 and porcine PG-1 demonstrated potency against all 

bacteria under low and high-salt conditions ( I 00 mM NaCl). Thirdly, in the study of 

ovinc peptides, only SMAP-29 potency was not affected by the increasing monovalent 

cation concentrations, whilst the other two OaBacs' antimicrobial activity decreased. In 

contrast to the ~-\-dcfensins, these cathclicidins' antimicrobial activities were suggested 
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to be dependent on the flexibility of the peptides, as well as their hydrophobicity 

(Friedrich et al., 1999). 

These results indicate that the loss of the avian P-defcnsins ' potency is believed to be 

due to interaction of the monovalent cations with the negatively charged bacterial 

surfaces, leading to the limitation of the peptides ' binding ability to the bacterial 

surfaces. This binding ability is known to rely on the net positive charges (Martin et al., 

1995). Therefore, these P-defcnsins, with high net positive charges (~+ l 0), appear to be 

less affected by the increase of monovalent cations, compared with P-dcfensins with 

low net positive charges (< 10). 

4.2.3 Effect of Divalent Cations on E. coli OJ 57:H7 

The second antagonist factor investigated was divalent cations (Ca2+ and Mg2+). This 

investigation was carried out by determining the MIC values, using the modified radial 

diffusion plate assay method, as described in Chapter 2, Section 2.3.4. The divalent 

cation concentrations varied between O mM and 10 mM . These cationic ions were 

prepared as chloride salt solutions and they were then added into the melted underlay 

agar. The ostricacins were applied to the wells made in the underlay agar. 

The results of the divalent cation effect on ostricacins-1 and 2 MIC against £. coli 

0 l 57:H7 are shown in Figure 4.3, which displays the geometric mean of ostricacins- l 

and 2 MIC. The error bars arc also included, which indicate the 95% confidence 

intervals of the mean MIC values . However, the values of these error bars are too small 

to be seen (Appendix 1, Section 1.2). The ANOVA of the MIC values was also carried 

out using the same parameters. The results, presented in the Appendix 1, Section 1.3, 

are similar to the previous ANOV A results, suggesting that the number of runs do not 

have a significant effect on the ostricacins' MIC values (p-value > 0.5), but the 

concentrations of divalent cations have a significant effect on the MIC values (p-valuc < 

0.05). 

The magnesium ions demonstrated the most significant effect on both ostricacins ' 

antimicrobial activity, because the MIC values increased rapidly, with Osp- l showing 

no activity at IO mM and Osp-2 showing no activity at 5 mM, whilst in the presence of 

IO mM monovalent cations, these ostricacins indicated moderate activity. The calcium 

89 



Chapter 4 - Factors Affecting Antimicrobial Activity 

ions also significantly affected the potency of ostricacins, with Osp-1 showing a 15-fold 

increase and Osp-2 showing a 72-fold increase o f MIC between O mM and 10 mM Ca2
+. 

Figure 4.3 The effect of divalent cations, Mg2
+ (A) and Ca2+ (B), on the MJC of Osp-1 and 

2 against E. coli 0157:H7. 
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4.2.4 Effect of Divalent Cations on S. aureus I 056MRSA 

10 

• OSP- 1 

• osP-2 

10 

The results o f divalent cation effect on ostrieaeins- 1 and 2 MIC against S. aureus 

1056MRSA arc summarised in Figure 4.4, which disp lays the geometric mean o f both 

ostricac ins MIC and error bars that indicate 95% confidence intervals. However, the 

va lues of these error bars are too small to be seen (Appendix I, Section 1.2). The 

ANOV A results indicate that the number of runs docs not cause a significant effect on 

the ostricacins' MIC values (p-value > 0.4), but increasing divalent cation 

concentrations have a significant effect on the MIC values (p-value < 0.05). 
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In addition, the divalent cations also affected the ostricacins' antimicrobial activity on 

the Gram-positive bacterium (Figure 4.4) . However, the antagonist effect was not as 

strong as that shown by the effect of magnesium ions on the activity against £. coli 

O157:H?. The magnesium ions caused 7-fold and 20-fold increase on the MIC ofOsp-1 

and 2, respectively, at 2 mM. The MIC values indicated little change with increasing 

magnesium ion concentrations. A similar effect was also indicated by the calcium ions 

on Osp-1 antimicrobial activity. The calcium ions caused 7-fold increased on Osp- 1 

MIC at 2 mM. The MIC values remained relatively constant, with increasing calcium 

ion concentrations. On the contrary, Osp-2 MIC displayed a more rapid increase, with 

increasing calcium ion concentrations. At the highest concentration of calcium ion ( I 0 

mM), the MIC had approximately 60-fold increase. 

Figure 4.4 The effect of divalent cations, Mg2
+ (A) and Ca2

+ (B), on the MIC of Osp-1 and 
2 against S. aureus 1056MRSA. 
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In comparison with the monovalent cations, the divalent cations have a stronger effect 

on the ostricacins' antimicrobial activity. A similar trend in results have been reported 

with other host defence peptides, where the MIC values of the host defence peptides are 

more greatly affected by divalent cations than by monovalent cations (Turner et al., 

1998),(Friedrich et al., 1999),(Anderson & Yu, 2005). The data relating to the divalent 

cation effect on other avian J3-defonsins have only been published in relation to the king 

pengum Sphc-2 (Landon et al., 2004). This peptide was salt-resistant to increasing 

divalent cation concentrations. The potency of Sphe-2 against S. aureus was not 

affected at 1 mM Mg2+, whilst a moderate decrease in the potency was observed at 50 

mM Mg2
+. Furthermore, the potency of Sphc-2 against E. coli only decreased by two 

and four-fold, in the presence of 1 and 50 mM of Mg2+, respectively. This avian 

J3-defcnsin has shown ability to retain its activity in high divalent cation concentrations, 

due to the high overall net positive charge. 

Furthermore, the ostricacins' potency against E. coli arc strongly affected by divalent 

cations, as indicated by the loss of activity at 10 mM divalent cations, whilst the activity 

against S. aureus can still be observed at 10 mM divalent cations. These results agree 

with Martin et al (1995), who suggested that divalent cations substantially diminished 

defcnsins potency against Gram-negative bacteria, but these cations did not affect 

dcfcnsins potency against Gram-positive bacteria (Martin et al., 1995). It is known that 

divalent cations have a high affinity to the LPS of Gram-negative bacteria. Therefore, 

the increasing concentrations of divalent cations with Gram-negative bacteria have more 

inhibitory effect on the host defence peptides. These results also indicate that the 

antimicrobial activity of ostricacins against Gram-negative bacteria is more sensitive in 

the presence of magnesium ions than calcium ions. In contrast to these ostrich 

J3-defcnsins, cathelicidins have demonstrated more sensitivity in the presence of calcium 

ions than magnesium ions (Turner et al., 1998),(Anderson & Yu, 2005). The reason that 

magnesium ions have a more significant effect on defcnsins may be due to the net 

positive charge and the secondary structure of defcnsins. 

4.2.5 Effect of Temperature 

The effect of temperature was also determined, usmg a modification of the radial 

diffusion plate assay method as described in Chapter 2, Section 2.3.5. The temperatures 
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included in this test were 30, 50, 70, 90 and l 21 °C (autoclave) . The peptides were 

heated for 30 minutes at the desired temperatures and then they were applied to the 

underlay agar. 

The results of temperature effect on ostricacins- l and 2 MIC against both bacteria are 

shown in Figure 4.5 , which displays the geometric mean MIC of both ostricacins and 

error bars that indicate 95% confidence intervals. However, the values of these error 

bars are too small to be seen (Appendix I, Section 1.2). The ANOV A of these results 

indicate that the number of runs do not have a significant effect on the ostricacins ' MIC 

values (p-value > 0.1 ), but the change in temperature had a significant effect on the MIC 

values (p-value < 0.05) . 

Figure 4.5 The effect of temperature increase on the MIC of Osp-1 and 2 against E. coli 
0157:H7 (A) and S. aureus 1056MRSA (B). 
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The results showed that the MIC of ostrieacins against E. coli O I 57:H7 increased 

five-fold after being heated at 30"C (Figure 4.5). These values remained relatively 

stable, after being heated at 50°C and 70°C. However, after being heated at 90"C and 

after autoclaving, both ostricacins indicated a l 0-fold increase of MIC. In addition, the 

antimicrobial activity of ostricacins against the S. aureus 1056MRSA demonstrated that 

Osp-2 is more affected by the temperature changes, compared with Osp-1. Aflcr being 

heated at 30°C, the increase of Osp-1 MIC was five-fold, whereas the MIC of OSP-2 

had a JO-fold increase. The potency of Osp-2 remained relatively stable, even after 

autoclaving, whereas the potency of Osp- l had a l 0-fold decrease, after being heated at 

90°C and after autoclaving. 

In addition to this result, investigation of the antagonist clkct of temperature has 

previously been shown using sheep host defence peptides (Anderson & Yu, 2005). 

Three ovine cathelicidins, OaBac5mini, OaBac7.5mini and SMAP-29, retained their 

potency against£. coli O157:H7 when heated at 80°C. These ovinc peptides lost some 

activity after they were heated at 90°C for 30 minutes and alter autoclaving, because the 

MIC values of Oa8ac5mini and SMAP-29 had an eight-fold increase, whilst the 

Oa8ac7.5mini had a four-fold increase. These results suggested that the thermal 

stability of host defence peptides was due to simple secondary structures. 

