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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
-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 kDa. They displayed antimicrobial activity against
Gram-negative bacteria and Gram-positive bacteria with minimum inhibitory
concentration (MIC), ranging between 1-12 pg/ml. In addition, Osp-2 displayed
antimicrobial activity against yeast, with MIC of 6.2 pg/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-positive 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-necgative bacteria was carricd out. Both peptides were
compared with a sheep catheliciding SMAP-29, and a human o-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 investigation 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 thercfore, they were considered bacteriostatic. It is recommended that
further rescarch be carried out to investigate the feasibility of ostricacins in adding value

to existing topical products.
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Chapter I - Literature Review

Chapter 1

Literature Review

1.1 Introduction

This opening chapter provides a comprehensive review of related studies in the host
defence peptide area, during the last 20 years. It begins with an introduction to the
animal and human immune systems, which can be divided into two major responses:
innate and adaptive immunity. Antimicrobial peptides, which are the major part of this
review, are part of the immune system that can be found in granules of neutrophils in
blood or epithelial cells of tissues. In addition to antimicrobial properties, they induce
two types of immune responses within living organisms. The modes of actions of
antimicrobial peptides are known to work on the bacterial membrane as well as the
intracellular components. Defensins, one of the major antimicrobial peptides families,
can be isolated from vertcbrates, insccts and plants. In vertebrates, they exist in three
different forms: o, f and 6-defensins. This review describes the biological roles of
defensins in the immune system. In avian blood, the defence mechanism relies on the
non-oxidative mechanism, as the granulocytes lack peroxidase and alkaline
phosphatase. Therefore, the microbicidal activity of avian blood is more likely to
depend on lysozyme and the cationic antimicrobial peptides. To date, antimicrobial
peptides from avian species, which have been successfully purified from chicken,
turkey, ostrich and king penguin, were mainly composed of B-defensins. They can be
classified into heterophil and non-heterophil. Techniques used to purify and characterise
the avian B-defensins will be briefly described. The avian antimicrobial peptides have a
broad range of antimicrobial spectrum. Evolutionary relationships to other B-defensins
will show that they were related to other mammalian -defensins. This chapter closes
with a discussion concerning the current development of antimicrobial peptides in

therapeutic industries and other potential applications for ostrich antimicrobial peptides.
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1.2 Animal and Human Immune Systems

Animals and humans face constant assault by invading microorganisms, which are
usually pathogenic and harmful, through direct contact, ingestion and inhalation. These
pathogenic microorganisms can be in the form of bacteria, viruses, 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 cxternal barriers, comprised of an intact layer of epithelial skin and
mucous tissuc membranes, which provide physical and chemical protection against the
entry of microorganisms, and any microbes that succeed in breaching the physical
barriers (Tortora, er al., 1998),(Abbas and Lichtman, 2004),(Playfair and Bancroft,
2004).

The immune system is 2 complex network of organs, cclls 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 are two types of
responses: innate and adaptive immunity (Tortora, et o, 1998),(Abbas and Lichtman,
2004),(Girardrin and Philpott, 2004),(Playfair and Bancroft, 2004),(Izadpanah and
Gallo, 2005),(Tossi, 2005). Innate immunity is always present in healthy individuals
and it prepares to mediate and rapidly climinate any invading microbes by using
phagocytic cells. This response docs not require prior exposure to forcign pathogens.
Adaptive mmmunity is activated by stimulation from the invading microbes, which
manage to shake off the innate immunity. Adaptive immunity is a relatively more
specific immune responsc than innatc immunity. [t also develops more slowly. A
summary of the diversity of cach immune response is illustrated in Table 1.1. Despite
the fact that the two responses are diverse, both are involved in a complex interaction to

climinate mfections caused by pathogens.
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Table 1.1 Comparison of Innate and Adaptive Immune Response adapted from (Playfair
and Bancroft, 2004).

Innate Immunity Adaptive Immunity

Evolutionary origin Invertebrates and vertebrates ~ Only vertebrates
Principal cells Phagocytic cells Lymphocytes
Principal molecules Complement system and Antibody and cytokines

cytokines
Recognition specificity Broad High specificity
Speed of action Rapid (minutes to hours) Slow (days)
Development of memory  No Yes

1.2.1 Innate Immunity

[nnate immunity is also known as natural, native and non-specific immunity. Innate
immunity can be found in all animals (vertcbrates and invertebrates) as it has been
conserved throughout evolution. The innate immunity components, illustrated in Figure
1.1, include neutrophil granulocytes, monocytes/macrophages, 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 against 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 abundantly in the blood, as they are part of the white
blood cells (leukocytes). There are two types of phagocytes: polymorphonuclear
leukocytes (PMN), also known as ncutrophils, and monocytes/macrophages.
Neutrophils are the most abundant leukocytes in the blood (60-70% of leukocytes). In
response to infection, the production of neutrophils 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 actively phagocytic until they leave the blood,

enter body tissues and differentiate into macrophages. Migration of these cells to the
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infection site is also triggered by cylokines. Some macrophages reside locally in certain
tissucs and organs of the body, such as the liver, lungs, nervous system, bronchial tubes,

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

Figure 1.1 Molecular Components of Innate Immune System adapted from (Playfair and
Bancroft, 2004).
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The hosts are able to recognisc microorganisms in the blood or extravascular tissucs
through pattern-recognition molecules, which include a complement cascade system and
a Toll-like receptor (TLRs) family (Tortora, er al, 1998).(Abbas and Lichtman,
2004),(Girardrin and Philpott, 2004),(Playfair and Bancroft, 2004)(Izadpanah and
Gallo, 2005),(Tossi, 2005). These receptors are homologous to Toll receptors, which are
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 are specific
microbial components, located in the surface of microorganisms, such as
lipopolysaccharides (LPS) of Gram-negative bacteria, lipotcichoic acid (LTA) of
Gram-positive, bacterial peptidoglycan, cell wall componcents of yeast and fungi and
double-stranded and single-stranded RNA of viruses. Upon recognition of the PAMPs,
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
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plasma membrane around and encapsulates them in a membrane-bound vesicle called
phagosome. The phagosome then fuses with lysosomes to form phagolysosomes, where
the microbes are digested with various antimicrobial substances, such as microbicidal
enzyme, antimicrobial protein and peptides. An illustration of 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, ef al., 1998).
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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 of blood.
They are designed to release the contents of their granules, such as histamine, which
increasc vascular permeability and the supply of blood and its immunological
components (PMNs, monocytes/macrophages, antibody, ctc). They play a role in the
acute inflammatory response at the sites of infection. Natural killer (NK) cells are
another well-known innate immunity component. NK cells are actually a class of
lymphocytes (comprising 10% of blood and peripheral lymphoid organs) that kill
infected or cancerous cells and produce interferon-y (IFN-y). NK cells are less restricted
in their recognition and they respond more rapidly than adaptive T cells. The key

featurc of NK cells is that they can distinguish infected or cancerous cells from normal
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ccils through cxpressions of various receptors that recognise cell surface molecules of
infccted/cancerous cells. Another key feature of NK celis 1s the production of IFN-y,

which in turn 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 fo make thcir own sct of recognition molecules based on microorganisms
they have encountered (Tortora, ef 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 microorganisins or foreign molecules
(natural). It can also be stimulated passively, through transfer from active immuniscd
individuals (natural) or through the introduction of antibodics from individuals who

have aircady developed an immune responsc to a particular discasc {artificial).

The main components of adaptive tmmunity are lymphocytes that cxpress receptors,
which specifically recognisc different substances of antigens. Antigens can be
microorganisms or forcign melceules. Lymphocytes and their products are designed to
mcdiate and cxclude extraccliular and intracellular microbes. Based on two types of
lymphocytes (B and T-lymphocytes, also known as B and T-celis), adaptive immunity
can be divided into humoral immunity and cellular-mediated immunity, as shown in
Figure 1.3. Humoral immunity produces B-celis, which in tum produces antibodics that
act against specific antigens in bone marrow. With the production of antibodies, B-cclls
regulate the extraccllular body spacc that includes biood, tissuc fluids and other body
fluids. Hence, humoral immunity primarily defends against cxtraccilular infection
caused by bacteria, bacterial toxin and viruses freely circulating in the body fluid. On
the other hand, cellular-mediated immunity produces spectaliscd T-cells in thymus. The
primary function of T-cclis is to monitor intraccllular compartments and to 1nactivate
bacteria or viruses located within phagocytic or wnfected host cells and tissues. T-celis
also greatly enhance antimicrobial mechanisms of innate immunity, including activation

and prolifcration 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 recognises microbes, the host responds through sequential
phases, as shown in Figure 1.4. In the first exposure to the microbes, the response is
known as the primary adaptive immune response. In the first phase (the recognition
phase), naive antigen-specific lymphocytes locate and recognise the microbes. It is
called naive lymphocytes because the cells are 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 antigen to an antigen receptor and signals
provided by the microbes and the innate immunity responding to the microbes. The
second signals are 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 (cffector 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 climinated, the stimulus of lymphocyte activation is gone and the
activated lymphocytes die through a process known as apoptosis, where the dead

