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Abstract

Defensins, a subclass of small, cysteine-rich cationic antimicrobial peptides, play a significant
role in eukaryotic immune defence and are emerging as promising therapeutic agents.
Defensins from various species including plants (NaD1) and humans (HBD-2 and HBD-3)
exhibit membrane permeabilisation activity against pathogenic microbes and cancer cells. This
activity is attributed to the binding of defensins to membrane phospholipids such as
phosphoinositides (PIPs), an interaction mediated by key arginine residues such as arginine 40
for NaD1 and arginine 22 for HBD-2. Citrullination is an important post-translational
modification process in humans, particularly at sites of inflammation and the tumour
microenvironment, where arginine residues are modified to neutral citrulline that can modulate
protein function. In addition, to counteract the host defences, microbes have also been shown
to use citrullination to render inactive arginine-dependent peptides in innate immunity. For
example, the citrullination of human cathelicidin LL37 has been shown to inactivate its
antimicrobial activity. However, the regulatory function of defensin citrullination remains to
be investigated. In this thesis, the citrullination of NaD1, HBD-2 and HBD-3, were examined,
where for the first time NaD1 and HBD-3 were demonstrated to be citrullinated. Liposome
pulldown and biochemical crosslinking assays revealed that citrullinated NaD1 does not
interact with P1(4,5)P>. Citrullinated NaD1 and HBD-3 had substantial reduction in activity
against human fungal pathogen Candida albicans as well as tumourigenic cervical (HelLa),
prostate (PC3) and human histiocytic lymphoma (U937) cancer cell lines when compared to
native NaD1 and HBD-3. This study provides new insights into the citrullination of defensins
and its potential regulatory effects on defensin-mediated lipid binding and membranolytic

ability, as well as raising potential issues in the use of defensins as therapeutic agents.
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Chapter 1

Introduction



1.1  Innate immunity and cancer

Innate immunity is an ancient evolutionary component of host defence that is present in all
classes of plants and animals where it serves as the first line of defence against invading
pathogens in a rapid, non-specific and antigen-independent manner (Turvey & Broide, 2010).
In addition to playing a critical role in the host defence, the innate immune system is also an
important regulator of human disease including autoimmune diseases and cancer (Bachmann
& Kopf, 2001; Turvey & Broide, 2010).

Cancer is one of the leading causes of mortality and morbidity worldwide accounting for
approximately 9.6 million deaths in 2018 (World Health Organisation, 2019). Cancer has been
proposed to arise in a multistage manner whereby a ‘normal’ cell transitions to a tumour cell
by acquiring the ability to proliferate in an uncontrolled manner together with a number of
other ‘hallmarks’ of cancer (inducing angiogenesis, evading growth suppressors) (Hanahan &
Weinberg, 2011). A key characteristic feature of malignant cancer is the ability to circulate
from a primary site to a secondary site, known as metastasis which is responsible for most
recorded mortality (Hanahan & Weinberg, 2011). While chemotherapy, surgery and
radiotherapy are the most commonly used conventional cancer treatments, these methods are
often met with numerous side effects such as multi-drug resistance, cardiotoxicity and various
adverse health effects (Baxter et al., 2017; Devlin et al., 2017). Therefore, there is an urgent
need for new therapeutics that have a high efficacy while being less toxic to normal cells. A
class of antimicrobial peptides (AMPs) called defensins represent a promising source of novel

therapeutics against cancer and inflammatory diseases.



1.2 Antimicrobial peptides

1.2.1 Overview of Cationic antimicrobial peptides

One of the major subclasses of AMPs, known as cationic antimicrobial peptides (CAPSs), form
an important component innate immune defence and are present in all organisms, including
plants, animals, bacteria and fungi (Peschel & Sahl, 2006). CAPs are small (10-50 amino
acids), positively charged peptides (owing to arginine and lysine), that are constitutively
expressed or induced during an immune response (Hancock & Sahl, 2006). Based on their
tertiary structure, CAPs can be broadly classified into six groups; a-helical, B-sheet, B-hairpin,
mix of a- helical and fB-sheet, extended and cyclic (Figure 1) (Hancock & Diamond, 2000;
Baxter et al., 2017). Despite variances in structure, the amphipathic nature of CAPs allows
them to interact with membrane phospholipids to target and permeabilise the plasma membrane
by forming pores or destabilising the membrane (Hancock & Diamond, 2000; Hancock & Sahl,
2006). In addition to antimicrobial activity, CAPs have demonstrated the ability to
preferentially lyse tumourigenic cells owing to the increased anionicity of such cells when
compared to healthy cells, making CAPs attractive candidates for novel anti-cancer

therapeutics (Riedl et al., 2011).
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Figure 1. Examples of the six classes of CAPs

(A) o-Helical: human cathelicidin LL-37 (PDB code: 5NMN). (B) pB-sheet: Human beta
defensin-2 (PDB code: 6CS9). (C) B-Hairpin: porcine protegrin-1 (PDB code: 1PG1).
(D) Mixed: plant defensin NaD1 (PDB code: 1MR4). (E) Cyclic: rhesus macaque 6-defensin
RTD-1 (PDB code: 1HVZ). (F) Extended bovine indolicidin (PDB code: 1QXQ). Figures drawn
using PyMOL.

Defensins, a family of CAPs, are small (<10 kDa) positively charged, cysteine-rich peptides
with a conserved B-sheet fold (Shafee et al., 2016; Shafee et al., 2017). The cysteine residues
are involved in the formation of disulphide bonds which provide stability to the peptide.
Despite variations in the amino acid sequence, defensins share a similar tertiary structure which
consist of a double- or triple-stranded P-sheets (typically with an a-helix) held together by
intramolecular disulphide bridges (Shafee et al., 2017). Recent studies indicate that defensins
did not originate from the same ancestral protein and instead consist of two superfamilies, cis

and trans, that have arisen by convergent evolution (Shafee et al., 2016; Shafee et al., 2017).
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In cis-defensins, found in plants, fungi and most invertebrates, the final B-strand is joined to an
a-helix through disulphide bonds, whereas, in the trans-defensins found in vertebrates,
disulphide binds to different secondary structure within the protein (Figure 2) (Shafee et al.,
2016). Defensins are known to exhibit various mechanisms of action including the modulation
of immune responses and demonstrate antimicrobial activity mainly via direct permeabilisation
of the membrane (Baxter et al., 2017). Plant and mammalian defensins have also been

demonstrated to possess toxicity towards tumour cells (Baxter et al., 2015; Phan et al., 2016).

Cis defensin Trans defensin

trans-oriented
disulphide pair

cis-oriented
disulphide pair

Figure 2. B-strand arrangement of the cis- and trans- defensins superfamilies
(A) In cis-defensins the two disulphide bonds from the final B-strand bind to the same structure.
(B) Trans-defensins form two disulphide bonds from the final -strand which binds to different

structural elements within protein. Figure adapted from Shafee et al. (2016).



1.2.2 Plant defensins

Plant defensins, formerly known as y-thionins, comprise a family of proteins (~ 5kDa) that
contain a characteristic feature of eight highly conserved cysteine residues (Lay & Anderson,
2005). These residues participate in the formation of four disulphide bonds that stabilise one
a-helix and triple-stranded antiparallel B-sheet into a cysteine stabilised aff motif (CSa/p)
providing structural and thermostability (Lay et al., 2003; Lay & Anderson, 2005).