Treatment involving heat is known to cause protein or peptide denaturations, which then 

leads to the loss of protein or peptide biological activity. Since ostricaeins and 

cathelicidins were able to retain antimicrobial activity alter heat treatment, host dctcnce 

peptides appeared to be heat stable molecule. The stability was believed lo be due to the 

secondary structure these molecules possess that could not be easily denatured. With 

ostricacins, the reduction of antimicrobial activity was believed to be due to the loss of 

disulfide bridges and other amino acid residues that contribute to the overall molecule 

heat stability. As both ostricacins composed of different amino acid residues, the heat 

treatment led to an increase of Osp-1 MIC at 30°C and at 90°C for both£. coli and S. 

aureus, whilst Osp-2 MIC behaved similarly when tested against E. coli, but increased 

once at 30°C when tested against S. aureus. 

Furthermore, the difference of heat treatment effect on the ostrieaeins and the 

cathclieidins activity against £. coli was believed to be due to diflcrcnt secondary 

structure. The cathelieidins exist as a random structure in aqueons solution, whereas the 

ostricacins exist as ~-sheet structure with the three stabilising disulphide bridges. 
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Therefore, the more robust structure of ostricacins was more sensitive to heat treatment 

than the more simple structure of cathelicidin. 

Overall, these experiments indicated that amongst the two ostricacins, Osp-2 

antimicrobial activity against both types of bacteria was more sensitive to changes in 

cationic concentrations and changes in temperature. Even though the antimicrobial 

activity of Osp-2 was slightly more potent than Osp-1 , without the presence of cationic 

ions and at room temperature, the activity changed quite substantially with increasing 

cationic ion concentrations and with increasing temperatures. Therefore, it can be 

proposed that the sensitivity of Osp-2 activity may be related to the peptides ' secondary 

structures. Confirmation of this hypothesis would require further investigation. 
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4.3 Conclusion 

Ostricacin-1 and 2 were used in this part of the investigation. Both peptides were 

purified from the cation exchange and from the semi-prep RP-HPLC columns. A 

synthetic production of these ostricacins was attempted, but it appeared that the cost of 

synthesising f3-defonsins was too expensive. The reason for the high synthesis cost was 

believed to be due to the complexity in getting the proper disulphide linkages. 

Both ostricacins, purified from the semi-prep RP-HPLC column, were then used for the 

investigations of the cation and temperature effect on the ostricacins' antimicrobial 

activity against Gram-negative bacteria and Gram-positive bacteria. These experiments 

were carried out using the radial diffusion plate assay method, because the broth 

dilution method required high-concentration of peptides, which could not be produced 

from the semi-prep RP-HPLC column. 

The potency of ostricacin-1 and 2 on Gram-negative bacteria and Gram-positive 

bacteria was significantly affected by the presence of monovalent and divalent cations. 

The divalent cations have more inhibitory effect than the monovalent cations on the 

ostricacins' antimicrobial activity, particularly against the Gram-negative bacterium. 

The activity was lost at high concentrations of monovalent cations (500 mM) and at low 

concentrations of divalent cations (IO mM). In contrast, the monovalent and divalent 

cations showed same significant effect when the ostricacins were tested against the 

Gram-positive bacterium. This was believed to be due to the presence of divalent 

cations on the bacterial surface, which interacted with the lipopolysaccharides (LPS) 

(Martin et al., 1995). In comparison to other animal and human de fens ins, it was found 

that the degree of positive charge played an important role in the sensitivity of the 

peptides. Defcnsins with high overall net charge appeared to be cationic-resistant, 

compared with defcnsins with low overall net charge (Harder et al., 2001 ),(Landon et 

al., 2004). 

These experiments also demonstrated that the ostrieacins were able to retain their 

potency against Gram-negative bacteria, when heated to temperatures below 90°C. 

Therefore, ostricacins could be considered heat-stable molecules. The antimicrobial 

activity of both peptides showed a little change when the peptides were heated at 30°C, 

50°C and 70°C for 30 minutes. There was a slight declined when the heating 

temperature was increased to 90°C or after autoclaving. The antimicrobial activity of 
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ostricacin- l behaved similarly against the Gram-positive bacterium, but the 

antimicrobial activity of ostricacin-2 against the Gram-positive bacterium, was affected 

after being heated at 30°C. The same decline in activity was observed when ostricacin-2 

was heated at 50, 70, 90°C and after autoclaving. These temperature effects on 

antimicrobial activity were believed to be due to the loss of disulfide bridges and other 

amino acid residues that contribute to the overall molecule heat stability. 

Finally, it can be concluded that the activity of ostricacin-2 were more affected by the 

presence of cations and temperature increases, compared with ostricacin-1. When there 

were no cationic ions present, the activity of ostricacin-2 was slightly more potent than 

ostricacin-1. However, in the presence of cationic ions or increasing temperatures, the 

activity of ostricacin-2 was significantly affected. Further experimental work is required 

to investigate the reasons why ostricacin-2 was more affected by the cationic ions and 

temperatures than ostricac in- I . 
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Chapter 5 

Investigation of Mechanisms of Action of 

Ostricacins against Gram-Negative Bacteria 

5.1 Introduction 

The inactivation o f microorganisms by host defence peptides, such as dcfcns ins, is 

caused by e ither membrane disruptions or interactions w ith intracellular components 

(Epand and Vogel, I 999),(Sha i, I 999),(Powcrs and Hancock, 2003),(Papo and Shai, 

2003),(Hancock, 2004),(Reddy et al. , 2004),(Brogdcn, 2005),(McPhec and Hancock, 

2005). The outer membrane of bacteria contains compo nents, such as 

lipopolysaccharidcs (LPS) for Gram-negat ive bac teria and lipoteicho ic acid (LT A) fo r 

Gram-positive bacteria, which arc known as the docking sites fo r host defence peptides 

(Scott and Hancock, 2000). Within these two bacter ia l types, Gram-negative bacteria 

have been commonly used in the investigatio n o f the mode of action o f host defence 

peptides. The a ffinity to LPS is caused by e lectrostatic interactions between the positive 

charged peptides and the negative charged LPS. This is cons idered as the initial step o f 

membrane disruption. A fter the attachment, the peptides disrupt the outer membrane 

a llowing them to transverse into the perip lasm, in order to interact with the cytoplasmic 

membrane. The pept ides w ill then lysc the cytoplasmic membrane, w hich appears to be 

a le thal event. When the peptides do not cause cytoplasmic membrane disruptions, they 

can translocate into the bacterial cytoplasm and interact with bacteria l DNA, RNA or 

o ther intracellular components. T his interaction will inhibit DNA and RN A synthesis, 

together with enzymatic activity, leading to an inhibitio n o f bacterial growth. 

Membrane disruption mechanisms have been investigated and illustrated m some 

a -defensins, such as the human defens in HN P- 1. HN P- 1 demonstrated an ability to 

permeabilise the outer membrane and the inner membrane of E. coli ML-35, under 

conditions supporting bacteric idal activity (Lehrer et al. , I 989). HNP- 1 also 

demonstrated an ability to inhibit synthesis of the bacterial DNA, RNA and protein. The 

antimicrobial activity o f HNP- 1 against the £. coli strain was believed to occur 

simu ltaneously through outer membrane permcabilisation, inner membrane 
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permeabilisation, inhibition of macromolecular synthesis and the loss of colony forming 

potential. In addition, HNP-2 has been reported as forming transmembranc pores on 

large unilamcllar vesicles (LUY), made from amomc lipid POPG 

(palmitoylolcoylphosphatidylglyccrol) (Wimlcy et al., 1994). The peptide dimers 

caused multimcric pores formation in the vesicles, through four chronological steps: 

binding of the peptide to the vesicles; induction of aggregation; peptides fusion into the 

vesicles; and pcrmcabilisation. In another study, involving rabbit dcfcnsins (NP-1-5), it 

was demonstrated that the peptides bound to LUY made from pure POPG or mixtures 

of POPG with neutral phospholipid (Hristova et al., l 996). However, the rabbit 

de fens ins, which arc monomeric in aqueous solution, did not form stable pores in the 

membrane, thus indicating dimer formation may have been critical for the formation of 

multimeric pores. 

Four ostrich P-dcfcnsins have been isolated and named Osp-1-4. Two of these 

ostricacins (Osp-1 and 2) have appeared sensitive to the presence of cationic ions, whilst 

they have displayed stability to heat exposure under 90"C. In this part of the study, the 

objective was to determine the mode of action of the ostricacins on Gram-negative 

bacteria, based on three events: affinity to LPS; outer membrane pcrmeabilisation; and 

cytoplasmic membrane depolarisation. A series of fluorescence assays were used to 

achieve this objective. These assays were developed by Dr Hancock's group at the 

University of British Columbia, Vancouver, Canada. The peptides were compared with 

a human neutrophil peptide (HNP-1) and a sheep mycloid antimicrobial peptide-29 

(SMAP-29). SMAP-29 is a 29-rcsidue peptide isolated from sheep, which has been 

well-characterised and used in previous researches (Anderson et al., 2004),(Shin et al., 

2001),(Tack et al., 2002). A kill curve was also included, in order to confirm whether 

the ostricacins caused cell lysis that led to loss of colony forming potential. In addition, 

a DNA gel electrophoresis was carried out, in order to investigate whether the 

ostricacins interacted with intracellular components. 
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5.2 Results and Discussion 

5.2.1 LPS Binding Assay 

For the purpose of testing the affinity of the ostricacins to LPS (the first step of 

membrane disruption mechanisms), a fluorescence assay was carried out using dansyl 

polymyxin B, a fluorescent dye that fluoresces when it is bound to LPS (Moore et al., 

1986),(Hancock et al., 1991),(Anderson et al., 2004),(Powcrs et al., 2004) . If the 

peptide binds to LPS, it will displace the dye, thus causing the fluorescence intensity to 

decrease. The assay was carried out in three replicates using Osp-1 , Osp-2, HNP- 1 and 

SMAP-29. This method is described in Chapter 2, Section 2.4.1. One of the results from 

these three runs is presented in Figure 5.1 . The y-axis indicates the fluorescence fraction 

inhibited, which was calculated using Equation (2) (Chapter 2, Section 2.4.1 ), and the 

x-axis indicates an increasing concentration of the tested peptides. An example of the 

calculation of the fluorescence fraction inhibited is shown in Appendix 2, Section 2.1 

and the results of the three assay runs arc shown in Appendix 2, Section 2.2. 