lymphocytes are climinated by phagocytes without causing harmful reaction to the host.
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The immune response then subsides and the remaining 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 cach other, since
the T-cells can recognise many different types of microbial molecules, including
proteins, carbohydrates and lipids, whilst the antibodies of B-cells are only specific to
microbial protein antigens. The interactions between the two lymphocytes, as well as
interactions with the innate immunity, arc regulated by a heterogencous group of
mediators known as cytokines (Tortora, et al, 1998),(Abbas and Lichtman,
2004),(Playfair and Bancroft, 2004),(Tossi, 2005). Generally, cytokines are referred to
as interleukins, which means they are produced and act on leukocytes. However, more
specialised cytokines are available, with the predominant ones called interferons that
interfere with virus replication, the tumour necrosis factor (TNF) that causes tumours on
mice to shrivel up, the colony-stimulating factor (CSF) that affects the growth of bone

marrow cells in culture and the chemokines 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 are 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 are comprised of a low proportion of neutral polar
and negatively charged amino acids. In solution, these peptides can fold into an
amphiphilic structure, where clusters of hydrophobic and cationic amino acids are
scparated into discrete domains. These propertics, small, cationic and amphipathic, are
ubiquitous to antimicrobial peptides (Boman, 1991),(Gururaj Rao, 1995),(Hancock and
Chapple, 1999),(Mor, 2000),(Hancock, 2001),(Zasloff, 2002),(Boman, 2003),(Brogden
et al., 2003),(Kamysz et al., 2003),(Bowdish et al., 2005),(Izadpanah 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 ez al., 2005),(McPhee and Hancock, 2005),(Sahl er al.,
2005). In the last 20 years, these peptides have been rapidly used in fundamental
rescarch 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 are 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
carly 20" century, when Dr Elic 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 lysozyme, the microbial digestive enzymes described by Metchnikoff. With the
development of separation methods of simple and complex chemicals, such as
precipitation, crystallisation, filtration, chromatography and clectrophoresis, Hussein
Zeya and John Spitznagel were able to partially characterise cationic polypeptides
purified from rabbits and guinea pigs leukocytes (Spitznagel, 1997). As the
biotechnology area developed in the 1970-2000s, more host defence peptides were
isolated 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, crustaccans, plants, birds, amphibians, mammals and humans
(http://www.bbcm.univ.tricste.it/~tossi/antimic. html) (Andreu and Rivas,
1998),(Brogden et al, 2003),(Kamysz et al, 2003),(Powers and Hancock,
2003),(Marshall and Arenas, 2003),(Reddy et al., 2004),(Zasloff, 2004),(Sahl ez al.,

2005). The widespread distribution throughout living organisms suggests that these
compounds play an cssential role as a defence mechanism against pathogenic
microorganisms. In 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 (Figure 1.5)

(Martin et al., 1995),(Andreu and Rivas, 1998),(Zasloft, 2002):
(1) Cysteine-rich amphiphilic B-sheet peptides

These peptides arc characterised with the presence of an antiparallel B-sheet,
stabilised by disulfide bonds. Defensins are the prominent host defence peptides in
this class. They can be found in plants and animals. Some defensins 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 seclectivity by suppressing
haecmolytic activity. Frog magainins, porcine cecropins, 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 o-helical amphipathic structures in physiological conditions and

when they are in contact with biological membranes.

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

Magainin 2

Human w-defensin 3

Protegrin Indolicidin

Human a-defensin 3, a cysteine-rich amphiphilic B-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) Cysteine-rich, amphiphilic disulfide ring peptides

This class is characterised by a loop structure connected with a single bond, which
can be disulphide, amide or isopeptide. Host defence peptides, which are classified
in this class, include ranalexin and brevinins isolated from frog skins, protegrins

from porcine leukocytes and the classical antibiotic nysin.

11
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(4) Lincar 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. Bactenecin (Bac-5 and -7) and indolicidin of
bovine and PR-39, a proline-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, ctc.), cell injury and inflammations. In vitro, they have shown an
ability to directly kill or inactivate a number of microorganisms, including
Gram-ncgative 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, 2001),(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 of salt (NaCl), divalent cations (Ca*" and Mg®"),
serum, polyanions and proteases. It 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 mucosal 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 ef al., 2005),(Izadpanah and Gallo, 2005),(Tossi, 2005).

1.3.2.1 Roles in Innate Immunity

The peptides roles in mammalian innate and adaptive immunity are illustrated in Figure
1.6. Firstly, host defence peptides are chemoattractants for innate immunity components

(monocytes, macrophages and neutrophils, mast cells) to the sites of microbial entry or

12
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inflammation and they stimulate the local innate immunity. Moreover, host defence
peptides enhance phagocytosis by upregulating the expression of adhesion molecules on
phagocytes that enhances their recruitment and activation of the phagocytes. This was
shown in human a-defensins that could induce the production of reactive oxygen
intermediates (Yang and Oppenheim, 2004). Host defence peptides also demonstrate
indirect chemotaxis effect by stimulating the production of cytokines. For example,
LL-37 and defensins were able to stimulate the production of IL-8 and monocyte
chemoattractant protein (MCP-1), which led to the recruitment of more phagocytes to
inflammatory sites and the production of TNF-a and IL-1 in monocytes stimulated by
the host defence peptides (Hancock and Diamond, 2000),(Scott and Hancock,
2000),(Zasloff, 2002),(Kamysz et al., 2003),(Yang and Oppenheim, 2004),(Bowdish et
al., 2005),(Izadpanah and Gallo, 2005),(Otvos Jr., 2005).

Secondly, host defence peptides can be mediators of inflammations, as they attract and
induce degranulation of mast cells at the infection sites in order to release histamine and
prostaglandin that lead to vasodilation. Vasodilation enhances migration of phagocytes
and other components that help to mediate the infections. Mass cell degranulation was
induced by LL-37, magainin-2, defensins and CAP-11 as reported in (Hancock and
Diamond, 2000),(Scott and Hancock, 2000),(Yang and Oppenheim, 2004),(Bowdish er
al., 2005),(Izadpanah and Gallo, 2005),(Otvos Jr., 2005). These peptides also stimulated
the cxpression of a variety of genes by macrophages particularly in the production of
pro-inflammatory cytokines (IL-8 and MCP-1), which resulted in positive feedback
loop that amplified recruitment of the inflammatory cells and subsequently led to

degranulation of the phagocytes to release more defensins.

13
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Thirdly, in innate immunity, host defence peptides prevent sepsis shock by the
suppression of pro-inflammatory agents (Scott and Hancock, 2000),(Kamysz et al.,
2003),(Brogden er al, 2004),(Yang and Oppenheim, 2004),(Bowdish et al.,
2005),(Otvos Jr., 2005). Disintegration of bacteria by phagocytes and host defence
peptides causes the release of bacterial components, LPS or LTA, into the circulation
system. These components arc known to be endotoxic by the fact they trigger high-level
production of TNF-a, IL-18 and IL-6 that leads to septic shock and death. These
peptides appear to necutralisc the endotoxic effect by binding to LPS or LTA that
subsequently inhibit the cytokines productions. These peptides can also suppress
expression LPS-induced genes in macrophages that reduce the production of TNF-a,
IL-1p and IL-6. Hancock er al have reported peptides such as LL-37, SMAP-29,
indolicidin, human «o-defensins and lactoferrin neutralised the endotoxic effect.
However, this role is contrary to that formerly described (production of IL-8 and
MCP-1). One possible explanation is that the innate immunity is designed to contend
with the infection cffects by suppression of pro-inflammatory cytokines to limit the
induction of septic levels, as well as permitting other cytokines involved in mediation of

inflammations.

Lastly, host defence peptides, as shown by defensins and CAP-37, promote wound
hcaling through epithclial cell proliferation and stimulation of fibroblast growth
(Hancock and Diamond, 2000),(Scott and Hancock, 2000),(Kamysz et al.,
2003),(Bowdish er al., 2005),(Otvos Jr., 2005). The rate of wound healing was
amplified to prevent an invasive opportunity for many other pathogens to infect the
host. LL-37 was another peptide reported to promote wound healing via angiogenesis
stimulation, a process for healing wounds and restoring blood flow to tissucs after

injury.

1.3.2.2 Roles in Adaptive Immunity

The role host defence peptides in adaptive immunity was chemoattractants for T-cells
(Hancock and Diamond, 2000),(Scott and Hancock, 2000),(Zasloff, 2002),(Yang and
Oppenheim, 2004),(Bowdish er al., 2005),(Otvos Jr., 2005). As described above, the
peptides chemotactic ability could amplify innate immunity, which consequently led to

recruitment of more adaptive immunity components to the infection/inflammation sites,
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guided by traditional chemokine receptors (c.g. IL-8, MCP-1). Some peptides that
showed chemotactic ability, which included human a-defensins 1-3 that were
chemotactic for CD45RA. naive CD4" T Cells and CD8" T Cells and LL-37 that were

chemotactic for peripheral T cell to sites of infection,

Host dcfence peptides are also chemoattractant to immature dendritic cells. Dendritic
cells exist in two types: immature (iDC) and mature dendritic cells (mDC). Immature
dendritic cclls have a phagocytic ability and produce an array of mediators, including
cytokines, chemokines and host defence peptides. These cells are derived from
circulating hacmatopoietic precursor cells and pre-dendritic cells  populations
(monocytes and plasmacytoid cclls). Human B-defensin 2 has shown chemotactic ability
for iDC and memory or effector T-cells through interaction with chemokine receptor
CCR-6  (Scott and Hancock, 2000),(Zasloff, 2002),(Yang and Oppenheim,
2004),(Bowdish er al., 2005).(Otvos Jr., 2005). The interaction of B-defensins with
CCR-6 led to migration of iDC from blood to the skin and from inflammation sites to
locai lymph nodes, with subscquent activation of memory specific T-cells. Host defence
peptides also demonstrate ability to directly and indirectly stimulate maturation of
dendritic cells, Maturation of dendritic cells usually takes place after antigen has been
taken up and identified by iDCs. Mature dendritic cells then become cffective at
antigen-processing and presenting the mDCs via expression of a chemokine receptor,
CCR-7, which enable them to migrate to regional lymph nodes and interact with naive
T-cells. Mature dendritic cells also determined the nature and conscquences of the
mteraction that causc proliferation and differentiation or delction of T-cells. Mouse
f-defensin 2 was able to directly induce maturation of DC, as demonstrated by the
upregulation of CD86, CCR-7 and the major histocompatibility complex (MHC) class 11
(Yang and Oppenheim, 2004), whilst human o-defensins indircetly stimulated
maturation of 1IDC by inducing the production of TNF-a and IL-1B (Bowdish et al.,
2005).