Plant defensins can be classified into two classes based on the precursor sequence and
structure: class I and class Il defensins (Lay & Anderson, 2005). Class I defensins are expressed
with a N-terminal endoplasmic reticulum (ER) signal sequence and mature defensin domain
and are secreted into the secretory pathway (Figure 3) (Lay & Anderson, 2005). In contrast the
class 11 defensins (only found in solanaceous plants) have an additional C terminal propeptide
(CTPP) domain (33 amino acids) following the defensin domain which directs storage in

vacuoles (Figure 3) (Lay & Anderson, 2005; Lay et al., 2014).



Class 1

ER signal Defensin
Peptide Domain

Mature
defensin

Class 11

ER signal Defensin C-terminal
Peptide Domain propeptide

Mature
defensin

Figure 3. The two classes of plant defensins

Class | plant defensins are expressed with an ER sequence preceding the defensin domain that is
cleaved to produce a mature defensin. Class 11 solanaceous plant defensins contain a C terminal

propeptide (CTPP) domain following the defensin domain which is cleaved to produce the

mature defensin. Figure adapted from Lay & Anderson, 2005.

The large variation in the primary amino acids sequence of plant defensins may help to explain
the broad range of biological activities including antimicrobial, antifungal, insecticidal,
membrane disruption and induction of signal pathways (Lacerda et al., 2014). More recently
class Il defensins, NaD1 (Poon et al., 2014), TPP3 (Baxter et al., 2015), and NsD7 (Kvansakul et

al., 2017) were shown to effectively induce fungal and/or tumour cell lysis by binding specific

phospholipids in cell membranes (see Section 1.3).



1.2.3 Mammalian defensins

Mammalian defensins can be classified into three structural subfamilies; a,  and 0 defensins
(Yang et al., 2002; Selsted & Ouellette, 2005). The mature peptides contain six cysteine
residues that are involved in three intramolecular disulphide bonds and a turn-linked j-strand
dominated tertiary structure (Selsted & Ouellette, 2005). Regardless of the primary sequence,
a- and B- defensins consist of triple-stranded B-sheet-rich folds, whereas 0-defensins form
structurally distinct cyclic peptides (Figure 4) (Tang et al., 1999; Selsted & Ouellette, 2005).
Primarily, a- defensins are found in leukocytes, neutrophils and Paneth cells of the small
intestine in many primate and rodent species. 3-defensins are expressed in epithelial cells and
gastrointestinal tract of all vertebrates, whereas 0-defensins are only found in Old World

primates and Rhesus monkeys (Tang et al., 1999; Selsted & Ouellette, 2005).

Figure 4. Structures of the three classes of mammalian defensins

(A) o-defensin: Human o- defensin (PDB code: 1FD3). (B) pB-defensin: Human beta
defensin-2 (PDB code: 6CS9). (C) 6-defensin: rhesus macaque RTD-1 (PDB code: 1HVZ).
Figures drawn using PyMOL.



Mammalian defensins can be expressed constitutively or induced in response to pathogens
and/or inflammatory cytokines (Yang et al., 2002). Defensins posses the ability to act as direct
effectors of immunity as they have been shown to inactivate bacteria, fungi and certain viruses,
such as adenovirus (Bastian & Schéfer, 2001; Yang et al., 2002). Defensins are also known to
regulate innate immunity, for example the human neutrophil defensins (HNPs) are
a-defensins that have been reported to increase the expression of tumour necrosis factor and
other cytokines, regulate complement activation and promote degranulation of mast cells
(YYang et al., 2002). This suggest that defensins play a vital role in linking innate immunity and

adaptive immunity.

1.3 Membrane phospholipids and their importance in CAP antimicrobial activity
1.3.1 CAP mediated membrane targeting

The net positive charge of CAPs allows electrostatic interaction with the negatively charged
cell membrane components (glycoproteins or phospholipids) which can lead to membrane
permeabilisation (Yin et al., 2012; Baxter et al., 2017). The mechanism of how membrane
permeabilisation after the initial contact occurs by CAPs, including defensins, remains to be
determined, however, several models of membrane permeabilisation have been proposed
(Figure 5) (Brogden, 2005). CAPs can oligomerise and be vertically inserted into bilayer
resulting in membrane rupture, known as the ‘barrel stave model” (Brogden, 2005). CAPs can
aggregate on the membrane and once a threshold concentration is reached, similar to
detergents, form micelles leading to membrane permeabilisation, defined as the ‘carpet model’
(Brogden, 2005). Alternatively, in the ‘toroidal pore model’, the polar heads of CAPs associate
with the polar heads of the membrane lipids which induces the lipid bilayer to bend forming a

pore (Brogden, 2005). In addition, defensins have also demonstrated antimicrobial activity via



alternative mechanism such as perturbing intracellular pathways and activation of caspases

(Mader et al., 2011; Baxter et al., 2017).

@ Lipid membrane

i CAPs molecule

Figure 5. Models of CAP mediated membrane targeting

(A) Carpet model: CAPs aggregate on the surface of the membrane leading to membrane
permeabilisation. (B) Barrel stave model: CAPs oligomerise into pores and are inserted
vertically into the membrane. (C) Toroidal pore: Electrostatic interactions between the
CAPs and lipid membrane result in the membrane to bend allowing membrane

permeabilisation.

1.3.2 Phosphatidylinositol phosphates (P1Ps)

PIP molecules are produced by phosphorylation of phosphatidylinositol (Pl). The
phosphorylation of the inositol ring of PI in position 3, 4 and 5 give rise to seven diverse
mono-, bis- and tris- PIP molecules: monophosphates (PI(3)P, PI(4)P and PI(5)P),
bisphosphates (P1(3,4)P2), PI(3,5)P2 and P1(4,5)P2) and trisphosphates (P1(3,4,5)P3) (Lupyan
et al., 2010, Phan et al., 2019). The seven phosphorylated products are then transported to
subcellular organelle membranes to contribute to diverse cellular processes (Di Paolo & De
Camilli, 2006). PI(4,5)P, and PI(3,4,5)Ps are predominantly enriched at the inner leaflet of
plasma membrane, while P1(4)P is located at the plasma membrane as well as Golgi-endosomal

trafficking and exocytic vesicles (Di Paolo & De Camilli, 2006; Phan et al., 2019). PI(3)P,
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P1(3,4)P2 and PI1(3,5) are associated with early endosomes, non-clathrin endocytic vesicles and
late endo-lysosomal membranes respectively (Di Paolo & De Camilli, 2006; Phan et al., 2019).
Recently, interest has been directed towards PI(4,5)P2 or PIP; as it is a key player involved in

defensin-induced cell death.

1.3.3 PIP2 in membrane targeting

PIP2, a minor component of the plasma membrane, is involved in various cellular mechanisms
such as cell migration, signal transduction and its sequestration or enzyme modification result
in membrane permeabilisation (Di Paolo & De Camilli, 2006). While the membranolytic action
of defensins is known, the mechanism of membrane interaction is poorly understood. However,
novel studies on plant defensin NaD1 and TTP3, human defensins human B-defensin 2
(HBD-2) and human p-defensin 3 (HBD-3) have revealed the importance of
phosphatidylinositol 4,5-bisphosphate (PIP.) in defensin binding to the membrane (Poon et al.,
2014; Baxter et al., 2015; Phan et al., 2016; Jarva et al., 2018b). Upon entry of the cell (which
is poorly understood), plant defensin NaD1 and TTP3 dimerise and the conserved
B2-B3 loops, (SKILRR and SKLQRK respectively), form a cationic grip which interacts with
the negatively charged head of PIP2 molecules on the cytosolic side of the membrane (Poon et
al., 2014; Baxter et al., 2015). This binding allows oligomerisation of defensins and eventually
results in the permeabilisation of the membrane suggesting a conserved PIP,-mediated
mechanism of membrane disruption for the class Il plant defensins (Figure 6) (Poon et al.,
2014; Baxter et al., 2015). Interestingly, HBD-3 also contains a homologous B2-B3 loop
(STRGRK) and NMR revealed HBD-3 dimerises and may bind to PIP, via a cationic grip
similar to the plant defensins (Schibli et al., 2002). Similarly, X-ray crystallography and

site-directed mutagenesis revealed NaD1, TPP3 and HBD-3 mediate tumour cell cytotoxicity
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by targeting PIP> ( Poon et al., 2014; Baxter et al., 2015; Phan et al., 2016). The structure of a
HBD-2:PIP> complex has also been solved and is structurally different to the NaD1:PIP;
complex, as HBD-2 binds PIP, through two distinct binding sites which are crucial for
membrane disruption of fungal cells (Candida albicans) (Jarva et al., 2018b). This suggests
that despite differences in defensin-lipid structures, recognition of lipid binding by defensins
is conserved across species and could potentially be exploited as a potent antimicrobial and

anticancer therapeutic.