Figure 5.1 DPX/L PS binding assay of SMAP-29, HNP-1, OSP-1 and 2 indicating the 
affinity of the peptides to LPS. 
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All host defence peptides tested demonstrated a variation in degrees of affinity to LPS 

(Figure 5.1). The strongest affinity to LPS was displayed by SMAP-29, since it had the 
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highest increase of the fluorescence fraction inhibited with increasing peptide 

concentrations. This result has been previously reported (Anderson et al., 2004). On the 

contrary, both ostricacins indicated a weak affinity to LPS, with the value of the 

fluorescence fraction inhibited being approximately half of the SMAP-29's, whereas 

HNP-1 displayed the weakest affinity amongst the tested peptides, with the smallest 

increase of fluorescence fraction inhibition. 

The affinity of host defence peptides to the LPS appears to be related to the net positive 

charge of the host defence peptides. SMAP-29 contains ten basic amino acid residues, 

whereas Osp-1, Osp-2 and HNP-1 contain five, seven and four basic amino acid, 

respectively. The overall net positive charge for SMAP-29 is +9, whereas the net 

positive charge for the ostricacins and HNP-1 arc only +4 and + 3, respectively. As 

discussed in Chapter 4, low net positive charges caused dcfonsins to lose potency in the 

presence of cationic ions. From this LPS binding assay result, it can be concluded that 

low net positive charges in host defence peptides lead to lower affinity to LPS, which 

significantly reduces the peptides' antimicrobial activity on Gram-negative bacteria in 

the presence of cationic ions. In addition, SMAP-29 has also been reported to contain 

two LPS binding sites that arc located at each end of the peptide (Tack et al., 2002). 

These two binding sites enable the peptide to bind cooperatively to LPS and they arc 

believed to enhance the peptide's affinity to LPS. With low affinity to LPS, the 

ostricacins were expected to have a poor effect on the outer membrane of 

Gram-negative bacteria. 

5.2.2 Outer Membrane Permeabilisation Assay 

In order to test the ostricacins' ability to permeabilise the outer membrane, a second 

fluorescence assay was carried out, by measuring the uptake of a fluorescent dye, 

1-N-phenylnapthylamine (NPN) (Loh et al., 1984 ),(Hancock et al., 1991 ),(Zhang et al., 

2000),(Yenugu et al., 2003),(Anderson et al., 2004),(Powers et al., 2004). NPN is a 

small hydrophobic molecule dye that is normally excluded by the intact bacterial outer 

membrane. It will emit fluorescence, once it translocates itself into the periplasm, as the 

result of the disruption of outer membrane integrity by the host defence peptides. The 

strain E.coli UB1005 and the four peptides, Osp-1, Osp-2, HNP-1 and SMAP-29, were 

used in this assay, which was carried out in three replicates. A peptide antibiotic, 
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polymyxin B, was included, as the positive control. This method is descr ibed in Chapter 

2, Section 2 .4.2. 

The results o f the three runs arc shown in Appendix 2, Section 2.3. One o f these results 

is presented in Figure 5.2, whic h shows the kinetics o f fluorescence intensity that 

change over time. This figure disp lays an initial uni fo rm increase a fter 50 seconds, 

which is caused by the addition of NPN dye, and the second increase is caused by the 

addition o f host defence peptides ( red arrow). The second increase varies between host 

de fence peptides, depe nding on the e ffect o f each peptide on the bacteria l outer 

membrane. 

Figure 5.2 Kinetics of PN uptake assay using £ . coli VB 1005 that was treated with 
SMAP-29, HNP-1 , OSP-1 , OSP-2 and Polymyxin B (PXB). Red arrow indicates addition 
of peptides. 
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Three replicates demonstrated that SMAP-29, Osp- 1 and Osp-2 caused NPN uptake, 

indicating that the three peptides caused disruption o f the outer membrane of E. coli 

UBI 005 (Figure 5.2). However, the degree of d isruption varied between SMAP-29 and 

the two ostrieacins. SMAP-29 had the max imum uptake o f NPN, as indicated by the 

highest fluorescence inte nsity. The increase o f fl uorescence intens ity was also rapid, 

imply ing that there was instantaneous outer membrane pcrmeabilisatio n, w hic h led to 

the rapid uptake o f NPN dye into the periplasm. Furthermore, the results suggested that 
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the antimicrobial activity of SMAP-29 was equal to the antibiotic, because the 

fluorescence intensity of SMAP-29 appeared to be as strong as the positive control. 

Both assays of polymyxin B and SMAP-29 were stopped earlier than the defcnsins, 

because they had reached a stable plateau in a short period of time (approximately three 

to four minutes). SMAP-29 has been reported as causing a disruption of the outer 

membrane of£. coli UBI 005 (Anderson et al., 2004). 

The ostricacins demonstrated a slower NPN uptake than SMAP-29 (approximately 2 

minutes after the addition of the peptides), thus indicating that outer membrane 

permcabilisation also took place, but the effect of ostricacins on disrupting the outer 

membrane was not as instantaneous as that or SMAP-29. Both ostricacins also 

displayed a moderate increase of f1uorescence intensity. This result suggested that 

ostricacins might only cause a partial disruption of the bacterial outer membrane. 

Furthermore, in all three runs, the fluorescence intensity of OSP-2 was always slightly 

higher than OSP-1, indicating a possibility that OSP-2 might have a more disruptive 

effect on the bacterial outer membrane than OSP-1, leading to more NPN uptake. 

Lastly, HNP-1 did not demonstrate any increase of fluorescence intensity, which 

suggested that it did not have any disruptive etfoct on the outer membrane of the 

Gram-negative bacterium. 

The disruption of Gram-negative bacterial outer membrane is believed to be due to the 

affinity of the host defence peptides lo LPS, as described in the membrane disruptive 

mechanism model. SMAP-29, which has the highest affinity to LPS, shows the most 

disruptive effect on the outer membrane of E. coli UBI 005, whereas both ostricacins, 

which have a moderate affinity to LPS, display partial disruption of the outer membrane 

and HNP-1, that has the weakest affinity to LPS, causes no disruption of the outer 

membrane. The affinity of host defence peptides to LPS also seems to determine the 

time required by host defence peptides to cause outer membrane disruption. Host 

defence peptides with high affinity to LPS, such as SMAP-29, cause instantaneous 

disruption. 

Osp-1 and 2 have shown low affinity to LPS and partial pcrmcabilisation of the outer 

membrane of the Gram-negative bacteria. Therefore, prior to the next fluorescence 

assay, it was hypothesised that the ostricaeins would cause little or no depolarisation of 

the cytoplasmic membrane. This second fluorescence assay has also presented a 

possibility that the ostricacins do not inactivate Gram-negative bacteria through 
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membrane d isruption mechanisms; instead, the ir antimicrobial activities are due to 

interaction w ith intracellular compo nents. Moreover, the inability o f HNP- 1 to 

pcrmcabilisc the Gram-negative bacteria outer membrane suggested that this peptide 

would not cause cytoplasmic membrane depo larisatio n. The follow ing subsection will 

illustrate the antimicrobial act ivit ies of both ostricacins and HN P- 1 on the cytoplasmic 

membrane. 

5.2.3 Cytoplasmic Membrane Depolarisation Assay 

For the purpose o f determining the cytoplasmic membrane depolarisation ability o f host 

de fence peptides, another fluo rescence assay was carried out. This third fluorescence 

assay measured the fluorescence intensity caused by the re lease o f a membrane potentia l 

sensitive dye, 3,3-dipropylthiacarbocyaninc iodide ( diSC35), fro m the cytoplasmic 

membrane o f £. coli DC2, an outer membrane hypcrpcrmcablc £. coli mutant (Wu and 

Hancock, I 999a),(Wu et al., l 999b),(Zhang et al. , 2000),(Ycnugu et al. , 

2003),(Andcrson et al. , 2004),(Powcrs et al. , 2004). This dye gets into the cyto plasmic 

membrane o f £. coli DC2, where it becomes concentrated and se lf-quenc hes its own 

fluo rescence. lf the host defence peptides arc able to form channels or disrupt the 

cytoplasmic membrane, the dye w ill be released and this causes an increase o f 

fluorescence intensity. 

The assay was carried out in three replicates, us ing the four peptides, Osp- 1, Osp-2, 

HNP- 1 and SMAP-29. Gramic id in is a peptide antibiotic, which was included as the 

positive control. This method is described in Chapter 2, Section 2.4.3. The results o f 

these three replicates arc shown in Appendix 2, Section 2.3. One o f these results is 

presented in Figure 5.3, showing the kinetics o f fluorescence intensity changes over 

time. lt also shows that the addition o f each host defence peptides is indicated with a 

peak, which has a fluorescence intens ity o f approximate ly 25-50 a. u. 