Furthermore, host defenee peptides are capable of inducing antigen-specific immune
responses - vivo (production of immunoglobulin 1gG) (Hancock and Diamond,
2000),(Yang and Oppenheim, 2004)(Bowdish er al., 2005). The responses were
demonstrated by simultancous intranasal administration of ovalbumin (OVA) and a
mixture of human o-defensins [-3 that enhanced production of OV A-specific serum

lgG antibody and ex vivo generation of [FNy, IL-5, IL-6 and IL-10 by OV A-specific
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CD4" T-cells. In addition, mice treated with an intraperitoneal injection of human
o-defensins -3 mixtures combined with B-cell lymphoma idiotype antigen

demonstrated an increased level of antigen-specific [gG antibodies.

In addition, host defence peptides are 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 climination of infected host cells
and therefore it decreases the potential replication or survival of viruses or intracellular
pathogens. BMAP (bovine myeloid 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

[t 1s worth examining the mode of actions of these peptides on bacterial membrane in
order to understand how the peptides inhibit microorganisms. The activity and
sclectivity of host defence peptides are based on the differences between the high
concentrations of negatively charged negative charged lipids on the surface of bacterial
and cukaryotic cells (Hancock and Diamond, 2000),(Zasloff, 2002),(Kamysz et al.,
2003),(Hancock, 2004),(Reddy et al., 2004),(McPhee and Hancock, 2005). Bacterial
membranes contain 30% of anionic lipids (phosphatidylglycerol and cardiolipin) and
70% of neutral phospholipids (phosphatidylcholine) on the membrane surface, whereas
cukaryotic membranes contain a high proportion of ncutral phospholipids
(phosphatidylcholine and sphingomyelin) and cholesterol. Furthermore, the anionic
components of cukaryotic 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 clectrical 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-membranc complex (outer and cytoplasmic). The Gram-ncgative outer

membrane consists of lipids with negatively charged phospholipid headgroups. A model
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has becn developed, which explains how the peptides interact with bacterial membrane
(Hancock, 1997),(Andrcu and Rivas, 1998),(Levy, 2000),(Zasloff, 2002),(Powers and
Hancock, 2003),(Marshall and Arenas, 2003),(Papo and Shai, 2003)(Reddy ef al,
2004),(Brogden, 2005),(Otvos Jr., 2005),(Sahl er al., 2005),(Toke, 2005). This model
describes clectrostatic interactions between the peptides and bacterial membrane as the
inttial interaction. Since the peptides has a high affinity for LPS in the outer leaflet of
Gram-negative outer membranc, these cationic peptides arc bound to LPS and replace
divalent cations, (Ca™ and Mg2+), which arc usually present on the outer membrane.
The peptides then causc membrane distortion by forming pores in the outer membrane,
thus allowing access to the cytoplasmic membranc. At this stage, the peptides can differ
into two types of mechanisms: membrane disruptive mechanisms and non-membrane
disruptive mechanisms, depending upon the peptides orientation that may lead to
perturbation of the bilayer membrane integrity or translocation of the peptides into
bactcrial cytoplasm (Kamysz er al., 2003),(Powers and Hancock, 2003),(Papo and Shai,
2003),(Brogden, 2005),(McPhee and Hancock, 2005),(Toke, 2005). Host defence
peptides are considercd membrane active, when they cause membrane disruption at the
minimum inhibitory concentration (MIC). The ability of peptides to translocate across
the cytoplasmic membrane depends on their secondary and tertiary structures, as well as

their oligomeric statc.

1.4.1 Membrane Disruptive Mechanisms

Membranc disruptive mechanism takes place when the peptides cause disintegration of
the membrancs and lead to cell death. There have been threc models developed to
describe this mechanism, known as barrcl-stave, carpet (dctergent-like) and toroidal
(wormhole) (Hancock, 2001),(Powcrs and Hancock, 2003)(Papo and  Shai,
2003)(Brogden, 2005},(Otvos Jr., 2005),(Sahl ef 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 porc (Hancock, 2001),(Powers and
Hancock, 2003),(Papo and Shai, 2003).(Reddy er al., 2004).(Brogden, 2005),(Otvos Jr.,
2005),(Sahl et al., 2005),(Toke, 2005). This formation started to take placc 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 eclectrostatic 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 lecakage of cytoplasmic components that lead to cell death.
However, this model lacks preferred stoichiometries for the pores, due to the wide
variability in conductance increascs, 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 arca 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 ez 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 arca by the disruption of the bilayer curvature, followed by leakage of cytoplasmic
components and disruption of membrane potential and cventually the disintegration of
the membranc. Some authors refer to this model as the Shai-Matsuzaki-Huang model
(Mor, 2000),(Zasloff, 2004),(Sahl ez 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 onc membranc leaflet to the other forming a doughnut-like pore
(Papo and Shai, 2003),(Brogden, 2005),(Sahl ez al., 2005),(Toke, 2005). The wall of

this corc 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 are 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, 2001),(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 micellar-aggregates 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
transmembrane membrane-spanning micellar/aggregate-like 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. It is also suggested that translocation of the peptides into the cytoplasm
takes place if the micellar-aggregates collapse. Some authors include this model as a

modification of the carpet model (Sahl er 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 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 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 refers 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 E. 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 pscudo-substrates or by binding to the

enzyme actives site, thus disturbing access of the real substrates. They could also inhibit
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cell wall synthesis and alter cytoplasmic membrane septum formation. In addition,
peptides, such as nisin and PepS, were reported to trigger autolysis, which is a
sclf-destructive mechanism based on activation of amidases that degrade the
peptidoglycan in microorganisms (Andreu and Rivas, 1998),(Brogden, 2005),(Otvos Jr.,
2005),(Sahl et al., 2005),(Toke, 2005).

Overall, non-membrane disruptive mechanisms can cause both inhibition of cell growth
(bacteriostatic) and cell death (bactericidal), whilst membrane disruptive mechanisms of
host defence peptides will lead to cell death (bactericidal). However, the cell death
causcd by non-membrane disruption is much slower (hours after exposure to host
defence peptides) than membrane disruptive mechanisms (within minutes of exposure).
Since these two mechanisms arc present, then it suggests that host defence peptides act
synergistically inside the host in killing the pathogens. In addition, it raises a possibility
of syncrgistic usage between the host defence peptides and conventional antibiotics
(Scott and Hancock, 2000),(Hancock, 2004).(Otvos Jr., 2005). The synergistic cffect,
which is based on the interaction between host defence peptides and bacterial
membrane, occurs when two different antibiotic compounds act together, resulting in
positive cooperation. Furthermore, these multifunctional modes of action indicate that
bacteria would have challenging tasks to evolve high-level resistance to these peptides,
because there will always be other targets with a higher peptide concentration

(Hancock, 2004).

1.5 Defensins

Defensins is a family of host defence peptides that are rich in cysteine residues with
amphiphilic B-sheet structures (class I). They are called defensins due to their
association with host defence scttings. They have been widely distributed in plants
(Garcia-Olmedo er al., 1998), insccts (Dimarcq ef al., 1999), avians, mammalians and
humans (Lchrer ef al., 1991),(Evans and Harmon, 1995),(Martin ef al., 1995),(Whitc et
al., 1995),(Brogden et al., 2003),(Lchrer, 2004),(Torres and Kuchel, 2004),(Ganz,
2005). The defensins structure is unique and consists of triple-stranded antiparallel
f3-sheets with a loop of B-hairpin turn and it is stabilised with three pairs of disulphide

bridges formed by six cysteine residues. The cysteine residues are highly conserved in
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the defensins family. The defensins positive charge comcs from arginine as the

predominant cationic residue.

In insects and plants defensins, the structures vary slightly with the addition of an
a-helical structure, which is linked to a B-shect by two disulfide bridges (Garcia-
Olmedo et al., 1998),(Dimarcq et al., 1999),(Torres and Kuchel, 2004). Moreover, plant
defensins contain four intramolecular disulfide bridges provided by eight cysteines
(Evans and Harmon, 1995),(Martin ef al., 1995),(Garcia-Olmedo et al., 1998),(Yang et
al., 2001). Besides defensins with antimicrobial propertics, therc arc also other peptides
with defensins-like-folding with different biological functions. These peptides werc
found in the venom of platypus, sca ancmone and rattlesnake (Zhao et al., 2001),(Gangz,
2003),(Torres and Kuchel, 2004). They are believed to be adaptations of cpithelial host

defence peptides for efficacy against larger peptides.