Monomer Dimer Oligomer

Figure 6. Structures involved in NaD1 membrane permeabilisation

NaD1 monomers enter a cell and dimerises to form a cationic grip between the p2-B3 cationic
loops. This allows the dimer to bind to two PIP, molecules (green). Dimers oligomerize to a
NaD1-PIP2 complex (PDB code: 4CQK) forming an arch shape configuration, which can result

in membrane permeabilisation. Figures drawn using PyMOL.
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1.3.4 Binding of defensins to other lipids

While PIP binding is the most common target for the defensins, other lipids have also been
reported to bind defensins. The plant defensin Nicotiana suaveolens defensin 7 (NsD7) targets
the phospholipid phosphatidic acid (PA) forming a coiled oligomer, mediated by lysine 36 and
lysine 39, that permeabilise the cell membrane (Kvansakul et al., 2016). Intriguingly, X-ray
crystallography revealed, that the structure of NsD7:PA oligomer complex is different when
compared to NaD1:PIP; oligomer which is believed to be due to different linking of the dimers
to PIP, or PA (Kvansakul et al., 2016). In addition NaD1 is known to interact with PA mediated
by arginine 39 that was found to be crucial for PA binding, oligomerisation and for killing
Candida albicans (Jarva et al., 2018a). Similarly the interaction of PA with plant defensin
MtDef4 (from M. truncatula) is important for the internalisation and toxicity of fungal cells
(Sagaram et al., 2013). Plant defensin DmAMP1 and RsAFP2 (from Raphanus sativus) which
interact with sphingolipids including glycosylceramides are associated with fungal toxicity,
however, whether binding of these defensins leads to the formation of defensin-lipid
complexes has yet to be confirmed. These findings suggest that different lipids can be

recognised and targeted by defensins for defensin based immunity.
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1.4 Citrullination
1.4.1 Overview of citrullination and biological function in innate defence

As proteins are encoded by a limited number of genes, posttranslational modifications are
critical to increase structural and functional diversity of the proteome (Gyorgy et al., 2006).
One such modification which has been demonstrated to have a role in innate immunity and
several diseases is identified as citrullination. However, it is important to note that this
citrullination process is distinct from the formation of free amino acid citrulline, produced as
a part of the urea cycle, catalysed by arginine deiminases (ADIs) (Majsnerowska et al., 2018).
As first described in 1958, citrullination or deamination involves the conversion of a
peptidyl-arginine to peptidyl-citrulline, a non-genetically coded amino acid, which converts
the primary ketimine group (=NH) to a ketone group (=O) and results in an increase of 1Da in
mass (Figure 7) (Gyorgy et al., 2006; Witalison et al., 2015; Brentville et al., 2020).
Replacement of the postively charged arginine to a neutral citrulline residue increases the
hydrophobicity which may the affect structure of protein, protein-protein interactions and
function of the protein (Gyorgy et al., 2006; Witalison et al., 2015). This enzymatic reaction is

catalysed by peptidylarginine deaminase (PAD).

NH (0]
PAD enzyme
H, Protein E——— | , pProtein = + NH,*
H Ca” H

Figure 7. The process of citrullination
The conversion of peptidyl-arginine to peptidyl-citrulline by peptidylarginine deaminase (PAD)

and the release of a free ammonium ion.
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1.4.1.1Peptidylarginine deaminase structure and function

PAD enzymes are a group of cysteine hydrolases and five isozymes of PAD are found in
humans (PAD1-4 and PADG6), which share a 70-95% amino acid homology (Rogers et al.,
1977; Vossenaar et al., 2003; Witalison et al., 2015). The PAD genes are localized in one
cluster at 1p36.13 and are expressed in distinct mammalian tissues. PAD1 and 3 are both
expressed in the epidermis and hair follicles while PAD1 is additionally expressed in uterus
(Gyorgy et al., 2006; Chang et al., 2009; Witalison et al., 2015). PAD2 and PAD4 have a wider
distribution with PAD2 expressed in the brain, skeletal muscles, secretory muscles and
leukocytes while PAD4 is expressed in macrophages, neutrophils granulocytes and specific
tumours (Gyorgy et al., 2006; Chang et al., 2009; Witalison et al., 2015). The catalytically
inactive PADG is only expressed in ovaries and early embryos (Chang et al., 2009; Gyorgy et
al., 2006; Witalison et al., 2015). In addition to the cytoplasmic localisation, PAD2 and PAD4
are known to localise to the nucleus for citrullination of histones. PAD4 contains a nuclear
localisation signal that allows it to be localised to the nucleus and it is believed that PAD2
contains the ability to localise to the nucleus despite not containing a localisation signal
(Witalison et al., 2015; Zheng et al., 2019). Despite containing various sites of expression,
PADs have specific substrate targets (Table 1) (Senshu et al., 1995; Tanikawa et al., 2012; Hsu

et al., 2014; Witalison et al., 2015).
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Table 1. The 5 PAD isozymes and their known substrate targets

PAD lIsozyme Substrate target

PAD1 Keratin, filaggrin

PAD?2 Histones, vimentin, myelin protein, actin

PAD3 Filaggrin, vimentin, apoptosis inducing factor, trichohyalin
PAD4 Histones, nucleophosmin, nuclear lamin C, p21
PADG6 No known targets

The crystal structure of PAD4 has provided further understanding of the structure and function
of PAD enzymes and it was demonstrated that they are calcium dependent enzymes (Arita et
al., 2006; Witalison et al., 2015). The enzymes have two immunoglobulin-like subdomains in
the N-terminus, with PAD4 containing a nuclear localisation signal, and an o/p propeller
structure conserved C-terminus that contains the catalytical active site (Arita et al., 2006).
There are five calcium binding sites in PAD4 with two located in the C-terminus and three
located in the N-terminus, and in the absence of calcium, the active site-containing nucleophile
region Cys645 faces away from the active site (Arita et al., 2006). However, binding of calcium
results in a series of conformational shifts that allow Cys645 and other key residues to position
themselves in the active site for catalysis and allow for protein-protein interaction in the
N-terminus (Arita et al., 2006; Bicker & Thompson, 2013). Under physiological conditions,
calcium concentrations are maintained at low levels (1078 to 10° M), therefore PADs are
inactive and only become activated during processes such as apoptosis and epidermal
differentiation when the calcium concentrations have increased (Gyorgy et al., 2006).

Intriguingly PADs have been implicated in gene regulation and other processes at
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physiological conditions, suggesting additional regulatory mechanisms (not identified)

independent to calcium may exist which allows them to function (Witalison et al., 2015).