The host defence peptides, except for HNP- 1, have demonstrated that they depo larises 

the cytoplasmic membrane, thus indicating that they transversed the outer membrane of 

£ . coli DC2 (Figure 5.3). The huma n a -dc fcns ins, as hypothes ised, appeared no t to be 

able to cause cytoplasmic membrane depo larisation, indicated by no increase o f 

fluo rescence intensity. SMAP-29 demo nstrated the highest increase of fluorescence 

intensity, which suggested that substant ial depolarisation o f the membrane led to the 

105 



Chapter 5 - Mechanisms of Action 

most displacement of diSC35 dye. This peptide also displayed instantaneous 

depolarisation with the rapid fluorescence intensity increase. This result has been 

previously described, (Anderson et al. , 2004). SMAP-29 also displayed stronger 

fluorescence intensity than Gramicidin, suggesting that it might have worked better than 

the antibiotic. In addition, this resu lt implied that Osp- 1 and 2 caused low cytoplasmic 

membrane depolarisation, as indicated by the relatively low increase of fluorescence 

intensity. The effect of Osp-1 and 2 were also not as instantaneous as SMAP-29. These 

results of the ostricacins suggested that partial d isruption of the cytoplasmic membrane 

took place. In contrast to the second fluorescence assay, both ostricacins appeared to 

have similar fluorescence intensity in the three assay runs. 

Figure 5.3 Cytoplasmic membrane depolarisation that induced by SMAP-29, HNP-1, 
OSP-1, OSP-2 and Gramicidin. 
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The results regarding permeabi lity of HNP-1 were different to that in the previous 

report, investigating the interaction of HNP-1 with E.coli ML35 (Lehrer et al. , 1989). 

Lehrer et al ( 1989) suggested that HNP- 1 was able to pcrmcabilisc the bacterial outer 

and inner membrane, whereas, in our fluorescence assays, HNP-1 did not disrupt those 

membranes. These result differences are believed to be due to the different experimental 

methods being used. In the three fluorescent assays developed by Dr Hancock's group, 

the experiments were carried out in just a few minutes, whereas Lehrer et al ( 1989) 
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carried out the membrane permeabilisation assay for approximately 60-80 minutes. 

Therefore, if HNP- 1 were meant to disrupt the bacterial outer and inner membrane, the 

disruption would not be seen in our fluo rescence assays, because the assays were carried 

out in a shorter period of time. In addition, a ~-defcns in counterpart of HNP- 1, human 

~-defensin-1 (HBO- I), demonstrated an ability to disrupt the outer membrane a nd the 

inner membrane w ithin I-hour and 2-hour, respectively, in an experiment that used the 

same fluorescence assays as this study (Y cnugu et al. , 2003). Y enugu et al (2003) a lso 

used a HE2 peptide, w hich was able to rapidly disrupt both membranes ( 1-5 minutes). 

This result implied that HNP-1 and HBD- 1 might have similar antimicrobial activity, at 

which time the disruption of the outer and inner membrane of Gram-negative bacteria 

did not occur instantaneous ly. Hence, when HNP- 1 was investigated, in the same 

amount of time as SMAP-29, it was not able to disrupt both membranes of the 

Gram-negative bacteria. 

[n addition, these three fluo rescence assays have indicated that the affinity of host 

defence peptides to LPS is the crucial step in membrane disruption mechanisms. Host 

defence peptides, w hich have a high a ffinity to LPS, such as SMAP-29, cause 

disruption of the Gram-negative bacteria outer membrane and depolarisation of the 

cytoplasmic membrane. SMAP-29 has also shown to be bactericidal, as they inactivated 

Gram-negative bacteria l cells (Anderson et al., 2004). So far, the ostricacins have 

shown the ability to inhibit bacteria l growth w ith MIC 1-3 µ g/ml (Chapter 3). 

Moreover, the fluorescence assays have displayed that the ostricacins have a weak 

affinity to LPS and they arc able to cause moderate disruption of the Gram-negative 

outer membrane and depolarisation o f the Gram-negative cytoplasmic membrane. These 

results suggested that the ostricacins cause disruption to both outer and cytoplasmic 

membrane. However, these results arc not sufficient to determine w hether the 

membrane disruptive mechanism causes the inactivation of bacterial cells. If the 

ostricacins arc able to inactivate bacterial cells through membrane disruption, they will 

cause a decrease in viable ce ll numbers in a kill curve experiment. Otherwise, the 

disruption of cytoplasmic membrane only a llows the ostricacins to translocatc into the 

cytoplasm and interact with intracellular components. There fore, a construction of a kill 

curve and a DNA gel electrophoresis were carried out. 
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5.2.4 Kill curve 

The kill curve was divided into measurements of optical density and determination of 

colony forming unit (CFU). This method is described in Chapter 2, Section 2.4.4. Both 

tests were carried out in parallel, using E. coli O 111 , which was diluted to a 

concentration of approximately 2x l 07 CFU/ml. Polymyxin B and 0.0 I% acetic acid 

were included as the positive and the negative control, respectively. These tests were 

also done in three replicates. The results of the three replicates arc attached to the 

Appendix 2, Section 2.4. One of these results is presented in Figure 5.4. 

Figure 5.4 Measurements of 0D6oonm taken in parallel with the colonies counting of OSP-1 
and 2 against£. coli 0111. 
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Both ostricacins demonstrated an inability to inhibit colonies formation and to limit the 

increase in optical density. They appeared to have the same trend as the negative 

control. The positive control was very effective in inhibiting the colonies formation 

potential of the Gram-negative bacterium, as it reduced the number of bacterial cell 

death by three-log in the first ten minutes and no viable cells remained after 

approximately thirty minutes. Since the ostricacins were not able to kill microbial cells 

in this experiment, the ostricacins' antimicrobial activity was not believed to be due to 

bacterial cell lysis, but instead, the activity was due to interaction with intracellular 

components of Gram-negative bacteria. 

5.2.5 DNA Gel Electrophoresis 

After both ostricacins were unable to induce bacterial cell death, a DNA gel 

electrophoresis was carried out to investigate whether interaction between the 

ostricacins and bacterial intracellular contents took place. The two ostricacins were 

compared with OaBac5 mini . The peptides were mixed with bacterial ADNA, which had 

been cut with the restriction enzyme EcoRI into several fragments sized 2 l.2 kbp, 7.4 

kbp, 5.8 kbp, 5.6 kbp, 4.8 kbp and 3.5 kbp. This method is described in Chapter 2, 

Section 2.4.5 and the result is presented in Figure 5.5. The two similarly size bands, 5.8 

kbp and 5.6 kbp, arc shown as a 5.7 kbp band. 

When the host defence peptide bound to the A.DNA, it formed larger molecules that 

prevented their migration in the agarosc gel (Figure 5.5). Both ostricacins appeared to 

bind to the bacterial ADNA, as they inhibited the A.DNA migrations. The inhibition 

occurred at a minimum ratio of I :2 between the ADNA and Osp-1 and at a minimum 

ratio of I :4 between the ADNA and Osp-2. Both ostricacins were almost as effective as 

the ovine OaBac5mini that binds the ADNA at a ratio of 1 :2. The binding ability 

displayed by these peptides suggested that they would most likely interact with the 

bacterial intracellular components 
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Figure 5.5 J nteractions between different ratios of bacterial ADNA and the host defence 
peptide using DNA Gel Electrophoresis. 
Lane I, 1'.DNA standard (DNA:Peptide ratio 1 :O); Lane 2, DNA:Peptide ratio I :0.5; Lane 3, 
DNA:Peptide ratio 1:1; Lane 4, DNA:Peptide ratio I :2; Lane 5, DNA:Peptide ratio I :4; and 
Lane 6, DNA:Peptide ratio I :8. 
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The two ostricacins have similar activity as OaBac5mini. OaBac5mini has been 

reported lo inhibit growth of Gram-negative bacteria (Anderson and Yu, 2003). but its 

antimicrobial activity is affected by cationic ions (Anderson and Yu, 2005). This 

peptide has also displayed a low affinity for LPS and caused weak outer membrane 

permcabilisation and weak C}1oplasmic membrane depolarisation (Anderson et al., 

2004). In comparison to OaBac5mini, Osp-1 and 2 have also displayed the ability to 

inhibit Gram-negative bacteria (Chapter 3). Furthermore, their antimicrobial activities 

arc significantly affected by cationic ions (Chapter 4). As previously described, the 

ostricacins have a low affinity to LPS and they cause weak dismption of lhc outer and 

inner membrane of Gram-negative bacteria. which cannot cause lysis of the 

Gram-negative bacterial cells. In this experiment, OaBac5mini, as well as the 

ostricacins, were able to interact with lhc bacterial ADNA. Therefore, since OaBac5mini 

has been reported to li.mclion as bactcriostatic, these two ostricacins, which showed the 

same characteristics as OaBac5mini throughout a series of assays, arc also 

bacteriostatic. The ostricacins arc not able to directly kill Gram-negative bacteria 

through cell lysis, but they inhibit bacteria[ growth, due to the interaction of these 

peptides with intracellular components of the bacteria. 
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Papo and Shai (2003) suggested that the ability of antimicrobial peptides to cross the 

cell wall depended on their secondary and tertiary structures, as well as the oligomeric 

state (Papo and Shai, 2003). Therefore, besides affinity for LPS, the size and structural 

existence in solutions of host defence peptides would also affect the ability for host 

defence peptides to permcabilise the outer and inner membrane of Gram-negative 

bacteria. The smaller the molecule size, the easier it is to cross the barrier. Dcfensins 

molecules, such as HNP-1 and king penguin sphcniscin-2, exist in solution as dimers 

and monomers, respectively (White et al. , 1995),(Landon et al. , 2004). These peptides 

have larger structures, compared to an a -helical cathclicidin, such as SMAP-29 that has 

less amino acid residues. Therefore, these dcfcnsins did not have the same ability to 

disrupt membrane integrity as the cathclicidin. Due to the size and structure in solutions, 

it can be hypothesised that dcfcnsins arc most likely bactcriostatic peptides against 

Gram-negative bacteria, which exert their antimicrobial activity by interacting with 

intracellular components. Confirmation of this hypothesis would require further 

investigation. 