1.5.1 Animal and Human Defensins

Animal and human defensins can be divided into threc subfamilies: o-, B- and
O-defensins. Amongst these three, o-defensing were firstly isolated from rabbit
granulocytes (Sclsted ef al., 1984), guinea pig granulocytes (Sclsted and Harwig, 1987)
as well as trom human neutrophils (Ganz er al., 1985). The discovery of B-defensins did
not happen until the early 1990s, when Michacl Selsted’s rescarch group successfully
1isolated a pumber of -defensins from bovine neutrophils (Sclsted er af., 1993). Lastly,
the O-defensins were isolated from rhesus macaque monkey leukocytes (Tang ef al.,
1999). Currently, there are morc than 50 defensins identificd in animal and human
{Table 1.2). Thesc peptides are abundant in cells and tissue involved in host defence
against microbial infection (Evans and Harmon, 1995)(Martin ¢ al.,
1995),(Oppenheim ef al., 2003),(Levy, 2004),(Ganz, 2005). The highest concentration
of defensins was found in neutrophils and crypts of small intestines (>10mg/ml), whilst
in other epithelial cclls defensins concentration were in range of 10-100pg/ml.

Neutrophils defensins arc constantly produced from myeloid cells.

The a-defensins and B-defensins have similar tertiary structures characterised by
triple-stranded  antiparallel f-sheet (Evans and Harmon, 1993)(Martin et ol.,
[995),(Whitc er al., 1995),(Yang et al, 2001),(Lehrer and Ganz, 2002).(Boman,
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2003),(Ganz, 2005). However, between the first two defensins types, there are distinct
variations in the length of peptides and the cysteines spacing and connectivity (Table
1.2). In terms of the length of peptide segments, B-defensins is longer compared with
o-defensins, since B-defensins are composed of approximately 38-42 residues, whilst
o-defensins consist of approximately 29-35 residues. Furthermore, in a-defensins, the

cysteines are paired as 1-6, 2-4, 3-5, whereas in -defensins, 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 B-sheet dimer  3.5-4 kDa  29-35  1-6, 2-4, 3-5 hyman, rabbit, rat, guinea
pig, mouse

human, bovine, avian

turkey, ostrich, chicken,

ovine, pig and king

penguin

B-defensins P-sheet dimer  4-6 kDa  38-42 1-5,2-4,3-6

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

The 6-defensin, which has only been isolated from rhesus macaque monkey leukocytes,
is known as the rhesus theta defensin-1 (RTD-1) (Tang et al., 1999),(Lehrer and Ganz,
2002a),(Boman, 2003),(Brogden ef al., 2003),(Lehrer, 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 splicing and the cyclisation of two
ninc-amino-acid segments of a-defensin-like precursor peptides. These two amino acids
were translated gene products from two mRNA precursors, which were the products of
mutated o-defensin genes with a premature stop codon, resulting in cach precursor
containing only three cysteine residues (Lehrer and Ganz, 2002),(Ganz, 2003),(Nguyen
et al., 2003). In humans, a homologous pseudo gene to O-defensin, known as
retrocyclin-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 O-defensins adapted from (Lehrer and Ganz, 2002).

Morcover, humans have six o-defensins and four P-defensins that have been
extensively  studiecd (Ryley, 2000),(Gallo er al, 2002)(Donovan et dl,
2003)(Oppenheim et al., 2003),(Levy, 2004) (Izadpanah and Gallo, 2005). Four of the
human o-defensins (HNP-1-4) were isolated from primary granules (azurophil) of
neutrophils 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, werc isolated from intestinal
Pancth cells of small intestinal crypts and cpithelial cells of the female urogenital tract.
The human B-defensins were isolated from epithclial cells of the kidney, urogenital
tract, intestines, lung and skin. However, many additional human B-defensins genes, a
total of 28, have been identified (Gallo et afl, 2002),(Donovan and Topley,
2003),(Brogden ez al., 2003),(Lehrer, 2004). Studics by White ef af (1995) examining
structure of human o-defensins and human P-defensins revealed that HNP-1 existed as
dimers whilst human f-defensing and other animal o-defensins existed as monomer in
solutions (Figure 1.11). The dimers, rcportedly shaped as a basket, were formed from
monomers that had come into close contact along the edges of their B-hairpins to form a
local two-fold rotation axis (White ef 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 1.11 Sequence and Structure of Human Neutrophil Peptide-3 (HNP-3) and Human
B-Defensins 2 (HBD-2) seen in (Ganz, 2003).

HNP3 dimer (e-defensin)

HBD2 (- defensin)

1.5.2 Biological roles

Defensins have a very broad antimicrobial activity spectrum, including Gram-positive
and Gram-ncgative bacteria, protozoans, some fungi, yeasts and enveloped virus, such
as human immunodeficiency virus (HIV) and the herpes simplex virus (Lehrer et al.,
1991),(Martin ef al., 1995),(Yang et al., 2001),(Ganz, 2003). Under optimal conditions,
defensins  antimicrobial activity was observed at concentrations ranging from
1-10pg/ml. This activity was greatly influenced by the increasing concentration of salts,
divalent cations and plasma protcins. Hence, the activity in vivo is likely to occur only

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

In addition to the direct antimicrobial activity, defensins, in particular human defensins,
have demonstrated an ability to interact and enhance innate and adaptive immunity
(Figure 1.12) (Yang er al, 2001),(Gallo er al, 2002),(Oppenheim ef al.,
2003),(Donovan and Topley, 2003),(Lchrer, 2004),(Ganz, 2005),(Izadpanah and Gallo,
2005),(Otvos Jr., 2005). Both defensins can indirectly recruit neutrophils to the
inflammation sites, as the defensins enhance chemokine [L-8 and MCP-1 production.
This effect results in a positive feedback loop, because the accumulated neutrophils
degranulate and release more defensins and these consequently produce more IL-8 and
recruit more neutrophils to the inflammation sites. They can also promote mast cell

degranulation releasing histamine and prostaglandin D2, indicating a role in allergic
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reactions. In addition, human f-defensins are chemoattractant to T-cells and the
dendritic cells to the inflammation sites, due to the defensins binding to the chemokine
receptor (CCR6), whereas human o-defensins demonstrate a chemotactic ability to

monocytes, T-cells, naive 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 B-defensins also promote dendritic cells maturation. The defensins promote
migration of immaturc dendritic cells from inflammation sites to lymph nodes, where
maturation of 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 antigen-MHC II
complexcs. Furthermore human B-defensins are involved in stimulation of the Toll-like
receptor-4 (TLR-4) that amplifies an innate response. On the other hand, human
a-defensins are able to enhance phagocytosis by macrophage, which stimulate wound
healing and induce an antigen-specific immune response. The expression of TNF-o and
[L-1 in monocytes can also be induced by human a-defensins, which indirectly
stimulate maturation of dendritic cells, even though they are not chemoattractant to

mature dendritic cells. Furthermore, they can enhance or suppress the classical 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 B-Defensins

Avian host defence peptides arec composed of mainly B-defensins, which have been
purified and characterised from myeloid (heterophil) and non-myeloid cells
(non-heterophil). The heterophil peptides were successfully purified from chicken,
turkey and ostrich heterophils (Evans et al., 1994),(Harwig et al., 1994),(Yu et al.,
2001). The non-heterophil peptides were obtained from expressions from epithelial
-defensins of chicken and turkey (Zhao et al., 2001) and isolation from king penguin
stomach content (Thouzeau et al., 2003). There were also chicken B-defensins identified
from chicken genome (Lynn ef al., 2004),(Xiao et al., 2004). Table 1.3 shows the
alignment of the amino acid sequences of avian heterophil and non-heterophil peptides
with two bovine B-defensins isolated from ncutrophils and epithelial cells, and a
B-defensin from human epithelial cells. These B-defensins sequences are highly diverse
but they share eight conserved residues, the six-cysteines and two glycines (glycincll

and glycine”®).

Avian B-defensins are classified in the third class amongst the B-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 residucs) and short introns (less than 1.6 kbp), the second
class, containing a long prepro-sequences (68-69 residues) with more than 6.5 kbp of

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

Source Peptide Amino Acid Sequence
1 10 20 30 40

Chicken CHP-1" GRKSDCFRKS GFCAFLKCPS LTLISGKCSR FYL-CCKRIR

CHP-2" GRKSDCFRKN GFCAFLKCPY LTLISGLCSX FHL-CC

GAT-1° GRKSDCFRKS GFCAFLKCPS LTLISGKCSR FYL-CCKRIW

Gal-1a” GRKSDCFRKN GFCAFLKCPY LTLISGKCSR FHL-CCKRIW

Gal=3"® ---LFC--KG GSCHFGGCPS HLIKVGSCFG FRS-CCKWPW NA
Ostrich 0sp-1°- ---LFC--RK GTCHFGGCPA HLVKVGSCFG FRA-CCKWPW DV
Turkey THP-1" GKREKCLRRN GFCAFLKCPT LSVISGTCSR FQV-CC

THP- 2" ---LFC--KR GTCHFGRCPS HLIKVGSCFG FRS-CCKWPW DA

THP-3" ---LSC--KR GTCHFGRCPS HLIK-GSCSG G
Chicken Gal—3O GTATQCRIRG GFCRVGSCRF PHIAIGKCA- TFISCCGRAY
Turkey GPV~1O GTPIQCRIRG GFCRFGSCRF PHIAIAKCA- TFIPCCGSIW
King Sphe‘lA -SFGLCRLRR GFCAHGRCRF PSIPIGRCS- RFVQCCRRVW
Penguin Sphe-2* -SFGLCRLRR GFCARGRCRF PSIPIGRCS- RFVQCCRRVW
Bovine TAap* -NPVSCVRNK GICVPIRCPG SMKQIGTCVG RAVKCCRKK

BNBD-1° -DFASCHTNG GICLPNRCPG HMIQIGICFR PRVKCCRSW
Human HBD-1* -DHYNCVSSG GQCLYSACPI FTKIQGTCYR GKAKCCK
Consensus = ----- GE (el e G=Coznmmm= EErmmmmimm

These B-defensins were isolated from heterophils (D), epithelial (0), stomach content (A) of
avian species as well as human epithelial peptide (A), bovine tracheal peptide (A) and
bovine neutrophil peptide (). The consensus is found in all the sequences except in

GPV-1, where glycine® is replaced with alanine® (blue highlighted).