Interestingly, all arginine residues in a protein will not be citrullinated. Proteins which are
mainly disordered, contain B-helices, or arginine residues next to aspartic acid, are highly
susceptible to citrullination, while arginine residues next to glutamic acid, flanked by proline
residues and near the N-terminus are less susceptible to citrullination. (Tarcsa et al., 1996;
Knuckley et al., 2010; Gyorgy et al., 2006; Witalison et al., 2015). All these factors play a key

role in maintaining citrullination in physiological cellular processes.

1.4.1.2 Physiological role of citrullination

Citrullination is involved in early stages of apoptosis; calcium is a signalling molecule in
apoptosis and is needed in high concentrations which activates PAD enzymes resulting in
citrullination of secondary and tertiary protein structures. Vimentin, an intermediate filament,
contains a B-turn head domain that gets citrullinated which results in the polymer disassembly,
monomers not able to re-join, and finally collapse of structural support leading to apoptosis
(Inagaki et al., 1989; Gyorgy et al., 2006). Likewise, histone and nucleophosmin citrullination
are targets of PAD4 for initiating apoptosis. The oligomerisation of the nucleophosmin is
essential for nucleolus localisation and prevent apoptosis by inhibiting p53 localisation into the
mitochondria (Dhar & St. Clair, 2009). However, citrullination of the nucleophosmin results
in p53 linked apoptosis and additionally upregulation of PAD4 is associated with
mitochondrial associated apoptosis (Witalison et al., 2015). The nuclear lamina plays an
important role for the mechanical support of the nucleus and it was found that citrullination of
a 70 kDa nuclear protein in the lamina contributes to the disintegration of the lamina during

the initial stages of apoptosis (Mizoguchi et al., 1998).
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In addition to apoptosis, PAD enzymes are involved in terminal epidermal differentiation as
differentiation occurs during high calcium concentrations that activate the enzymes. Upon
terminal epidermal differentiation PAD enzymes can citrullinate keratin, filaggrin and
vimentin, making them undergo unfolding to be more susceptible to degradation and formation

of the keratin matrix (Senshu et al., 1996; Gyorgy et al., 2006).

PAD enzymes can regulate gene expression in cells that do not undergo apoptosis. As PAD4
contains a nuclear localisation signal, it allows gene regulation and contributes to citrullination
of histones (Witalison et al., 2015). Most research has been performed on the PAD4 mediated
regulation of the p53 pathway. PAD4 is recruited to gene promoters and is involved in
citrullination of histone H4 and H3 which results in gene repression (Li et al., 2010;
Christophorou et al., 2014). For example, PAD4 interacts with the regulatory domain of p53
and with the citrullinated p21 promoter region which results in the repression of p21
transcription as p53 is unable to bind to p21 (Li et al., 2008). PAD4 also found to function as
a corepressor to regulate expression of p53 targets. Increased levels of PAD4 and histone levels
were detected on the promoter of p53 target including p21, PUMA and CIP1 before DNA
damage, and after DNA damage levels of citrullinations have been found to decrease (L.i et al.,
2008; Li et al., 2010). Similarly, PAD4 and histone deacetylase 2 (HDAC2) were found to
interact with p53 target gene promoters (such as p21 and PUMA) before DNA damage and
dissociate from the target promoters after DNA damage allowing for their activation (Li et al.,
2010). PAD4 was also found to be a transcriptional coactivator. PAD4 citrullinates the
Glutamate receptor-interacting protein 1 (GRIPI) binding domain of p300 which leads to an
enhanced interaction to GRIPI and increased ER-mediated transcription (Lee et al., 2005;

Gyorgy et al., 2006). In addition, PAD4 also acts as a transcriptional regulator of key genes
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involved in pluripotency. PAD4 upregulates pluripotent markers and downregulates
differential markers (Christophorou et al., 2014; Slade et al., 2014). During early embryonic
development, citrullination of histones regulates the initiation of pluripotency and stem cell
reprogramming (Christophorou et al., 2014; Slade et al., 2014). PAD enzymes play a role in
maintaining cellular processes, and dysregulation and/or elevated levels of citrullination has
been associated with several inflammatory and autoimmune diseases such as sepsis,
rheumatoid arthritis (RA), periodontal disease and Alzheimer’s disease (AD) and several

cancers.

1.4.2 Role of citrullination in diseases

1.4.2.1 Sepsis

Sepsis is an inflammatory syndrome that is caused by a dysregulated response by the host
immune response to an infection. Human cathelicidin LL-37 has been found to play a role in
sepsis (Koziel et al., 2014; Denning et al., 2019). LL-37, the only cathelicidin-derived
antimicrobial peptide found in humans, is an amphipathic helical peptide that is expressed in
the epitheilal cells of broad range of tissues (Durr et al., 2006). It is also expresed in different
immune cells such as monocytes, neutrophils, T cells, B cells and natural Killer cells (Durr et
al., 2006). In addition to its antimicrobial acitivy, it plays a role in cytoxicity, promoting
epitheilal cell re-activation, wound repair, as a chemoattract of adaptive immune cells to
infection sites and regulating the inflammatory response (Ddrr et al., 2006). LL-37 also
regulates innate immunity through its ability to bind negatively charged lipopolysaccharides
(LPS). By preventing LPS from binding to CD14+ cells, LL-37 reduces LPS-induced cytokine
production, thereby diminishing the harmful effects of sepsis and endotoxemia (Cirioni et al.,

2006; Koziel et al., 2014). Koziel et al (2014) discovered that citrullinated LL-37 leads to
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aggravated sepsis in mouse models as a result of the inability of LL-37 to neutralize LPS and

an enhanced inflammatory response when compared to its native form.
1.4.2.2 Periodontal diseases

Periodontitis is a disease that is associated with the chronic inflammation of tissues and
imbalance of the oral microbiome that is commonly found as biofilms in the periodontal pocket
(Hajishengallis, 2014). This results in the infiltration by immune cells, mainly neutrophils, that
play a vital role in maintaining the health of the periodontal area by various bactericidal
mechanisms (Hajishengallis, 2014; Stobernack et al., 2018). However, Porphyromonas
gingivalis (P. gingivalis), the main etiological agent of periodontal disease, has evolved into
adapting mechanisms to produce and secretes P. gingivalis peptidylarginine deiminase
(PPAD) (McGraw et al., 1999; Stobernack et al., 2018). Unlike human PAD enzymes, PPAD
is calcium-independent, requires high pH and is able to citrullinate both bacterial and host
proteins (Mangat et al., 2010; Goulas et al., 2015). P. gingivalis expresses several virulence
factors and arginine specific gingipains (RGPs) which allows the bacteria to manipulate the
host innate defence (Potempa & Potempa, 2012). The RGPs cleave proteins followed by
citrullination by PPAD, making P. gingivalis resistant to complement pathways and degrade
anti-microbial peptides that allow P. gingivalis and other pathogenic bacteria to persevere in
gingiva (Potempa & Potempa, 2012; Quirke et al., 2014). PPAD citrullinates epidermal growth
factor (EGF) inhibiting its functions including wound healing, stimulating epidermal cell
proliferation and EGF signalling pathways allowing the disease to persist (Pyrc et al., 2013).
Recently it was found that PPAD diminishes the immune defence via impeding binding and
internalisation by neutrophils, hindering bacterial phagocytosis and citrullinating lysozyme