From this part of the study, the bactcriostatic mechanism of the ostricacins against 

Gram-negative bacteria takes place through four chronological events: affinity to LPS ; 

partial disruption of the outer and inner membrane ; and interaction with intracellular 

components. These events, which arc believed to occur simultaneously, depend on the 

strength of the peptides' affinity to LPS. A model illustrating this mechanism is shown 

in Figure 5.6. This model, described in the literature review, is developed by Dr 

Hancock's group and known as miccllar-aggrcgatc model (Hancock and Chapple , 

1999),(Hancock, 2001 ),(Powers and Hancock, 2003). According to this model, the 

passing of host defence peptides into the cytoplasm is due to the disruption of the 

cytoplasmic membrane or they can ' f1ip-f1op' across the cytoplasmic membrane, under 

the influence of the large transmcmbranc potential gradient. As shown in the results of 

this part of research, the ostricacins arc initially attracted to the LPS due to the 

electrostatic interactions. lt is believed that the affinity to LPS causes displacement of 

cationic ions and leads to partial disruption of the Gram-negative outer membrane. In 

the pcriplasm, the ostricacins cause partial disruption of the cytoplasmic membrane, 

which allow the peptide to get into the cytoplasm. The ostricacins then interact with the 

intracellular components, as shown by interaction of these peptides with bacterial 

ADNA. This interaction is believed to cause the inhibition of bacterial growth. An 
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observation, usmg transmission electron microscopy (TEM) and atomic force 

microscopy (AFM), will be useful to confirm these results. 

Figure 5.6 Model illustrating the mechanism of ostricacins on Gram-negative bacteria 
(Hancock and Chapple, 1999),(Hancock, 2001 ),(Powers and Hancock, 2003). 
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In chronological order, (A) affinity of the ostricacins to LPS displacing the magnesium 
ions (shown as stars), followed by (B) the partial disruption of the outer membrane 
allowing the peptides to get into the periplasm. (C) The peptides then cause partial 
disruption of the cytoplasmic membrane or (D) 'flip-flop' across the membrane to get into 
the cytoplasm. In the cytoplasm, the peptides arc able to interact with intracellular 
components to inhibit the biochemical reaction of the bacteria. 
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5.3 Conclusion 

The three fluorescence assays indicated that the antimicrobial peptides membrane 

permeability depended on an affinity to LPS. When antimicrobial peptides had a strong 

affinity towards LPS, they were able to disrupt the outer membrane and cytoplasmic 

membrane. These events were demonstrated by the four peptides that have different 

affinities to LPS. SMAP-29, which showed the highest affinity, was able to rapidly 

pcrmcabilisc bacterial outer and cytoplasmic membrane. Osp-1 and 2, which had 

moderate affinity to LPS, caused partial disruption of the outer and inner membrane 

integrity, whilst HNP-1, which had the weakest affinity to LPS, did not show abi lity to 

pcrmcabilise both membranes. 

Furthermore, both ostricacins could not cause cell lysis that led to the killing of 

Gram-negative bacteria. The killing kinetics experiment suggested that the ostricacins 

did not inhibit the colony forming potential of Gram-negative. However, they appeared 

to be bactcriostatic peptides, because these peptides were able to inhibit bacterial 

growth, as shown in the previous Chapters . This ability was believed to be due to 

interaction of the ostricacins with the Gram-negative bacterial intracellular components. 

The ostricacins caused partial disruption of the outer and inner membrane of 

Gram-negative bacteria that allowed them to get into the cytoplasm. This mechanism is 

also shown by HNP- 1. 

ln addition, the ability of HNP- 1 to pcrmcabilisc the outer and inner membrane of 

Gram-negative bacteria was found to be very slow (approximately 1-2 hours) . 

Therefore, in this experiment, HNP- 1 was not able to demonstrate pcrmcabilisation of 

both membranes, whilst in Lehrer et al ( 1985), it showed the ability to disrupt both 

membranes in a longer period of experimentation (Lehrer et al. , 1989). 

Finally, it can be concluded there arc two factors affecting the permeability of host 

defence peptides. The first factor is the overall net positive charge that affected the 

affinity to LPS. SMAP-29 has an overall net positive charge of+I0 (Shin et al. , 2001), 

whilst the dcfcnsins, both ostricacins and HNP-1 , only have an overall net positive 

charge of +4 and +3, respectively. Therefore, the SMAP-29 showed stronger affinity 

than the defcnsins. The second factor is the structure and size of host defence peptides, 

because the ability of host defence peptides to cross the cell wall depended on their 

secondary and tertiary structures, as well as the oligomcric state (Papo and Shai, 2003) . 
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Dcfcnsins, which contain 29-42 residues, arc known to exist in solution as dimers, such 

as HNP-1 (White et al., 1995), or monomers, such as king penguin sphcniscin-2 

(Landon et al., 2004). These structures arc larger, compared to SMAP-29, which has 

less amino acid residues. Therefore, defcnsins were hypothesised to be baeteriostatic 

against Gram-negative bacteria, because of the difficulties them in disrupting the 

bacterial membrane. Further experimental work is required to confirm this hypothesis. 
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Chapter 6 

Conclusions and Recommendations 

6.1 Overall Conclusions 

This research was set out with three objectives. The first objective was to extract and 

purify ostrich host defence peptides from ostrich heterophils. The extraction was carried 

out in three steps: disruption of red blood cells with isotonic shock; disruption of 

hetcrophils with a blender; and acid extraction of host defence peptides from the 

hctcrophils granules with 10% acetic acid. It successfully yielded a crude extract that 

showed antimicrobial properties against Gram-negative bacteria, Gram-positive bacteria 

and yeast. Further purification of this crude extract was carried out in two steps, 

involving cationic exchange chromatography with a weak cationic resin and RP-HPLC 

with a step gradient of 21-29% acctonitrilc and 0.0 I% TFA. Four ostrich host defence 

peptides, named ostricacins-1-4 (Osp-1 -4), were successfully purified. They all 

displayed antimicrobial activity against Gram-negative bacteria and Gram-positive 

bacteria, and Osp-2 displayed antimicrobial activity against yeast as well. 

The mass spectrometry and the N-tcrminal sequencing analysis of these four ostricacins 

indicated that they had molecular weight ranging 4000-5000 Da, and they were 

composed of 36-42 amino acid residues . The results of these analyses suggested that 

these ostricacins could be classified as P-dcfensins, a sub-family of host defence 

peptides that has disulphide bridges formation between six cysteines residues. The 

cystcincs linkages of P-dcfcnsins arc Cys I-Cys5 , Cys2-Cys4 and Cys3-Cys6. This 

result was consistent with a hypothesis suggesting that avian host defence peptides were 

mainly composed of P-dcfcnsin family. There arc two other types of vertebrate 

de fens ins, a- and 0-defcnsins, which arc found only in mammals. Analysis of the amino 

acid composition of the ostricacins showed that they were mainly composed of 

arginines, lysincs, glycincs and cystcincs. Arginines and lysincs are basic amino acid 

residues commonly found in P-defcnsins, which make them positively charged. Positive 

charge and non-polarity arc important features for the antimicrobial properties of 

P-dcfcnsins, particularly for the interaction with the negatively-charged bacterial 
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membrane. In addition, the cysteines and glycines were believed to play an important 

role in the structure of P-defensins, because the six cysteines and two of the glycines 

(Gly13 and Gly28
) were conserved amongst the avian P-defensins peptides. These eight 

residues were known as the "P-defensin core motif'. 

An evolutionary analysis, based on the alignment of the ostricacins ammo acids 

sequences with other avian and mammalian P-defcnsins, revealed clustering between 

the avian and mammalian P-defensins, which indicated that P-defcnsins genes would 

have been around before the mammalian and avian lines diverged, approximately 310 

million years ago. The evolutionary analysis also suggested that the amino acid 

sequence of P-defensins were highly diverged, except for the "P-defcnsin core motif'. 

This was believed to be due to positive Darwinian selection that occurred at the amino 

acid level. Since P-defcnsins amino acid sequences are short, the positive Darwinian 

selection caused the high variation of avian and mammalian P-defcnsin sequences. The 

evolutionary analysis also indicated that vertebrate P-defcnsins could be categorised 

into three classes: the first class contained short-prepro sequences (63-64 residues) and 

short introns (less than 1.6 kbp); the second class contained long prepro-sequences 

(68-69 residues) with more than 6.5 kbp of introns; and the third class was mainly avian 

P-defcnsins. Furthermore, the avian P-defcnsins could be classified into two subclasses. 

The first subclass was comprised of avian P-defcnsins isolated from heterophil cells, 

whilst the second subclass was comprised of avian P-defcnsins isolated from 

non-heterophil cells. The ostricacins were found in both subclasses, where Osp-1 and 2 

were fallen into the first subclass and Osp-3 and 4 were fallen into the second subclass. 

These ostricacins were closely related to the chicken gallinacins. Osp-1 and 2 were also 

closely related to the turkey heterophil peptides (THP-1 and 2). 

The second objective was to investigate the factors affecting antimicrobial activity of 

ostricacins against Gram-negative bacteria and Gram-positive bacteria. The 

investigation was carried out using Osp-1 and Osp-2, because these two ostricacins 

displayed the most potency against both types of bacteria. Both ostricacins were 

purified with a semi-prep RP-HPLC column. 