1.6.1 Avian Heterophil -Defensins

Avian heterophil peptides include: two chicken heterophil peptides (CHP-1 and CHP-2
(Evans et al., 1994)); three gallinacins from chicken (Gal-1, Gal-1a and Gal-2 (Harwig
et al., 1994)); three turkey heterophil peptide (THP-1, THP-2 and THP-3 (Evans ef al.,
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1994)); and ostricacin from ostrich (Osp-1 (Yu et al., 2001)). These B-defensins are rich
in arginine, lysine and cysteines. The molecular weight of Gal-1, -1a, -2, and Osp-1, as
determined with electrospray ionisation mass spectrometry (ESI-MS), are 4582, 4505,
3915.58 and 4011.55 Da respectively (Evans ef al., 1994),(Harwig ef al., 1994),(Yu et

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

Based on amino acid sequences, the avian heterophils B-defensins 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 are THP-1, CHP-1, CHP-2, Gal-1 and Gal-1a, 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 are the eight conserved residues
with the addition of a prolinc'g. In addition, the second sub-class is characterised by
three missing amino acids at the N-terminus followed by the leu-phe/leu-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 cysteine, instead of six residues,

as in the first sub-class.

Analysis of the peptides in the first sub-classes showed that there are inter-molecular
similarities that can be observed between two prepro-peptides of gallinacins (Gal-1 and
2) and two THPs (THP-1 and 2). Thesc similaritics were demonstrated in a study
examining the amplification of chicken and turkey antimicrobial peptides cDNA from
their respective bone marrow (Brockus ez al., 1998). The cDNA of these B-defensins
was comprised of 409-494 nucleic acid residues that translated into peptides with 64-65
amino acid residues. The prepro-peptides of Gal-1 and THP-1 contained 65 amino acids
with 85% similarity, whereas Gal-2 and THP-2 prepro-peptides contained 64 amino
acids with 93.2% similarity. Furthermore, the B-defensins cDNA sequence composition
demonstrated more similarity to the bovine TAP and LAP, than the other mammalian

classical defensins.

In addition, the study concluded that there were similarities between Gal-1 and CHP-1,
as well as between Gal-1a 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-t, ended with
glycine at the C-terminus, instead of it being argininc or tryptophan residues as shown
in Table 1.3. Apart from this variation at thc C-terminus, both scquences were almost
homologous. The other two peptides, Gal-la and CHP-2, also showed striking
similaritics with differentiations were in the lengths and the two residucs. Gal-la
showed four more residucs on the C-terminus than CHP-2 and the two residucs
variation were Lys?/Leu®’ and Arg*’/undetermined. Therefore, Brockus er al. (1998)
conciuded that these chicken peptides were identicat and called themGall/CHPI and
Gallo/CHP2, respectively. Gall/CHP1 and Gallow/CHP2 werc almost identical with
variation in only three positions, Ser'%Asn'”, Ser/Tyr*® and Tym‘"’zz’His?'2 (Harwig et al.,

1994).

1.6.2 Avian Non-Heterophil (-Defensins

The two cpithclial f-dcfensins, known as gallinacin-3 (Gal-3) and gallopavin-]
(GPV-1), were cxpressed from the trachcal of chicken and turkey, respectively (Zhao er
al., 2001). Both peptides were comprised of 39 amino acid residucs. The cxpression of
Gal-3 in trachca was significantly affected by Haemophilus paragallinarum.
Comparison of cDNA, amplified from the bonc marrow, between the two peptides
showed 91% similarity. Mcanwhilc, comparcd with the avian heterophils peptides, these
cpithelial peptides shared more identical residucs with the first sub-ciass. The mature
cpithelial peptide of Gai-3 showed the same number of residues as Gall/CHP1 and
Galio/CHP2 but only thirtcen identical residucs were shared between them, whereas
maturc GPV-1 showed longer amino acids than THP-! and shared twelve identical
residues. Gal-3 ¢DNA, in contrast, showed approximately 75% overall identity te the
Gall/CHP1 and Galla/CHP2 cDNA, which was most marked i their signal sequence
and 3’untranslated rcgions. Likcwisc, the comparison of GPV-1 and THP-1 ¢cDNA
appcarcd 83% identical mostly at the signal scquence and 3’untranslated regions. Zhao
et al (2001) also found that Gall/CHP!, Galle/CHP2 and Gal-2 wcre cxpressed
strongly in hecalthy bonc marrow and in lungs, whercas Gal-3 was cxpressed in
non-mycloid cclls, including a strong cxpression in tongue, Bursa of Fabricius, trachea,
modcrate cxpression in skin, ocsophagus and air sacs and weak cxpression in the large

intestine, kidney, ovary and bone marrow.
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Recently, thirteen B-defensins gene encoding for gallinacins-1-13 were identified in the
chicken genome, when defensins sequences from plant, invertebrates and vertebrates
were used to search GenBank using a TBLASTN program (Xiao et al., 2004). Three of
these B-defensins (Gal-1-3) had been previously known (Harwig et al., 1994),(Zhao et
al., 2001), whilst nine gallinacins (Gal-4-12) were newly discovered in the expressed
sequence tag (EST) database. The gallinacins-13 was retricved 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 leucine 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-11 contained two tandem copies of the six-cysteine motif at the
C-terminus. Tissue expression of these gallinacins revealed that Gal-1-7 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 scarch and a hidden Markov model (HMM) resulted
in the identification of seven B-defensins, 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 ef al.(2004) also identified a gene encoding
for a cathelicidin, which has not been discovered in any other avian species, and a
liver-expressed antimicrobial peptide-2 (LEAP-2), which characteristic was not
described.

In addition to the chicken and turkey B-defensins, spheniscins-1 and 2 (Sphe-1 and 2)
arc the most recent B-defensins isolated from stomach contents of a different bird
species, king penguins (Thouzeau et al., 2003),(Landon ef al., 2004). The successful
isolation was followed with an investigation into the solution structure of Sphe-2
(Landon et al., 2004). Thesc 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, arec compriscd of 38 amino acid rcsiducs with molccular
weights of 4482 4 and 4501.4 Da, respectively, The small diffcrences in molecular
weight were associated with the differcncecs of histidine/arginine residuc at position 14.
This differentiation on the isoforms was thought to be duc to gene polymorphism.
Sphe-2 structure, which was successfully determined using two dimensional NMR and
molccular modelling techniques, appeared to be a triplc stranded antiparaliel [-sheet,

stabiliscd by three disulfide bridges with a typical B-defensins pairing in solution.

Comparcd to other avian pB-defensins, spheniscins arc more positively charged, with a
nct charge of +10 (Thouzcau ¢z af., 2003),(Landon ¢t af., 2004). The positive charge of
Gall/CHPI, Gal-2, THP-1 and THP-2 arc +8, +6, +7, and +7, respectively (Brockus ef
al., 1998). Morcover, the structure of Sphe-2 showed a hydrophobicity patch that was
not preserved in other avian and mammalian B-defensins. When spheniscins sequences
were comparcd with other avian B-defensins, they shared more similaritics to the avian
cpithclial B-defensins, thaa the avian hetcrophil f-defensins. The spheniscins retained
50% similarity to the chicken Gal-3 and 47% similarity to the turkey GPV-1, whilst the
pereentage simiarity to Gall/CHPY, Galla/CHP2, THP-1 and THP-2 was only 37-
39%. Comparison of spheniscins to Gal-2 showed the lcast similarity at 33%. On the
contrary, spheniscins shared several residues with the avian B-defensins, including a
basic residue (Arg’ or Lys’), a hydrophobic residue (Ile*', Leu® and Val™), glycinc%,

40

phenylalanine™, two hydrophobic residues (Vai* and Trp™) at the C terminus and the

seven conserved residucs,

1.6.3 Antimicrobial Activity of Avian f-Defensins

Most -defensing have shown antimicrobial activity against a wide range of pathogens
including bacteria and fungi. Avian B-defensms play a more important role in the innate
defence system, because of the avian heterophil lack of oxidative mechanisms (Topp
and Carlson, 1972),(Montal, 1988). An oxidativc mechanism consists of superoxide
ion, hydrogen peroxide and mycloperoxidase, whilst a non-oxidative mechanism
consists of a few cnzymes, cationic proteins and peptides. Even though they lack
oxidative mechanisms, studics examining chicken and turkcy heterophils have shown
microbicidal activity, indicating that lysozymes and the cationic proteins/peptides

would be thc main mechanisms (Brunc ef af, 1972),(Brunc and Spitznagel,
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1973),(Harmon et al., 1992),(Evans ef al., 1994),(Harmon, 1998). Since these cationic
peptides may be the primary mechanism for avian heterophil antimicrobial activity, a
varicty of peptides present in heterophils, together with the bactericidal activity of

lysozymes and other proteins, would define the activity spectrum of heterophils.