degraded peptide (LP9) to neutralise its antimicrobial activity (Stobernack et al., 2018).
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1.4.2.3 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic inflammatory joint disease and occurs in response to
different environmental and genetic factors. It is characterised by the production of
anticitrullinated peptide antibodies (ACPAS) which are significant markers in the diagnosis of
the disease (Alghamdi et al., 2019). Synovial tissue (ST) studies of RA patients revealed an
increase in citrullinated proteins both intra- and extracellularly, with intracellular proteins
related to PAD2 and extracellular protein linked to PAD4 (Chang et al., 2005; de Rycke et al.,
2005). Synovial fluid of RA patients contain a unique type of citrullination, that include a range
of proteins, known as hypercitrullination and proteomic analysis have identified more than 100
intra and extra cellular substrates which together comprises the RA citrullinome (Romero et
al., 2013; Tilvawala et al., 2018). As calcium concentration increases, PAD enzymes can
citrullinate cellular proteins such as antithrombin, fibrinogen, vimentin and enolases and seep
out of the cell to citrullinate extracellular proteins (Masson-Bessiere et al., 2001; Blachere et
al., 2017). This initiates the immune response to generate ACPAs, forming immune complexes
and attracting immune cells through direct or complement activation which leads to the
progression of the disease (Trouw et al., 2009). Several mechanisms of cell death, particularly
NETosis (see section 1.4.3), have been implicated in the generation of citrullinated antigens
which leads to triggering of ACPAs in RA (Khandpur et al., 2013; Wang et al., 2016).
Dysregulated and enhanced NETosis is found in RA patients resulting in an increase
in autoantibodies to citrullinated antigens (ACPA) (Khandpur et al., 2013; Wang et al., 2016).
This corresponds to elevated levels of ACPA found in ST of RA patients which may explain

inflammatory response correlated with RA (Khandpur et al., 2013).

21



1.4.3 Citrullination and NETosis

Neutrophils constitute approximately 70% of leucocytes and serve as a first line of defence
against invading pathogens. The mechanisms of actions include phagocytosis, degranulation
which involves in the release of cytotoxic molecules from granules, and nicotinamide adenine
dinucleotide phosphate (NADPH) oxidative burst (Mesa & Vasquez, 2013; de Bont et al.,
2018). However, Brinkmann et al (2004), discovered a new antibacterial strategy known as
NETosis, which involves extrusion of neutrophilic chromatin together with antimicrobial
proteins resulting in the formation of neutrophil extracellular traps (NETs). NETs are
composed of DNA and histone backbones that are studded with different globular proteins
such as primary granules (Cathepsin, Neutrophil elastase (NE), myeloperoxidase (MPQ)),
secondary granules (Lactoferrin and pentraxin), tertiary granules (gelatinase) and various
cytoplasmic components (Brinkmann, 2004). While the function of NETs appear to be trapping
and direct microbial activity, the exact biochemical events leading to its formation remains
elusive. Upon induction of NETosis through toll like receptors (TLRs), interleukin 8 or LPS,
the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex is activated
leading to the production of hydrogen peroxide (ROS molecule) (Brinkmann, 2004). This leads
to NE being released from the granules in an MPO dependent process, migrating to the nucleus,
and with the help of MPO leads to chromatin decondensation (Papayannopoulos et al., 2010;
Metzler et al., 2011). Once the nuclear membrane disintegrates, the chromatin mixes with the
cytosolic and granular proteins and forms a network once the cell membrane disrupts
(Brinkmann, 2004; Papayannopoulos et al., 2010; Metzler et al., 2011). This form of NETosis
is known as “suicidal” NETosis. However, additionally a second form that is still not

understood termed “vital” NETosis has been described which is largely induced by bacterial
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stimulations that are independent of NADPH or ROS production and does not involve
membrane lysis of neutrophils (Pilsczek et al., 2010).

An important step is the increase in intracellular calcium in the neutrophils which leads to
citrullination of histones by PADA4, further assisting in chromatin decondensation (Wang et al.,
2009). However, there are still controversies about the role PAD4 plays in NET release and
recently it is believed that various stimuli can produce different NETs with different roles in
citrullination. For example, neutrophils stimulated by phorbol myristate acetate (PMA), fungi
(C. albicans) and bacteria (Klebsiella pneumoniae) has been described to induced NETosis in
a NADPH-dependent and PADA4-independent manner (Neeli & Radic, 2013; Konig &
Andrade, 2016; Claushuis et al., 2018). Moreover, Phorbol myristate acetate (PMA) was found
to inhibit PAD4 activation and considering the requirement of reducing environment for PAD
function, the oxidation condition via ROS may inactivate PAD which suggest that PAD4 may
not be required for the formation of all NETs (Neeli & Radic, 2013; Claushuis et al., 2018). In
contrast, when calcium ionophores and other pore forming bacteria are used, NET are formed
that are completely dependent on calcium influx and are characterized by hypercitrullination
which results in the activation of PAD4 (Heather et al., 2012; Lewis et al., 2015). This form
has been described as leukotoxic hypercitrullination (LTH) as it is independent of NADPH
oxidase activity which is a hallmark of NETosis (Heather et al., 2012; Lewis et al., 2015; Konig
& Andrade, 2016). Although the mechanism by which histones kill bacteria is not understood,
it has been established that histones possess antimicrobial activity owing to the high content of
positively charged residues, such as lysine and arginine, which are thought to bind and disrupt
the membrane (Cutrona et al., 2015). Therefore, the decrease of arginine residues during

histone citrullination may reduce the antimicrobial properties. This may account for the
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inhibition of PAD4 that occurs during NETosis whereby avoiding citrullination mediated
inactivation of key antimicrobial elements (Cutrona et al., 2015). This suggest LTH may be
used by pathogens as an evasive mechanism that targets neutrophils which results in the
deleterious effects of its antimicrobial function (Konig & Andrade, 2016). Different
NET-inducing stimuli may engage in PAD enzymes in various ways and further understanding
of the role of PAD enzymes in NETosis may help to determine relevant immunopathogenic

mechanism.

1.4.4 Role of PAD in tumour progression

In addition to playing a role in several disease, PADs, particularly PAD2 and PAD4, seem to
play a vital role in tumour progression of several cancers. Citrullination correlates with an
increase in PAD enzymes and it was found that PAD enzyme expression is higher in malignant
tumours when compared to benign tumours and healthy tissues (Yuzhalin, 2019; Brentville et
al., 2020). PAD4 overexpression was found in various malignant tumours including ovarian,
breast, colorectal, renal esophageal and as well as other malignant tumours (Chang & Han,
2006; Chang et al., 2009; Lange et al., 2017). Healthy tissues and benign tissues did not express
PAD4, however, metastastatic cancer (liver) expressed higher levels of PAD4 compared to the
primary cell tumour (Yuzhalin et al., 2018). This implies a role of PAD enzymes in the
progression a benign tumour to an invasive metastatic tumour. Similarly, PAD2 expression
was observed in invasive breast carcinomas, skin neoplasia, lung and prostate cancers
(McElwee et al., 2012; McElwee et al., 2014; Wang et al., 2017). Interestingly, downregulation
of PAD2 was detected in ealry onset of colorectal cancers possibly suggesting a mulifactorial
role for PAD enzymes which depends on the tumour type (Cantarino et al., 2016; Lange et al.,