The first factor investigated was cationic ions, which included monovalent cations (Na+ 

and K+) and divalent cations (Mg2+ and Ca2+). Both ostricacins were tested using a 

radial diffusion assay, which contained increasing concentrations of the cationic ions. 
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The results suggested that the divalent cations affected the potency of both ostricacins 

more significantly than the monovalent cations in inhibiting the growth of 

Gram-negative bacteria. Furthermore, the potency of ostricacins against Gram-positive 

bacteria was significantly affected by the presence of both types of cation. This was 

believed to be due to the presence of divalent cations around the LPS of Gram-negative 

bacteria, whereas these cations would not be present around Gram-positive bacterial 

membrane. This result agreed with the literature review, which suggested that defensins 

arc affected by cationic ions. 

The second factor investigated was temperature changes . Both ostricacins were heated 

at different temperatures for 30 minutes. The result indicated that the ostricacins were 

relatively heat stable peptides, because the potency against Gram-negative bacteria was 

retained when heated between 30-70°C. There was a slight decrease in the activity after 

the ostricacins were heated at 90°C and after autoclaving. The potency of Osp-1 against 

Gram-positive bacteria also demonstrated the same attribute . However, the potency of 

Osp-2 against Gram-positive bacteria declined after being heated at 30, 50, 70 and 90°C 

as well as after autoclaving. These effects were possibly caused by the loss of disulfide 

bridges and loss of other amino acid residues that contribute to the overall molecule 

heat stability. [n comparison to Osp- 1, the potency of Osp-2 always showed a more 

significant decline in the presence of cationic ions and temperature changes. 

The last objective was to investigate the modes of action of the ostricacins against 

Gram-negative bacteria. Gram-negative bacteria have been commonly used in 

investigations of the mode of actions of host defence peptides. Host defence peptides 

arc known to have two mechanisms against the bacteria, as described in the literature 

review. The first mechanism is membrane disruptive mechanism, where the peptides 

cause disruption of bacterial membrane, leading to cell leakages and cell death. The 

second mechanism is non-membrane disruptive mechanisms, where the peptides 

translocatc across the membrane into the bacterial cytoplasm. In the cytoplasm, the 

peptides interact with intracellular components of the bacteria, such as DNA, RNA and 

enzymes, which inhibit the synthesis of ONA and RNA, and also enzymatic activities, 

leading to the inhibition of bacterial growth. 

Osp-1 and Osp-2 were assayed using a series of fluorescence assays developed by Dr 

Hancock's research group. They were compared with SMAP-29 and HNP-1, a sheep 

cathclicidin peptide and a human a-dcfensin peptide, respectively. The three 
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fluorescence assays showed that affinity to LPS was the key to membrane disruptive 

mechanisms. SMAP-29, which demonstrated the strongest affinity to LPS, showed the 

ability to disrupt the Gram-negative outer membrane and cause depolarisation of the 

cytoplasmic membrane, whereas HNP-1, which demonstrated the weakest affinity to 

LPS, showed inability to disrupt the outer membrane and depolarise the cytoplasmic 

membrane. The ostricacins showed a moderate affinity to LPS. Moreover, the outer 

membrane permcabilisation assay and the cytoplasmic depolarisation assay indicated 

that they caused partial disruption of both membranes. 

These three assays also suggested that the affinity to LPS was believed to be depended 

on the overall net positive charge with SMAP-29 has the highest overall net positive 

charge of +9, whilst the ostricacins and HNP-1 have a lower overall net positive charge 

of +4 and+ 3, respectively. In addition to the overall net positive charge, it was believed 

that the secondary structure of host defence peptides affected the ability of the peptides 

to disrupt the outer and cytoplasmic membrane of Gram-negative bacteria. 

Furthermore, the ostricacins were found to be bacteriostatic against Gram-negative 

bacteria. The ability to inhibit bacterial growth was believed to be due to interaction 

between the ostricacins and the bacterial intracellular components, as show in the DNA 

gel electrophoresis. Neither ostricacins were bactericidal, as shown in the kill curve 

experiment, because they could not inhibit the colony formation potential of 

Gram-negative bacteria. 

6.2 Recommendations for Future Work 

This research on ostrich host defence peptides has yielded a great deal of useful 

knowledge regarding avian host defence peptides and their characteristics. It also 

revealed a number of new research areas. Future work could involve fundamental 

research that includes the following topics: 

I. Purification of more host defence peptides from ostrich heterophils. Although 

ostrich host defence peptides have been purified with the combination of cationic 

exchange chromatography and RP-HPLC, further investigation using other 

approaches, such as gel filtration and ultrafiltration, could be carried out to purify 

other ostrich host defence peptides or to improve the purification yield. 
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2. Further investigation into the effect of pH on the antimicrobial activity of the 

ostricacins. In the present study, the effect of pH using the radial diffusion could not 

be carried out, because the pH of the agar made from the phosphate buffer was 

highly variable after sterilisation. There arc other buffers, such as 

4-morpholinoethanesulfonic acid (MES buffer), that can be used to avoid the change 

in pH after steri lisation. 

3. Investigation of the morphological changes of bacteria when they are exposed to the 

ostricacins. The fluorescence assays indicated that the ostricacins caused partial 

disruption of Gram-negative bacterial membrane. It would be useful to know 

whether these peptides cause morphological change in bacteria using advance 

microscopy, such as the transmission electron microscope and the atomic force 

microscope. 

4. Further testing to expand ostricacins' antimicrobial activity spectrum 1s 

recommended in order to find out the spectrum on a particu lar group, e.g. 

Gram-negative bacteria. 

5. Investigation of the synergistic effects between ostrich host defence peptides as well 

as between the peptides and traditional antibiotics. The synergistic effect with the 

antibiotics may provide a solution to a growing problem of resistance pathogens. It 

is believed that in mammalian neutrophils, host defence peptides do not act 

individually, but instead, they act syncrgistically with other antimicrobial 

components, such as lactofcrrin and lysozyme. 

6. Investigation of the immunological properties of the ostricacins will broaden the 

understanding of the functional roles of these peptides in the innate 1mmune 

response, such as chemotaxis and wound healing, and the linkages to adaptive 

immune response. 

In addition to the above fundamental research, there is potential for further commercia l 

studies relating to the ostricacins, which including the following topics: 

I . As described in the literature review, ostrich host defence peptides could be added to 

existing topical products. Ostrich topical products, such as ostrich oil and cream, 

have been used in moisturisers and as remedies for arthritis, eczema, bums, 

abrasions, sore joints, colitis and psoriasis. The antimicrobial and immunological 

properties of ostricacins will increase the value of these products. A pilot-scale and a 
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large-scale production of ostricacins from local meat producers could be developed 

in New Zealand, providing benefit to the local meat producers. 

2. The antiviral properties of avian host defence peptides are significant in today's 

world, because of the growing problem of avian disease, such as the Bird Flu. 

Knowledge of the avian immune response might help to stop the spread of avian 

diseases from birds to humans. Hence, an investigation of the antiviral activity of 

ostricacins would be very useful. 
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Appendix 1 

Raw Data and Calculations from Investigation of 

Antagonist Factors Affecting Osp-1 and 2 

1.1 Example Calculations of MIC 

The raw data of radial diffusion plate assay of Osp- 1 with l 0mM cationic ions is shown 

below. 

MIC for P-19 
Sample 
D ilution 

I 
1/2 
1/4 
1/8 

1/16 

Concentration 

(µg/ml) 
325.00 
162.50 
8 1.25 
40.63 
20.3 1 

Average lnhibition (mm) 
E. coli S. aureus 

3.5 4 
3 3 

2.5 2.5 
I 1.5 
0 0 

From this data, a graph of the average inhibition against log peptide concentration was 

plotted and shown below. 

MIC of OSP-1 Run 1 

4.5 

4 

3 .5 ,,...._ 

§ 3 
,_, 
i:: 2.5 
0 ·.c 2 :s 
:a 1.5 i:: -

0.5 

0 

10 

In (peptide cone.) 

100 

y = 1.2984Ln(x) - 3.7099 
R2 = 0 .9529 

• E.coli 
• S.aureus 

- Log. (E.coli) 

- Lo . S.aureus 

1000 
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The M!Cs ofOsp-1 against£. coli O157:H7 and S. aureus 1056MRSA were calculated 

using Equation (I) (Chapter 2, Section 2.2.8). 

-Yint 

MIC _ = egradient = l.2984 
E.roh e 

-(-3.7099) 

= e2
·
357 

--.,...-4 MIC= 17.41 µg /ml 
(inv.In) / m 

-Yint 

MIC = egradicnt = e 1.3706 
S.aurcus 

··(-38271) 

= e2
·
792 -----4M!C = 16.32µg /ml 

(inv.ln) / m 

Using Equation (I), the Ml Cs were calculated for every nm of radial diffusion plate 

assays, investigating the effects of cationic ions and temperatures. The raw data of each 

cationic ion and the temperature effects arc shown in the following tables. 

Effects of Na+ on ostricacins' antimicrobial activity (µg/ml) against E. coli 

O157:H7 and S. aureus 1056:vtRSA. 