Previous rescarch work undertaken by Brune es al showed the ability of chicken
heterophils to inhibit growth of Escherichia coli, Staphylococcus albus, Candida
albicans and Serratia marcescens (Brune et al., 1972),(Brune and Spitznagel, 1973). At
lcast three cationic proteins or peptides from the heterophil granule extracts were
reported, but none of them were isolated and characterised. Recent research works into
avian P-defensins showed antimicrobial activity against a number of microorganisms
(Table 1.4). For comparative purposes, the activity bovine ncutrophil B-defensins

(BNBD-1) and rabbit ncutrophil peptide (NP-1) are included.

Table 1.4 Antimicrobial activity of avian B-defensins.

Peptide Spectrum of Activity

Gal-1
Candida albicans, Escherichia coli and Listeria monocytogenes
Gal-la
Gal-2 Escherichia coli and Listeria monocytogenes
CHP-1 Candida albicans, Escherichia coli, Bordetella avium,
CHP-2 Salmonella enteritidis, Salmonella typhimurium,
THP-1 Campylobacter jejuni and Mycoplasma gallisepticum
THP-2 Staphylococcus aureus
THP-3 Candida albicans, Salmonella enteriditis and Campylobacter jejuni
Osp-1 Escherichia coli and Staphylococcus aureus
Sphe-2 Bacillus subtilis, Escherichia coli, Staphylococcus aureus and Aspergillus
P fumigatus

BNDBD-1  Escherichia coli and Staphylococcus aureus

NP-1 Escherichia coli and Staphylococcus aureus

The majority of avian heterophil B-defensins have antimicrobial activity against
Gram-positive bacteria, e.g. Staphylococcus aureus, and Gram-negative bacteria, ¢.g.
Escherichia coli. Only some peptides (Gall/CHP1, Gallo/CHP2, THP-1 and THP-3)

have demonstrated antimicrobial activity against Candida albicans (Harwig et al.,
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1994),(Evans et al., 1995). These antimicrobial activitics were determined in conditions
of low ionic strength and low concentrations of interfering substances. In contrast to the
avian heterophil, synthetic spheniscin-2 showed antimicrobial activity against a wider
range of microorganisms (Thouzeau et al,, 2003),(Landon er al, 2004). It showed
bactericidal against all Gram-positive bacteria  tested, except  Staphviococcus
saprophyticus, but mainly showed bacteriostatic against Gram-ncgative bacteria tested,
apart from Escherichia coli 1106 and Vibrio metsnikovii, for which Sphe-2 was
bactericidal. Spheniscin-2 also showed an inhibition of Aspergillus fumigatus
sporulation, bat it did not show activity against Candida sp. The synthetic Sphe-2 also
appearcd to retain antumicrobial activity at low pH and high salt concentration, which
was the condition of the king penguin’s stomach contents. The differences between
Sphe-2 antimicrobial activity and the other avian f-defensins were believed to be duc to
the structural properties of the peptides. As described carlier, Sphe-2 is morc cationic

and contains a hydrophobic patch that was not preserved in other B-defensins.

1.6.4  Purification and Characterisation Techniques of Avian Heterophil

P-Defensins

Purification of host defence peptides from blood involves a number of steps. The first
step 1s the extraction of the peptides from the heterophil blood and this is followed with
a scrics of purification steps to isolate individual peptides. The isolated peptides are
then tested for antimicrobial activity. Once confirmed to be antimicrobial, the scquence

and structures of the peptide can be determined.

There have only been three different publications showing a successful isolation of
B-defensins from avian heterophils (Evans er al., 1994),(Harwig et al., 1994),(Yu et al.,
2001). The publication by Yu ef 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 stcp was followed by subscquent centrifugation in order to
collect the desired materials. The first step was usually the separation of red blood cells
from the plasma using centrifugation, which was then followed by the disruption of red

blood cclls 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
resuspend the white blood cells, including a 0.05M sodium phosphate buffer containing
2mM EDTA, 10uM leupeptin and 10uM pepstatin (Evans et al., 1994), a PBSX buffer
containing 137mM NaCl, 2.7mM KCI, 0.5mM MgCl,, 8.1mM Na,HPO4 and 1.5mM
KH,PO4 (Anderson and Yu., 2003).

The next step was the disruption of white blood cells. The most common methods of
disruption of heterophils are 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., 2001), ovine neutrophils (Anderson
and Yu., 2003), rabbit ncutrophils (later experiments) (Sclsted er al., 1984).
Homogenisation was reported in the disruption of chicken heterophils (Harwig et al.,
1994), pig neutrophil (Selsted and Harwig, 1987) and rabbit neutrophils (Selsted ez al.,
1984). In bovine neutrophils, the disruption was carried out using nitrogen cavitation in
a Parr bomb (Seclsted ef al., 1993). Once the granules were scparated, the peptides could
be extracted using acid extraction. The most common acid used is acetic acid (Selsted
and Harwig, 1987),(Selsted ef 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 usc of gel filtration was also reported in the purification of
B-defensins from bovine neutrophils (Selsted ez al., 1993). The eluant used in all gel
filtration was 5% (v/v) acctic 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 lincar gradient
containing a mixture of water, acctonitrile and 0.1% trifluoroacetic acid (TFA),
followed the gel filtration step in order to isolate the individual peptides. The use of
RP-HPLC has been reported in virtually every modern study involving peptides
isolation and purifications (Shaw, 1994),(Selsted, 1997). This technology has also been
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used to purify host defence peptides from animal granulocytes (Selsted and Harwig,
1987),(Selsted ez al., 1993),(Evans et al., 1994)(Harwig ef al, 1994)(Yu e/ al.,
2001),(Anderson and Yu., 2003).

A technique uscd to test the antimicrobial activity of the avian peptides is the radial
diffusion plate assay method, which was developed by Dr Lehrer’s rescarch group
(Lehrer er al., 1991)(Steinberg and Lebrer, 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 cxtract and the fractions of gel chromatography and RP-HPLC as
well as to determine the minimum inhibitory concentration (MIC) of the peptides
(Evans er al., 1994),(Harwig et al., 1994),(Yu et o/, 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 diamcter of the clearing sizes are
plotted agamst a log of the peptide concentration. A straight line is then fitted and from

the cquation of the line the x-intercept is calculated as the MIC.

Once the antimicrobial propertics of the peptide had been purificd, the structures were
determined. In the avian B-defensins, 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 et al, 1994),(Yu et al., 2001),
(Thouzeau er al., 2003). Only the structure of spheniscin-2 has been determined, the
other avian f3-defensins structurce has not been predicted but, from the amino acid
sequence, they arc known to retain the triple antiparalicl B-sheets structure (Landon ef

al., 2004).

1.7 Evolutionary of (3-Defensins

The (-defensins are translated from genes containing two cxons: exon-1 encodes the

signal peptide and cxon-2 cncodes the propicce and mature defensin domain. Even
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though, B-defensins were found widely in almost all vertebrates, only the signal
sequence 1s highly conserved; the propicce sequences and mature peptides sequences
tend to be widely diverse, apart from the cysteines framework. The extensive variations
arc believed to be due to a positive sclection on the short length of B-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 B-defensin genes showed that following gene
duplication, exon-1 and surrounding non-coding DNA had little divergence within
subfamilics, whilst exon-2 had substantial variation with a ratio dn/ds greater than 1,
indicating the positive Darwinian sclection (Maxwell er al., 2003). This positive
sclection was also shown in the avian -defensins (Brockus et al., 1998),(Zhao et al.,

2001),(Lynn et al., 2004).

The broad distribution of B-defensins across vertebrates species, whilst the other two
types of defensin were restricted to mammalian, indicated a possibility that the
B-defensins were the oldest defensin subfamily (Hughes, 1999),(Zhao et al.,
2001),(Lehrer and Ganz, 2002),(Nguyen et al., 2003). A phylogenetic tree diagram
(Figure 1.13), generated by using the Clustal X program, showed the clustering of avian
-defensins with selected mammalian B-defensins. The phylogenetic tree agrees with
the classification proposed by Zhang er al. (1998) with a modification in the avian
B-defensins 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., 1996),(Kumar and Hedged, 1998), the clustering of avian and
mammalian f3-defensins indicated that the -defensins gene must have existed before
the last common ancestor of birds and mammals (Zhao ef al., 2001). This evidence is
strongly supported with the purification of Osp-1 from ostrich, a group of ratite families
that belongs to Palacognathiformes, the oldest order of living birds. It has been reported
that the divergence within ratites was not carlier than 90 million years ago, due to the
break up of super-continent Gondwana around 150 million years ago (Cooper et al.,
1992),(van Tuinen et al., 1998). Therefore, B-defensin genes would have been around

for at least 90 million years.
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Figure 1.13 Evolutionary tree of existing B-defeasins.