2017).
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Citrullination and PAD enzymes are also involved in gene regulation (see section 1.4.1.3) and
transcriptional regulation, which is of high importance to cancer, a process dependent on
certain signalling pathways. PAD4 was found to bind and citrullinate the nuclear sequence
region of inhibitor of growth 4 (IGN4) preventing p53 binding to IGN4, leading to suppression
of p53 activity and inhibition of downstream p21 expression (Guo & Fast, 2011). PAD4 was
also found to inhibit OKL38, a p53 target gene, thereby influencing apoptosis and inhibition of
PAD4 resulting in OKL38 gene expression and mitochondrial dependent apoptosis in
osteosarcoma and breast cells (Hongjie et al., 2008). Similarly, HDAC2 and PAD4 interact
together and bind to p53 and simultaneously associate with p21 to regulate gene expression (Li
et al.,, 2010). Inhibition of PAD4 and/or HDAZ2 resulted in the decrease in growth of
osteosarcoma cancer cells in a p53 dependent manner (Li et al., 2010). PAD2 was also found
to play arole in cell signalling pathways. RNA polymerase Il (RNAP2) directs gene expression
and citrullination of RNAP2 in breast cancer cell lines was found to activate transcription of
many genes and maintain cell proliferation (Sharma et al., 2019). However, the inhibition of
PAD2 or PAD2 gene silencing resulted in reduced cell proliferation by arresting cell cycle at
G1 phase (Sharma et al., 2019). As mentioned above, PAD2 expression is linked to survival
and progression of prostate cancer cells and the androgen receptor (AR) signal pathway
contributes to progression of prostate cancer (Crona et al., 2015). PAD driven citrullination
protects AR from degradation and activates AR pathway by citrullination of histone H3 after
nuclear localisation leading to proliferation of prostate cancer (Crona et al., 2015). Inhibition
of PAD2 or PAD2 knockdowns demonstrated a delayed progression of prostate cancer (Crona

et al., 2015). Collectively these studies demonstrates the versatile interaction of PAD enzymes
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in citrullination of histones or transcription factors and cell signalling pathways that can

contribute to cancer progression.

1.5 Nature and scope of study

Defensins are an important component of innate immunity to combat invading pathogens.
Research on defensins is critical to understand their mechanism of action that could potentially
be exploited to develop novel antimicrobial and anticancer therapeutic agents. Recent studies
have identified that the membranolytic action of certain defensins is through binding to a
membrane component known as PIP; ( Poon et al., 2014; Baxter et al., 2015; Phan et al., 2016).
The binding of PIP, by defensins is primarily dependent on interaction with positively charged
residues such as arginine (e.g. R40 in NaD1, R22 in HBD-2). Citrullination of antimicrobial
peptides has been found to be important for the propagation of several diseases. However, the
role of citrullination in regulating plant and mammalian defensin function has not been
investigated. It was hypothesised that citrullination of arginine residues in human and plant
defensins regulates their ability to bind lipid and target cell membranes. Hence, this study aims
to (i) define the citrullination of mammalian and plant defensins (ii) compare the lipid binding
ability of citrullinated and non-citrullinated defensins, (iii) determine the effects of

citrullination on the anti-fungal and anti-cancer activity of defensins.
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Chapter 2
Materials and Methods
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2.1 Recombinant protein expression and purification

2.1.1 Recombinant protein expression in P. pastoris

P. pastoris transformed with defensin expression constructs (native NaD1, HBD-2 and
HBD-3 or NaD1 mutants R40E and R39A) were inoculated in YPD medium (1% yeast extract,
2% peptone, 2% dextrose) and cultured at 30° C and 160 rpm for 24 h. The cultures were
transferred to Buffered Minimal Glycerol (BMG) medium (100 mM potassium phosphate, pH
6.0, 1.34% (v/v) yeast nitrogen base (YNB) with ammonium sulphate without amino acid,
0.2% biotin (v/v), 1% glycerol (v/v)) at 30°C and 160 rpm. The following day cultures were
transferred to Buffered Minimal Methanol (BMM) medium (similar to BMG, however 1%
glycerol was replaced with 1% methanol) and cultured at 30°C and 160 rpm for 24 h. After
cultures were initially transferred to BMM, cells were supplemented with 10 ml of methanol,
containing 1.5625% (v/v) ammonia for the next 3 days. 72 h post induction, yeast cultures were
centrifuged at 6000 g for 45 min at 4°C to obtain defensin-containing supernatant. Prior to
filtration using Whatman membrane filters (Sigma-Aldrich), potassium hydroxide (10 M) was

added to the supernatant to obtain a pH of 6.0.
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2.1.2 Recombinant protein purification by cation exchange column chromatography
Cation exchange column chromatography using HiPrep SP FF 16/10 (GE Healthcare, Chicago,
LL, USA) was used to purify recombinant proteins from culture supernatants. The columns
were equilibrated with 50 mM HEPES buffer, pH 6.0 using an Akta Start pump system
(GE Healthcare) prior to passing of supernatant through columns. Following the washing of
columns with 50 mM HEPES buffer, pH 6.0, bound proteins were eluted with 50 mM HEPES
pH 6.0 containing 1M NacCl.

The eluted protein fractions were concentrated using Amicon ultra 15 (3000MWCO)
centrifugal filters (Merck) and desalted using milliQ water using the same units. The protein
concentration was determined using a Pierce™ Bicinchoninic Acid (BCA) protein assay Kit

(Thermo Fisher Scientific, Waltham, MA, USA).

2.2 Protein quality control

2.2.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Protein samples (2 g and 4 pg) were prepared with 1x NUPAGE LDS sample buffer (Thermo
Fisher Scientific) and 100 mM Dithiotheitol (DTT). Samples were heated at 70°C for 10
minutes before being loaded onto NUPAGE 4-12% Bis-Tris gel (Thermo Fisher Scientific) and
run for 33 min at 200 V with 1x NUPAGE MES SDS running buffer (50 mM MES, 50 mM
Tris base, 0.1% SDS, 1 mM EDTA, pH 7.3, Thermo Fisher Scientific), in a Xcell SureLock
Mini-cell gel tank (Thermo Fisher Scientific). Protein samples were visualised using
Coomassie Blue (0.4% (w/v) Coomassie Brilliant Blue R-250, 7% (v/v) acetic acid, 20% (v/v)
ethanol) for several hours and destained in 20% (v/v) ethanol with 7% (v/v) acetic acid. The
gel was imaged using a G:BOX chemi XL1.4 system and analysed using GeneSys software

(v1.2.8.0;GeneSys, Cambridge, UK).
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2.2.2 Immunoblot analysis

Following SDS-PAGE, protein samples of NaD1, HBD-2 and HBD-3, NaD1 R40E and
NaD1 R39A (2 pg and 4 pg) were electrotransferred onto a 0.22-puM nitrocellulose membrane
with 1x NUPAGE Transfer Buffer (25 mM bicine, 25 mM Bis-Tris, 1.0 mM EDTA, 0.05 mM
chlorobutanol, 10% (v/v) methanol, pH 7.2, Thermo Fisher Scientific) at 35 V for 75 min.
Following electrotransfection, membranes were blocked with 5% skim milk in 1x phosphate
buffered saline (PBS; 137 mM NaCl, 2.7 mM potassium dihydrogen phosphate, pH 7.4) with
0.1% (v/v) tween-20 (PBST) (Sigma-Aldrich) for 1 h at room temperature (RT). Membranes
were then washed with PBST for 30 min at RT and incubated overnight at 4°C with several
primary antibodies (rabbit anti-NaD1, goat anti-HBD-2 or rabbit anti-HBD-3) diluted in
3% Bovine Serum Albumin (BSA). Following overnight incubation, membranes were then
washed with PBST for 30 min and incubated with secondary antibody (donkey anti-rabbit or
swine anti-goat) conjugated to horseradish peroxidase (1:5000 dilution) in 5% skim milk.
Proteins were detected using Amersham ECL primer Western Blotting Detection Reagent (GE
Healthcare) and imaged using a G:BOX Chemi XL1.4 system and GeneSys software

(v1.2.8.0).
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2.2.3 Circular dichroism (CD) spectroscopy

NaD1, HBD-2 and HBD-3 were diluted to 150 pg/mL in milliQ water and transferred to a
1 mm Quartz SUPRASIL® cuvette (Hellma Analytics, Millheim, Germany). Samples were
analysed on an Aviv Biomedical Circular Dichroism Spectrometer (Aviv Biomedical Inc.,
Lakewood, NJ, USA), with data reading at every 1 nm increment (ranging from 190-250 nm)
with an averaging time of 5 s at 25°C. A buffer control sample (containing milliQ water) was
analysed using the same parameters as the protein samples.