INaCII Run Microbe OSP-1 OSP-2 Microbe OSP-1 OSP-2 

0 I E. coli 1.39 1.03 S. aureus 1.63 2.04 
0 2 E. coli 2. 18 1.94 S. aurcus 3.32 2.46 
0 3 E. coli 1.79 1.49 S. aureus 2.48 2.25 
10 I E.coli 17.41 49.52 S. aureus 16.32 55.65 
10 2 E. coli 15.90 49.52 S. aureus 16.50 55.65 
10 3 E. coli 16.66 49.52 S. aureus 16.41 55.65 
50 I E.coli 20.31 64.65 5,~. aureus 18.81 61.07 
50 2 E.coli 18.81 67.81 .._)~. aureus 18.72 64.58 
50 3 E.coli 19.56 66.23 S. aureus 18.77 62.83 
100 I E.coli 23.91 107.64 S. aureus 27.19 116.25 
100 2 E. coli 22.28 116.25 S. aureus 38.14 116.25 
100 3 E.coli 23.10 111.95 S. aureus 32.67 116.25 
200 I E.coli 81.25 232.50 S. aureus 78.61 232.50 
200 2 E.coli 72.38 232.50 S. aureus 75.23 232.50 
200 3 E. coli 76.82 232.50 S. aureus 76.92 232.50 
500 1 E. coli NIA NIA S. aureus NIA NIA 
500 2 E. coli NIA NIA S. aureus NIA NIA 
500 3 E. coli NIA NIA S. aureus NIA NIA 
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Effects of K+ on ostricacins' antimicrobial activity (µglml) against£. coli 0157:H7 

and S. aureus 1056MRSA. 

[KCI] Rep. Microbe OSP-1 OSP-2 Microbe OSP-1 OSP-2 
0 I E. coli 1.39 1.03 S. aureus 1.63 2. 04 
0 2 E. coli 2.18 1.94 S. aureus 3.32 2.46 
0 3 E. coli 1.79 1.49 S. aureus 2.48 2.25 
10 I E. coli 14.66 49.52 S. aureus 15.66 55.65 
10 2 E. coli 15.90 49.52 S. aureus 17. 08 55 .65 
10 3 E. coli 15.28 49.52 S. aureus 16.37 55.65 
50 l E. coli 16.89 58. 14 S. aureus 18.40 6 1.07 
50 2 E. coli 16.89 6 1.04 S. aureus 18.40 49.52 
50 3 E. coli 16.89 59 .59 S. aureus 18.40 55.30 
100 I E. coli 20.3 1 107.64 S. aureus 22.1 5 103.56 
100 2 E. coli 22. 15 107.64 S. aureus 20.31 11 6.25 
100 3 E. coli 21.23 107.64 S. aureus 2 1.23 109.9 1 
200 I E. coli 43 .88 232.50 S. aureus 77.57 NIA 
200 2 E. coli 37.44 232.50 S. aureus 8 1.26 NIA 
200 3 E. coli 40.66 232.50 S. aureus 79.42 NIA 
500 I E. coli NIA NIA S. aureus NIA NIA 
500 2 E. coli NIA NIA S. aureus NIA NIA 
500 3 E. coli NIA NIA S. aureus NIA NIA 

Effects of Mg2
+ on ostricacins' antimicrobial activity (µglml) against E. coli 

0157:H7 and S. aureus 1056MRSA. 

(MgCl21 Rep. Microbe OSP-1 OSP-2 Microbe OSP-1 OSP-2 

0 I E. coli 1.39 1.03 S. aureus 1.63 2. 04 

0 2 E. coli 2. 18 1. 94 S. aureus 3.32 2.46 

0 3 E. coli 1.79 1.49 S. aureus 2.48 2.25 

2 I E. coli 35. 11 11 6.25 S. aureus 18.95 50.23 

2 2 E. coli 37.44 11 6.25 S. aureus 17.68 48 .88 

2 3 E. coli 36.28 11 6.25 S. aureus 18.32 49.56 

5 I E. coli 72.38 NIA S. aureus 2 1.85 53 .57 

5 2 E. coli 70.73 NIA S. aureus 23 .04 53.57 

5 3 E. coli 7 1.56 NIA S. aureus 22 .45 53.57 
10 I E.coli NIA NIA S. aureus 31.92 6 1.07 

10 2 E.coli NIA NIA S. aureus 3 1.92 6 1.07 

10 3 E. coli NIA NIA S. aureus 3 1.92 6 1.07 
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Effects of Ca2+ on ostricacins' antimicrobial activity (µg/ml) against E. coli 

0157:H7 and S. aureus 1056MRSA. 

[CaC12] Rep. Microbe OSP-1 OSP-2 Microbe OSP-1 OSP-2 

0 I E. coli 1.39 1.03 S. aureus 1.63 2.04 

0 2 E. coli 2.18 1.94 S. aureus 3.32 2.46 

0 3 E. coli 1.79 l .49 S. aureus 2.48 2.25 

2 I E. coli 14.66 40.0l S. aureus 17.55 44.82 

2 2 E. coli 18.95 35.43 S. aureus 18.81 49.52 

2 3 E. coli 16.81 37.72 S. aureus 18.18 47.17 

5 I E. coli l 5.66 69.11 S. aureus 18.62 76.1 l 

5 2 E. coli 25.59 53.57 S. aureus 24.15 61.07 

5 3 E.coli 20.63 61.34 S. aureus 21.39 68.59 

10 I E. coli 27.71 108.73 S. aureus 29.69 151.49 

10 2 E.coli 20.3 l l 16.25 S. aureus 25.22 l 30.49 

10 3 E.coli 35. l l 101.20 S. aureus 34.16 232.48 

Effects of temperature on ostricacins' antimicrobial activity (µg/ml) against E. coli 

0157:H7 and S. aureus 1056MRSA. 

Temp. Rep. :Vlicrobe OSP-1 OSP-2 Microbe OSP-1 OSP-2 
Normal l E. coli 1.39 1.03 S. aureus 1.63 2.04 

Normal 2 E. coli 2.18 1.94 S. aureus 3.32 2.46 

Normal 3 E. coli 1.79 1.49 S. aureus 2.48 2.25 

30 l E. coli 5.82 4.76 S. aureus 6.0 l 12.05 

30 2 E. coli 4.76 5.30 S. aureus 6.48 11.40 

30 3 E. coli 5.29 5.03 S. a11re11s 6.25 l 1.73 

50 I E. coli 6.48 5.16 S. aureus 6.38 13.57 

50 2 E. coli 6.05 6.1 l S. aureus 5.40 12.76 

50 3 E. coli 6.27 5.64 S. aureus 5.89 13. l 7 

70 l E. coli 5.48 6.01 S. aureus 6.48 14.0l 

70 2 E. coli 5.48 6.01 S. aureus 6.48 14.01 

70 3 E. coli 5.48 6.01 S. aureus 6.48 14.01 

90 I E. coli I 1.01 I 1.09 S. aureus 12. l 0 12.76 

90 2 E. coli l 1.01 l 1.09 S. aureus 12.10 12.76 

90 3 E. coli I 1.0 l l l.09 S. aureus 12. l 0 12.76 

121 l E. coli 9.59 12.76 S. a11re11s I 1.01 11.75 

121 2 E. coli I 1.01 12.38 S. aureus l l .23 11 .40 

12 l 3 E. coli 10.30 12.57 S. aureus 11.12 11.58 
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1.2 Cakulation of the Average and Confidence Intervals of 

MIC frorn the Raw Data 

The average and the standard deviation of the MIC raw data shown in the previous 

subsection were calculated using "A YERAGE" and " STD EV" function in Microsoft 

Excel program. [n addition, 95% confidence interval was determined using 

"CONFIDENCE" function in Microso ft: Excel program, where the a lpha value was set 

to 0.05. The 95% confidence interval va lues were used to plot the histograms in Chapter 

4. The results of these statistical calculation carried out using Microsoft Exce l are 

shown in the following tables 

NaCl effect on MIC (µg/ml) 
Microbe [NaCl] OSP- 1 St. Dev C.I. (95%) OSP-2 St. Dev C.I. (95%) 

E. coli 0 1.79 0.40 0.77 1.49 0.46 0.89 
E. coli 10 16.66 0.76 0.37 49.52 0.00 0.00 

E. coli 50 19.56 0.75 0.34 66.23 1.58 0.38 
E. coli 100 23 .10 0.82 0.33 111.95 4.3 1 0.80 

E. coli 200 76 .82 4.44 1.00 232 .50 0.00 0.00 

E. coli 500 NIA NIA NIA NIA NIA NIA 

NaCl effect on MIC (µg/ml) 
Microbe [NaCl] OSP- 1 St. Dev C.l. (95%) OSP-2 St. Dev C.l. (95%) 

S. aureus 0 2.48 0.85 1.1 7 2.25 0.21 0.29 
S. aureus 10 16.4 1 0.09 0.04 55.65 0.00 0.00 
S. aureus 50 18.77 0.05 0.02 62.83 1.76 0.44 

S. aureus 100 32.67 5.48 1.90 116.25 0.00 0.00 
S. aureus 200 76.92 1.69 0.38 232.5 0 0.00 0.00 
S. aureus 500 NIA NIA NIA NIA NIA NIA 

KCI effect on MIC (µglml) 
Microbe [KCI] OSP- 1 St. Dev C.I. (95%) OSP-2 St. Dev C.I. (95%) 

E. coli 0 1.79 0.40 0.77 1.49 0.46 0.89 
E. coli 10 15.28 0.62 0.3 1 49.52 0.00 0.00 
E. coli 50 16.89 0.00 0.00 59.59 1.45 0.37 
E. coli 100 21 .23 0.92 0.39 107.64 0.00 0.00 
E. coli 200 40.66 3.22 1.00 232.50 0.00 0.00 
E. coli 500 NIA NIA NIA NIA NIA NIA 
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KCI effect on MIC (µg/ml) 
Microbe [KC!] OSP-1 St. Dev C.L (95%) OSP-2 St. Dev C.I. (95%) 