HBD-2
— Bovine BNBD-1 Class 1 p-Defensins

_E Bovine TAP
Porcine BD-1

—MBD-1

Class 2 p-Defensins

——HBD-1

—— THP-1

{Gal~1/CHP-T
Gal-1a/CHP-2

Sohet Class 3 B-Defensins
_E hes (Sub-class 1)
Sphe-2
_£Gal-3
GPV-1
e 50- 1
Galo Class 3 -Defensins
—[ (Sub-class 2)
THP-2

This evolutionary tree was constructed from alignment of chicken gallinacins
(Gal-1-3/CHP-1-2), turkey heterophil peptides (THP-1-2) and epithelial peptide (GPV-1),
ostrich peptide (Osp-1), king penguin spheniscins (Sphe-1-2), human [-defensins
(HBD-1-2), mouse B-defensin (MBD-1), porcine B-defensin (BD-1) and bovine B-defensins
(BNBD-1 and TAP).

The second evidence, showing that B-defensing are the oldest defensin subfamily, was
provided when striking similarities between vertcbrate B-defensins and several peptide
of animal venoms were drawn (Zhao et al, 2001),(Lchrer and Ganz, 2002),(Ganz,
2003),(Nguyen ef al., 2003),(Torres et al., 2004). These venoms that retain B-defensins
motifs were crotamine from South Amecrican rattlesnake, anthopleurins, BDS and Sh]
from sca ancmones, and four defensins-like-peptides (DLPs) from male duck-billed
platypus venom. The DLPs and the crotamine showed conserved sequences with Gal-3,
GPV-1 and human B-detensins-3. The similaritics were also shown by platypus DLPs,
which were tertiary structures resembling bovine neutrophil B-defensins-1 (BNBD-1).
Furthermore, DLPs and Sh) contained a short N-terminal helix that resembled a-helical
scgments in human f-defensins-1 and 2. Modern mammals are descended from reptiles

(therapsids), 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 B-defensin-like gene. The difference in function was
belicved to be due to adaptation of cpithelial host defence peptides for efficacy against

larger predators.

In addition, comparison between o-defensins, B-defensins and insect defensins, based
on the proportion of amino acid differences, showed that -defensins were more closely
related to the insect defensins, than to the mammalian o-defensins (Hughes, 1999).
Between a- and B-defensins, five of the six-cysteine residues were the only conserved
amino acid residues, whereas [-defensins and insect defensins conserved all
six-cysteine residues. Within a- and B-defensins, positive Darwinian selection was
displayed, when the rate of dy exceeded the rate of ds in the region of the gene encoding
the mature defensins. Overall, the three defensins were distantly related as they shared
common similaritics only in the cysteine residucs, suggesting that they evolved a similar
convergent structure from gene duplication. Furthermore, this study, demonstrated that
o-defensins had repeatedly duplicated after the divergence of these species, as a
phylogenctic trec showed that a-defensins formed species-specices clusters. Mammalian
a-defensins also showed a unique coordinated evolution, such that the charge changes
in the propiceces 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 o-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),(Kucs 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

naturc of host defence peptides appeared to be the answer to the problem, because their
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mode of action focuses on the permeabilisation of microbial membranes and interaction
with microbial cytoplasmic targets, instead of specific microbial targets, which is the
modc of action of most conveational antibiotics. Since the microbial membrane
composition s similar between specics and strains, the microorganisms are less likely to
develop resistance agamst 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 are effective to treat bacterial infection and enhance
immune responses. However, these peptides are 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 pharmaccutical
companics withdrew from the field of antibiotic rescarch and development. Several host
defence peptides have been developed in small biotechnology companies. Thesc
developments are mostly to commercialise the work of their lcading rescarcher. Some
of thesc peptides arc currently undergoing laboratory testing but few have reached
clinical trials. In the following section, the small biotechnology companics arc outlined

together with their leading products and clinical trials results.

The first company, Demegen Inc., is bascd in Pittsburgh, USA and it has two leading
products, DemcgelTM and Histawash™ or Histagc[TM (Reddy er al., 2004),(Hancock,
2000).(Falla and Zhang, 2004){McPhec and Hancock, 2005). DemcgclTM is a gel
formulation used as a wound-healing product for infected burns and wounds that has
been developed from a 22-residuc-a-helical 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 are developed from P-113, a
12-residue portion of histatins, which are compounds found naturally in human saliva.
Histage!™ and Histawash™, were developed from an L form of the peptide that has a
poient activity against Candida sp. and they arc used as mouth rinse formulation for the
treatment and prevention of gingivitts. 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 tung infections in chronic CF patients. Demegel © and
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Histawash"™ have undergone phasc II clinical studies whereas the P-113D have just

started preclinical studies.

The second company, Genacra Corporation located in Plymouth, USA, is the owner of
Magainin Pharmaceuticals’ peptide development programs, which was founded to
commercialisc host defence peptides discovered by Michael Zasloff (Zasloff,
2002),(Falla and Zhang, 2004),(McPhee and Hancock, 2005),(Zhang and Falla, 2006).
The leading product of Genaera is pexiganan, 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),(McPhee 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 analoguc of the porcine leukocyte peptide
protegrin-1. [seganan 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 propertics, iseganan 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
(VAP). Phase I and II clinical trials showed promising results in treating P. aeruginosa
infections, but in the phase III trials, higher rates of VAP and mortality in patients

receiving iseganan caused the premature halting of the trial.

The next two companies, Migenix Inc. and Inimex Pharmaccutical 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),(Kues and Niemann, 2004),(Reddy et al.,
2004),(McPhee and Hancock, 2005),(Zhang & Falla, 2006). Migenix Inc., formerly
known as Micrologix Biotech Inc., developed MBI-226 and MBI-594AN, products

derived from indolicidin. MBI-226 is a topical antibiotic formulation to prevent sepsis

43



Chapter I - Literature Review

shock through reduction in central venous catheter (CVC) contamination. Colonisation
of CVC by bacteria, which lead to sepsis shock of patients, is a growing problem in the
USA. Phasc 1l clinical trials of MBI-226 did not show a statistically significant drop in
the rate of infection but it showed a significant decrease of the CVC colonisation. With
thesc promising results, Migenix Inc. is collaborating with Cadence Pharmaceutical to
carry out a phase illb clinical trial. The other product, MBI-594AN s also a topical
drug used for acute acnc trcatment. A phasc Ilb clinical trial of MBI-594AN showed
significant reduction of inflammatory acnc with alcohol-based product containing 2.5%
of MBI-394AN, indicating a futurc FDA application if it can pass the phasc Il clinical
trial. The second company, Intmex Pharmaceutical Inc., focuses on development of
peptides that are antimicrobial and that can boost host innate immunity. IMXC001, a
short pcptide 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 nutraceuticals (Anderson er af., 2004). Pharmaceutical products,
which arc high value and highly pure, requirc complete clinical trials, whereas
nutraccuticals are lower valuc 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 Aspergilius fumigatus. Even
though not yet proven, avian peptides arc believed to possess immunc-cnhhancing
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 industrics. 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, sorc 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 onc 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 belicved 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 defensins, which have been isolated
from vertebrates, insects and plants. Vertebrate defensins exist in three different forms:
o-, B-, and O-defensins, of which only B-defensins have been found in mammalians,
birds and humans, whereas the other two defensins are restricted to mammalians and
humans. Vertebrate B-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 [-defensins that contain short prepro-sequences (63-64

residues) and short introns (less than 1.6 kbp), the second class is B-defensins that
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contain a long prepro-sequences (68-69 residues) with more than 6.5 kbp of introns and

the third class is avian 3-dcfensins,

The avian granulocytes lack peroxidases and alkaline phosphatases (Topp and Carlson,
1972),(Montali, 1988)}. As part of thc non-oxidative mechanisms of the avian blood, the
avian [-defensins arce belicved to play significant roles in avian immunity, Avian host
dcfence peptides have been isolated from heterophils of chicken (gallinacin-1-2), turkey
(THP-1 -3), ostrich (Osp-1), cpithclial of chicken (gallinacins-3), turkey (gallopavin-1)
and the stomach content of king penguins (spheniscin-1-2). The avian $-defensins have
been extracted with acid extractions and purified using a combination of ion-cxchange
chromatography, gel filtration and RP-HPLC, Furthermorc, there are gallinacins that
have been identified from the chicken genome sequences. An cvolutionary analysis
showed that the avian fB-defensins was rclated to mammalian B-defensins, suggesting

that they might have originated from a common ancestral gene.

In addition, the litcraturc review discussed the growing problems of antibiotic resistance
that require devclopments of new classes of antimicrobial agents. In terms of
application, the host defence peptides have been reported to undergo rapid
devciopments in therapeutic industrics. These developments have been bascd on
investigations carricd out by leading rescarchers. Some of the host defence peptides
have undergone a phase 111 clinical trials but these peptides arc limited by their low
sfficacy and safety. The potential application of ostrich host defence peptides from
ostrich blood 1s considered to be cssential in the development of novel nutraccutical

products and pharmaccutical 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:

117

To extract and purify host defence peptides from ostrich heterophils. The literature
review indicated that avian heterophils contained several B-defensins. Therefore, it
is believed that ostrich host defence peptides from heterophils will be mainly

comprised of B-defensins.

To investigate the cffect of different environmental factors, such as salts, cationic
ions and temperatures, on the potency of ostrich host defence peptides. The
presences of salt, cationic ions and temperatures are known to affect the activity of

B-defensins.