The CD spectroscopy data was analysed using CDPro software package (Sreerama & Woody,
2000) as implemented by the CDGo software package (Shane Gordon, La Trobe Institute for
Molecular Science; available at https://github.com/sgordon/CDGo). The data was interpreted
by comparing the results against the SP29, SP22X, SP37, SP43 and SP27A databases using
the CONTINLL and CDSSTR algorithms. The database which provided the lowest random
mean standard deviation (rmsd) value (SP43) was used to determine the secondary structure

content of NaD1, HBD-2 or HBD-3.
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2.3  Citrullination of NaD1, HBD-2, HBD-3 and LL-37

2.3.1 Citrullination by human PAD2

Defensins (native NaD1, HBD-2 and HBD-3), or LL-37 were diluted to 1 mg/mL in PAD assay
buffer (10 mM CaClz, 100 mM Tris HCI, 5 mM DTT (pH 7.6)) and incubated with human
recombinant peptidylarginine deaminase (PAD2) (Sigma-Aldrich, St. Louis, Missouri, United
States) at 37°C for 2 h at a concentration of 23 U/mg peptide. The reaction was terminated via

addition of RPMI 1640 with 10% FCS or placing on ice and storing at 4°C (Koziel et al., 2014).

2.3.2 Immunoblot analysis

Protein samples (10 pg) were electrotransferred onto a 0.22-uM polyvinylidene difluoride
(PVDF) (GE Healthcare) membrane which was activated using 10% methanol and blocked
using the same method as section 2.2.2, The membrane was incubated overnight with
anti-citrulline (1:1000) (rabbit polyclonal) (Abcam) primary antibody diluted in 3% BSA.
Membranes were then incubated with secondary antibody (donkey-anti-rabbit) conjugated to
horseradish peroxidase (1:1000 dilution) in 5% skim milk and detected as described in section

2.2.1.

2.3.3 Mass spectrometry analysis

Citrullinated defensins (NaD1, HBD-2 and HBD-3), or LL-37 were prepared at 1mg/mL and
submitted to Comprehensive Proteomics Platform (La Trobe institute for Molecular Science,
La Trobe University, Melbourne, Australia) for electrospray ionisation-quadrupole-time of
flight mass spectrometry (ESI-Q-TOF MS) analysis using a MicroToF-Q mass spectrometer

(Bruker Daltonics, Melbourne, VIC, Australia).
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2.4 Investigating citrullinated NaD1 interactions with cellular lipids

2.4.1 Protein-lipid overlay assay

Citrullinated NaD1-lipid binding and NaD1-lipid binding assays were performed using
commercially available PIP™ strips (Echelon Biosciences, Salt Lake City, UT, USA). The PIP
strips were initially blocked with 1x PBS containing 1% BSA for 1 h at room temperature
(RT), before incubating with native NaD1 or citrullinated NaD1 (2pug/mL) diluted in 1x PBS
with 1% BSA for 1 h at RT. Following incubation, membranes were washed in PBST for 1 h
and incubated overnight with rabbit-anti-NaD1 primary antibody (1:1000 dilution) diluted in
1% BSA containing PBS. The membrane was then washed in PBST for 30 min and incubated
with secondary antibody (donkey-anti-rabbit) conjugated to horseradish peroxidase (1:5000
dilution) in 1% BSA containing PBS at RT for 1 h. Lipid-bound NaD1 and citrullinated NaD1
were detected using the same method as in section 2.2.2. The chemiluminescence signal
intensity was quantified by densitometry analysis using ImageJ (National institute of Health,
Bethesda, MD).

2.4.2 Transmission electron microscopy (TEM)

Native NaD1 (0.9 mg/mL) and citrullinated NaD1 (1mg/mL) were added to 0.23 mM
PtdIns(4,5)P2 (Avanti Polar Lipids, Birmingham, AL, USA). Following incubation for 30 min
at room temperature, samples (10 pL) were applied to mesh copper grids coated with a thin
layer of carbon. Excess material was removed by blotting and samples were negatively stained
twice with 10 pL of 2% (w/v) uranyl acetate solution (Electron Microscopy Sciences, Fort
Washington, PA, USA). The grids were air-dried and viewed using a FEI Tecnai TF30
transmission electron microscope operated at 300 kV. Coating and TEM viewing were

conducted by Dr Julian Ratcliffe.

33



2.4.3 Protein crosslinking assay

Native NaD1 and citrullinated NaD1 at 1 mg/ml (5 uL) was incubated with 2.3, 1.15, and
0.575 mM PIP.or PA (5ul) at room temperature for 30 min. Protein complexes were
cross-linked through primary amino groups by the addition of 12.5 mM bis[sulfosuccinimidyl]
suberate (BS®; 10 L) in a buffer containing 20 mM HEPES, pH 6.0, at room temperature for
30 min. Samples were reduced using 1x NuPAGE LDS sample buffer (Thermo Fisher
Scientific) and 100 mM Dithiotheitol (DTT). Samples were heated at 70°C for 10 minutes
before subjected to SDS-PAGE and instant blue Coomassie staining (Sigma-Aldrich).

2.4.4 Liposome pulldown assay

Liposomes were generated as described previously using natural P1(4,5)P2 and PC purchased
from Avanti Polar lipids (Zhang L et al., 2001) (generated by Scott Williams (Hulett lab)).

To produce liposomes, lipid films were acclimatised to room temperature, before 100 pL of
20 mM HEPES (pH 7.4) was added to each tube. Samples were then incubated in a water bath
(60°C) for 2 h, with brief vortexing every 20 min. Following this, samples were freeze-thawed
for 3-5 cycles which involved dipping samples in liquid nitrogen until frozen and placing tubes
back into the water bath before repeating the process. The liposomes were washed 2-3 times
in 250 pL of 20 mM HEPES via repeated centrifugation (12,000 g for 10 min). The liposomes
were then resuspended in 20 mM HEPES (80-100 uL depending on the size of the pellet) and
10 pL of liposome suspension was added to 1 pg of protein (5 uL NaD1 and citrullinated
NaD1) and incubated for 30 min. The bound (pellet) and unbound (supernatant) fractions were
separated via centrifugation (12,000 g for 10 min) and the pellet was resuspended in 15 uL of

20 mM HEPES. Following SDS-PAGE, samples were visualised via Coomassie blue (see
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section 2.2.1). The chemiluminescence signal intensity was quantified by densitometry

analysis using ImageJ (National institute of Health, Bethesda, MD).