S. aureus 0 2.48 0.85 1.17 2.25 0.21 0.29 
S. aureus 10 16.37 0.71 0.35 55.65 0.00 0.00 
S. aureus 50 18.40 0.00 0.00 55.30 5.78 1.53 
S. aureus 100 21.23 0.92 0.39 109.91 6.35 1.19 
S. aureus 200 79.42 1.85 0.41 NIA NIA NIA 
S. aureus 500 NIA NIA NIA NIA NIA NIA 

MgCh effect on MIC (µg/ml) 

Microbe [MgCl2] OSP-1 St. Dev C.I. (95%) OSP-2 St. Dev C.I. (95%) 

E.coli 0 1.79 0.40 0.77 1.49 0.46 0.89 

E. coli 2 36.28 1.17 0.38 116.25 2.29 0.42 
E. coli 5 71.56 0.83 0.19 NIA NIA NIA 
E. coli 10 NIA NIA NIA NIA NIA NIA 

MgCh effect on MIC (~g/ml) 
Microbe [MgC12] OSP-1 St. Dev C.l. (95%) OSP-2 St. Dev C.l. (95%) 

S. aureus 0 2.48 0.85 1.17 2.25 0.21 0.29 
S. aureus 2 18.32 0.64 0.29 49.56 0.68 0.19 
S. aureus 5 22.45 0.60 0.25 53.57 0.00 0.00 

S. aureus 10 31.92 0.00 0.00 61.07 0.00 0.00 

CaCli effect on MIC (µg/ml) 
Microbe [CaC12] OSP-1 St. Dev C.l. (95%) OSP-2 St. Dev C.L (95%) 

E. coli 0 1.79 0.40 0.77 1.49 0.46 0.89 
E. coli 2 16.81 2.15 1.05 37.72 2.29 0.00 
E. coli 5 20.63 4.97 2.18 61.34 7.77 1.95 
E. coli 10 27.71 7.40 2.79 108. 73 7.53 1.42 

CaCh effect on MIC 
Microbe [CaC12] OSP-1 St. Dev C.L (95%) OSP-2 St. Dev C.l. (95%) 

S. aureus 0 2.48 0.85 1.17 2.25 0.21 0.29 

S. aureus 2 18.18 0.63 0.29 47.17 2.35 0.67 
S. aureus 5 21.39 2.77 1.18 68.59 7.52 1.79 
S. aureus 10 29.69 4.47 1.63 140.99 14.85 2.46 
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Tem(!erature effect on MIC (µg/ml) 
Microbe Temp. OSP- 1 St. Dev C.I . (95%) OSP-2 St. Dev C.I. (95%) 

E. coli Normal 1.79 0.40 0.77 1.49 0.46 0.89 
E. coli 30 5.29 0.53 0.46 5.03 0.27 0.24 

E. coli 50 6.27 0.22 0.17 5.64 0.48 0.42 
E.coli 70 5.48 0.00 0.00 6.01 0.00 0.00 

E. coli 90 11.01 0.00 0.00 11.09 0.00 0.00 

E. coli 12 1 10.30 0.71 0.44 12.57 0. 19 0.11 

Tem(!erature effect on MIC (µg/ml) 
Microbe Temp. OSP- 1 St. Dev C.I. (95%) OSP-2 St. Dev C. I. (95%) 

S. aureus Normal 2.48 0.85 1.1 7 2.25 0.21 0.29 

S. aureus 30 6.25 0.24 0. 19 11 .73 0.33 0.19 
S. aureus 50 5.89 0.49 0.43 13. 17 0.41 0.22 

S. aureus 70 6.48 0.00 0.00 14.0 1 0.00 0.00 

S. aureus 90 12. 10 0.00 0.00 12.76 0.00 0.00 

S. aureus 12 1 11.1 2 0. 11 0.07 11 .58 0.18 0. 10 

1.3 Analysis of Variance (ANOVA) of MIC Data from 

Different Conditions 

The ANOY A was done using a two-way ANOV A function of the MIN[T AB program 

with 95% confidence interval. The y-variatc was In MIC of the peptide, whilst the row 

and co lumn factors were the concentration of the cations/temperature conditions and the 

number of repeats, respective ly. The ANOV A ca lculation was carried out for all the 

investigated fac tors (monova lent cations, divalent cations and temperatures). An 

examp le of ANOV A calculation on MI Cs of Osp- 1 against E. coli that was affected by 

Na+ and the number of runs arc shown below. 

Two-way ANOVA: Osp-1 on E. coli versus [NaCl], Repeats 

Source DF ss MS F p 

[NaCl] 4 9879.86 2469.96 730.11 0.000 
Repeats 2 16.18 8.09 2.39 0.153 
Error 8 27.06 3.38 
Total 14 9923.10 

S = 1.839 R-Sq = 99.73% R-Sq(adj) 99.52% 
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The ANOVA results arc summarised in the following tables. 

Summan: of ANOVA Results against E.coli 0157:H7 
Peptide Condition Factor m.s. factor d.f. factor p-value 

Na Cone. 2469.96 4 0.000 
Repeats 8.09 2 0.153 

K+ Cone. 591.43 4 0.000 
Repeats 0.33 2 0.892 

OSP-1 
Mg+ Cone. 3651.05 2 0.000 

Repeats 0.18 2 0.843 
Ca+ Cone. 359.05 3 0.000 

Repeats 13.92 2 0.500 
Temperature Cone. 35.60 5 0.000 

Repeats 0.02 2 0.895 

Na Cone. 23099.10 4 0.000 
Repeats 8.00 2 0.149 

K Cone. 23261.50 4 0.000 
Repeats 0.70 2 0.221 

OSP-2 Mg Cone. 19755.90 1 0.000 

Repeats 0.10 2 0.500 
Ca Cone. 6060.26 3 0.000 

Repeats 19.15 2 0.600 
Temperature Cone. 50.92 5 0.000 

Repeats 0.17 2 0.152 

Summan: of ANOV A Results against S. aureus 1056MRSA 
Peptide Condition Factor m.s. factor d.f. factor p-value 

Na Cone. 2456.61 4 0.000 

Repeats 4.37 2 0.572 
K Cone. 2675.61 4 0.000 

Repeats 1.23 2 0.321 

OSP-1 Mg Cone. 452.12 3 0.000 

Repeats 0.16 2 0.705 
Ca Cone. 389.11 3 0.000 

Repeats 4.76 2 0.581 
Temperature Cone. 38.77 5 0.000 

Repeats 0.08 2 0.659 
Na Cone. 22903.40 4 0.000 

Repeats 0.80 2 0.321 
K Cone. 5795.41 4 0.000 

Repeats 0.15 2 0.994 

OSP-2 Mg Cone. 2134.09 3 0.000 

Repeats 0.05 2 0.709 
Ca Cone. 15390.30 3 0.001 

Repeats 757.30 2 0.412 
Temperature Cone. 56.54 5 0.000 

Repeats 0.08 2 0.264 
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Appendix 2 

Replicates Results of the Investigation of 

Mechanisms of Actions of Ostricacins 

The fluorescence assays and the kill curve experiment were done in three replicates. In 

this section, the results of the three replicates arc shown. The raw data are not included, 

because there are too many data point, particularly for the outer membrane 

pcrmeabilisation assay and the cytoplasmic membrane depolarisation assay. The data 

for these two assays were recorded every second for approximately 6.5 minutes. 

2.1 Raw· Data of LPS Binding Assay and Example 

Calculations of Fraction Fluorescence Inhibited 

The raw data of LPS binding assay of Osp-1 is shown below. 

[OSP-11 Florescence Fraction Fluorescence 
{l!:g/ml) reading inhibited 

0.0 126.750 0.000 

0.9 125 .990 0.006 

1.3 123.080 0.029 
1.7 120.920 0.046 
2.1 119.070 0.061 
2.6 118 . 130 0.068 
3.0 117.750 0.071 
3.4 113.780 0. 102 

3.8 11 3. 100 0.108 
4.3 116.590 0.080 

4.7 116.310 0.082 
5.1 114.550 0.096 
5.5 114.510 0.097 
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The fraction fluorescence inhibited was calculated usmg Equation (2) (Chapter 2, 

Section 2.4.1 ). An example of calculation is shown below, after the first addition Osp-1. 

F = F;nitial - Fn = 126.75 -125.99 = 0.006 
inhib F l 26 75 

initial · 

This calculation was carried out for the four assayed peptides (Osp-1 , Osp-2, SMAP-29 

and HNP-1) . The result was then plotted as fraction fluorescence inhibited against 

peptide concentration. These plots from three assay replicates are shown in the 

following section. 

2.2 Results of LPS Binding Assay 

Run I 

0 .60 
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~ 
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Run II 
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2.3 Results of Outer Membrane Permeabilisation Assay 

Run I 
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2.4 Results of Cytoplasmic Membrane Depolarisation Assay 
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Run III 
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2.5 Results of Kill Curves on E.coli 0111 

Acetic acid (A.A.) was used as the negative control and polymyxin B was used as the 

positive control. 
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Run II 

Measurements of optical density 

0 .600 
- A .I\ 

- osr-1 

0.500 - osr-2 

! 
- Polymyxin 

0.400 

@) 

I 
0 .300 

0 .200 

0 .100 

0.000 

0 20 40 60 80 100 120 

Time (minutes) 

Counting bacterial colonies 

1.00E+09 

1 .00E+08 

1 .00E+07 

1 .00E+06 

= 
1.00E+05 - A .A . 

- osr- 1 

6 1 .00E+04 

1 .00E+03 

- osr-2 

- rol ymyx in 

1 .00E+02 

1 .00E+01 

1 .00E+00 

20 40 60 80 100 1 0 
1 .00E-01 

Time (minutes) 

149 



Appendices 

Run III 

Measurements of optical density 
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