To determine the mode of action of an ostrich host defence peptide by using one of
the purified peptides. The mode of action of avian B-defensins is important to show
how the peptides inhibit microorganisms. Since no studies of avian B-defensins have
shown the mode of action, ostrich B-defensins would be compared with a human

a-defensin and a sheep cathelicidin.
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Chapter 2 — Materials and Methods

Chapter 2
Materials and Methods

2.1 Materials, Chemicals and Media

1)

2)

3)

4)

Fresh Blood

The main material was ostrich fresh blood that was obtained from Lamb/Venison

Meat Packers Feilding Limited, Feilding, New Zealand.
Microorganisms

There were three types of organisms used commonly for antimicrobial activity tests
with radial diffusion plate assay: Escherichia coli O157:H7, Staphylococcus aureus
10S6MRSA (methicillin resistant Staphylococcus aureus) and Candida albicans
3153A. Each microorganism represents Gram-negative bacteria, Gram-positive
bacteria and yeast, respectively. The E. coli was obtained from Communicable
Discasc Center, New Zealand, the S. aurues was obtained from Institute of Food
Nutrition and Human Health, Massey University, New Zealand and the C. albicans
was obtained from Institute of Molecular Biosciences, Massey University, New
Zcaland. These three types of microorganisms were expected to give an indication
of the ostrich host defence peptides spectrum of activity. There were also other
Escherichia coli strains used for a particular assay, which will be described in their

respective sections.
Sodium Phosphate Buffer 100mM

A sodium phosphate buffer 100 mM (pH 7.4) was made by mixing a monobasic
sodium phosphate and a dibasic sodium phosphate solution (Steinberg and Lehrer,
1997). The monobasic sodium phosphate solution was made by diluting 15.6 g of
NaH,P04.2H,0 in 1 litre of water. The dibasic sodium phosphate solution was made

by diluting 26.8 g of Na;HPO,.7H,0 in 1 litre of water.
Underlay Agar

This agar was made by mixing 100 ml sodium phosphate buffer, 10 ml of TSB
(Trypticase'™ Soy Broth; Difco 0370-17-3, Sparks, MD, USA) and 10 g of Ultra
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6)
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Pure™ agarose (Invitrogen 15510-019, Carlsbad, CA, USA) (Steinberg and Lehrer,
1997). Dcionised distilled water was added to bring the volume to 1 litre. The
mixturc was heated until the agarose dissolved and then 40 ml of aliquots was
dispensed into 125 mi Durham bottles. Each bottle was sterilised and stored at room
temperature. This agar contained a limitecd amount of nutrients and it was used for
pathogens inoculations. The agar was liquefied and placed in a waterbath sct at 50°C

before use.
Overlay Agar

This agar was madc by mixing 60 g of TSB and 10 g of agarose in 1 litre of
deionised distilled water (Steinberg and Lehrer, 1997). The mixture solution was
boiied 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 morce TSB than the underlay agar, which are the nutrients used

for growing the pathogens. The agar was liquefied and placed in a waterbath sct at

50°C before use.
Synthesised Antimicrobial Peptide

There were two synthesised antimicrobial peptides: sheep myeloid antimicrobial
peptides-29 (SMAP-29) and human neutrophil peptide-1 (HNP-1). SMAP-29 is a
cathelicidin, an alpha-helical peptide that has 29 amino acid residues and a
molccular weight of approximately 3179.99 Da (Mahoney e 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-shect
peptide and belongs to a a-defensin family, which has a molecular weight of
approximately 3439.51 Da (Ganz et af., 1985),(Sclsted er al., 1985). This peptide
was purchascd from Peptide International Inc., Louisville, KY, USA. The amino

acid sequences of SMAP-29 and HNP-1 arc as follows:

e SMAP-29 NH; -RGLRRLGRKIAHGVKKYGPTVLRIIRIAG

» HNP-I NH;-ACYCRIPACIAGERRYGTCIYQGRLWAFCC
10X Binding Buffer for DNA Ge! Electrophoresis

This butfer contains the following: 100 mM of Tris, 200 mM of KCI, 10 mM of
EDTA, 10 mM of DTT 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 albumin (BSA, Sigma-Aldrich A-7030, St. Louis, MO, USA) was
added last, through a filter-sterilised syringe (Minisart 0.45 pum, Sartorius 16555 K,

Hannover, Germany) to the final concentration of 500 pg/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 B-defensins (Selsted er 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 solid contaminants. An aqueous
ammonium chloride 0.83% (w/v) concentration was mixed with the blood in 1:1 ratio to
lyse the red blood cells. 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 MgCl, and 8.1 mM of Na,HPO4,
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 S minutes to disrupt the heterophils
and to releasc the granules. These granules were collected with centrifugation (Sorvall
SS-34 rotor, 27,000 g for 40 min, 4°C; Thermo Electron Corp., Waltham, MA, USA)
and redissolved in 10% acctic acid. The solution was stained with the Diff-Quick
staining kit in order to check the white blood cells. If the white blood cells 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 scparated from the heterophil granules with centrifugation (Sorvall SS-34
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rotor, 27,000 g for 20 min, 4°C). Rota-cvaporation (Buchi Rotavapor R110, Biichi
Labortcchnik AG, Flawil, Switzerland), with bath temperaturce sct to approximatcly
37°C, was used to remove some acetic acid. The remaining acetic acid was removed
with frecze-drying (Virtis frceze dryer model 10-020, Virtis, Gardiner, NY, USA).
Finally, the cxtracted pellets were resuspended m 0.01% acctic acid. This solution,

referred to the crude extract, would be used in the purification process.

2.2.2 Cation-exchange Chromaltography

Cation exchange chromatography was used as the first purification step. The column
was packed with Macro-Prep® CM, a wcak cation cxchange support, (Bio-Rad
136-0070, Hercules, CA, USA). After the crude cxtract was loaded into the column, the
anionic components were cluted from the column using degassed 25 mM ammonium
acctate solution. The bound cationic peptides were washed out with degassed 10%
acctic acid. Both solutions were run at a flow ratc of 20 mi‘/hr using a peristaltic pump
{Amcrsham Bioscicnees Peristaltic Pump P-1, Castle Hill, NSW, Australia). A fraction
collector (LKB Ultrorac fraction colicctor 7000, Bromma, Swcden) was used to collect
the cluant in 10-minute fractions. A UV dctector (LKB 2138 UVICORD S, Bromma,
Sweden) and a chart recorder (Sckonic SS-250F recorder, Tokyo, Japan) were used to
measure and record the absorbance over the time of the cluant. The chart recorder was
sct to a sensitivity of 0.1 and 30 mm/hr such that 5 mm on the chromatograph matched
to onc fraction. The fractions containing the antonic and cationic compounds from the
column were collected scparately in two containers. The 25 mM ammonium acctatc
buffer and the 10% acctic acid were removed using rota-cvaporation and frecze-drying.
Each fraction was then redissolved using 0.01% acctic acid. They were tested for
antimicrobial activity (Chaptcr 2, Scetion 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 scparated into purificd peptides using an
analytical HPLC column; model Jupiter 4)1 Protco 90A, 250 mm x 4.6 mm, 4 micron

(Phcnomenex O0G-4396-EQ, Torrance, CA, USA). The column was injected with 50
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ul of the cationic fractions. The peptides were separated using gradient differences of
two acctonitrile buffers: Buffer A contained 5% acetonitrile and 0.1% trifluoroacetic
acid (TFA) and Buffer B contained 95% acetonitrile and 0.1% TFA. Elution of the
antimicrobial peptides was carried out at | ml/min flow rate and monitored using a UV
detector with wavelengths of 230 nm and 215 nm. Each purified peptide was collected
in scparate Eppendorf tubes, placed in a vacuum oven for onc hour at 40°C and
freeze-dried. They were tested for 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, University 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 pl, from 50
ul total volume HPLC fractions) and matrix (0.5 pl of 10 mg/ml
a-cyano-4-hydroxycinnamic acid in 0.1% TFA, 60% acctronitrile) directly on a
stainless steel slide. This solution was left to dry at room temperaturc. Mass data were
collected at near threshold laser fluences in the positive ion mode, with a linear
instrument (Finnigan Lasermat 2000, Thermo Bioanalysis, Hemel Hempstead, UK). For
clectrospray ionisation (ESI), the sample (diluted 1:1 from previous dilution in 50%
McCN) was directly infused at 3 pl/min into the Finnigan LCQ Deca Mass
Spectrometer, using the Electrospray lonisation Probe (Thermo Electron Corp.,
Waltham, MA, USA). Spray voltage was sct to 5 kV and sheath gas (N,) was set to
approximately 33 units with capillary 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 carricd 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 scrics of scans and these were averaged

to producc the spectrum obscrved. Automated Edman peptide sequencing was
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completed on a glass fibre disk wsing 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 werc grown in TSB until they reached mid-log
phase, which took approximately four hours. Each log culture was then diluted 10-fold
and mixed with the underlay agar, poured into scparate petri dishes and allowed 1o set.
A number of wells were made in the agar to allow 5 pl 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 ncgative control were always included. The positive
controls were three antibiotics: 1 pg/ml polymyxin B sulphate (Sigma-Aldrich P-1004,
St. Louts, MO, USA), 1 pg/ml Nisin (made from Nisaplin containing 2.5% nisin; Aplin
and Barrctt Ltd, Beaminster, England) and 10 pg/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 rul