2.5 Functional analysis

2.5.1 Candida albicans growth inhibition assay

Candida albicans (C. albicans) (ATCC10231 and ATCC90028) cultures were grown
overnight in yeast peptone dextrose (YPD) media at 30°C and 160 rpm. The cultures were
centrifuged at 2000 g for 5 min, upon which the pellet was suspended in 1x PBS and
centrifuged for 5 min at 2000 g. The pellet was resuspended in half concentration potato
dextrose broth (PDB) (1.2% (w/v) Difco™ potato dextrose broth) and the cells were counted
with a haemocytometer using a Nikon Eclipse TS100 light microscope. The cells were diluted
to a final concentration of 8000 cells/mL and used to seed 4000 cells per well (50 uL) onto a
96-well plate. Dilutions of the native defensins (NaD1, HBD-2 or HBD-3; 0-50 uM),
citrullinated defensins (NaD1 and HBD-3) (0-25 uM) and a no defensin control (contains all
reagents included in citrullination except for defensins) were prepared in half-strength PDB
and 50 pL defensins were added per well. No cells (media only) were included as background
control. The plate was sealed using a Breath-Easy® sealing membrane (Merck) and incubated
at 30°C. After 24 h, the plate was shaken and read at 600 nm in a 9-well scan setting using a

Spectramax M5 microplate reader (Molecular Device, Sunnyvale, CA, USA).
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2.5.2 C. albicans propidium iodide (PI) uptake assay

C. albicans (ATCC10231 and ATCC90028) was cultured and resuspended using the same
methods as section 2.3.1. However, post cell counting, cells were diluted to 2x10° cells /mL
and 5x10* cells were added and treated with dilutions of the three defensins (NaD1, HBD-2 or
HBD-3; 0-50 uM), citrullinated defensins (NaD1 and HBD-3) (0-25 uM or 0-50 uM,
respectively) or a no defensin control were prepared in half-strength PDB. 10 uM of NaD1
was used as a positive control. Following a 30 min incubation period at 30°C and 300 rpm,
2 pug/mL of propidium-iodide (PI) prepared in PBS was added to each well and placed on ice
to terminate the reaction. Samples were analysed using flow cytometry, using FACSCanto™
I1 HTS cell analyser and BD FACSDiva software v8.0.1 (BD Biosciences, Franklin Lakes, NJ,
USA). FlowJo v8.8.10 software (Tree Star, San Carlos, CA, USA). The cells were gated based
on the forward scatter (FSC) and side scatter (SSC) to determine the proportion of propidium

iodide-positive cells using FlowJo v8.8.10 software (Tree Star, San Carlos, CA, USA).

2.5.3 Human histiocytic lymphoma (U937) PI uptake assay
10 pL of native NaD1, citrullinated NaD1, native HBD-3, citrullinated HBD-3 (0-25 uM or

0-50 uM) or no defensin control were incubated with 40 uL of U937 cells with a density of
1x10° cells/mL (resuspended in serum-free RPMI supplemented with 0.1% bovine serum
albumin (Sigma-Aldrich), at 37 °C for 30 min. Following incubation, Pl solution was added to
the samples to a final concentration of 2 pug/mL prepared in PBS and placed on ice to terminate
the reaction. Samples were analysed using flow cytometry, using FACSCanto™ II HTS cell
analyser and BD FACSDiva software v8.0.1 (BD Biosciences, Franklin Lakes, NJ, USA).

FlowJo v8.8.10 software (Tree Star, San Carlos, CA, USA). The cells were gated based on the
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forward scatter (FSC) and side scatter (SSC) to determine the proportion of propidium iodide-
positive cells using FlowJo v8.8.10 software (Tree Star, San Carlos, CA, USA).

2.5.4 Cell culture and cell viability assay

Human cervical cancer (HeLa) and Monocytic leukemia (THPL) cells lines were cultured in
RPMI 1640 medium (Thermo Fisher Scientific), supplemented 10% fetal calf serum (FCS),
100 U/mL penicillin and 100 pg/mL streptomycin (Thermo Fisher Scientific). U937 and
prostate cancer (PC3) cells were cultured in RPMI 1640 medium (Thermo Fisher Scientific),
supplemented with 5% fetal calf serum (FCS), 100 U/mL penicillin and 100 pg/mL
streptomycin. The cells lines were incubated at 37°C in 5% CO-.

Adherent HeLa and PC3 cell line were suspended via addition of 0.25% (w/v) trypsin and
0.5 mM EDTA (Thermo Fisher Scientific). Cells were pelleted by centrifugation at 300 g for
5 min before being resuspended in respective growth media. Trypan Blue (0.1% (w/V);
Sigma-Aldrich) was used to assess the number of cells, before adequate dilutions were
prepared, and cells were seeded onto a 96-well plate at 5x10° cells in 50 pL of
serum-supplemented media. PBS was added to all wells bordering the samples to avoid
evaporation of growth media and a media only control was included. The plate was incubated
at 30°C with 5% CO; for 24 h.

Serial dilutions of the three defensins (NaD1, HBD-2 or HBD-3; 0-50 uM), citrullinated
defensins (NaD1 and HBD-3) (0-25 uM or 0-50 uM respectively) and no defensin controls
were prepared in growth media and once treated, cells were incubated at 30°C with 5% CO:
for 48 h. Following the incubation period, 5mg/mL 3-(4,5-dimethylthiazol-2-yl)-
2,5diphenyltetrazolium bromide (MTT) (Merck), prepared in PBS was diluted to 1 mg/mL by

addition of serum free growth media and added to all samples. Following 3 h incubation, media
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was removed from wells without disturbing purple crystals that could have formed. Dimethyl
sulfoxide (DMSO) (Merck) was added to each well and briefly shaken to dissolve crystals. The

absorbance of samples was measured at 570 nm using a microplate reader.

Similarly, the suspension cell lines U937 or THP1, were seeded into 96-well plates at
predetermined density of 5x10° cells, with 50 pL of serum-supplemented media and incubated
at 37°C in 5% CO. atmosphere for 24 h. Serial dilutions (0-25 pM) of native NaD1,
citrullinated NaD1 and a no defensin control were added to the cells in triplicate. Following
48 h co-incubation, 2 mg/mL 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2(4-
sulfophenyl)-2H-tetrazolium (MTS) (Merck) and 90 pg/mL phenazine methosulfate (PMS),
(Merck) in 1x Dulbecco’s PBS (DPBS; PBS supplemented with 100 mM MgCl; and 120 mM
CaCly) was added to the treatment cells. The absorbance was measured at 490 nm after 3 h

incubation.
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2.5.5 Confocal laser scanning microscopy (CLSM)

Live imaging was performed on U937 (1x10° cells/mL) cells stained with PKH67 in diluent C
at 1:200 dilution and incubated at RT for 5 min, followed by three 1x PBS washes. Cells were
then recovered with 10% BSA containing 1x PBS, followed by resuspension of pellet in
1% BSA-supplemented serum-free media. 7.5x10° cells/well were seeded onto 8-well chamber
slide, coated with 1% poly-L-lysine. Prior to seeding, cell suspensions were stained with PI at
a final concentration of 2ug/mL prepared in RPMI medium containing 0.1% BSA. Native and
citrullinated NaD1 were directly added to the imaging chamber via a capillary tube. The cells
were imaged using Zeiss LSM 800 confocal microscopy in a 37°C/5% CO, atmosphere and
analysed using Zen software. Live imaging was performed with the assistance of Guneet
Bindra (Hulett Lab).

Similarly, live imaging was performed on C.albicans (ACT10231). C. albicans was cultured
and resuspended using the same methods as section 2.3. Cells were diluted to 1x10° cells/mL
and seeded onto 8-well chamber slide, coated with 1% poly-L-lysine. Prior to seeding, the cell
suspension was stained with Pl prepared in PDB at a final concentration of 2 pg/mL. Native
and citrullinated NaD1 (25 uM) were directly added to the imaging chamber via a capillary
tube. The cells were imaged using Zeiss LSM 800 confocal microscopy in a 37°C/5% CO:
atmosphere and analysed using Zen software. Live imaging was performed with the assistance

of Guneet Bindra (Hulett Lab).
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Chapter 3

NaD1, HBD-2 and HBD-3 protein
expression and quality control
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3.1 Interaction of NaD1, HBD-2 and HBD-3 with P1(4,5)P>

The membranolytic activity of some defensins, such as the plant defensin NaD1, and human
-defensins HBD-2 and HBD-3, is mediated by the interaction of positively-charged arginine
residues with negatively-charged membrane phospholipids, including phosphatidylinositol
4,5-bisphosphate P1(4,5)P2 (or PIP2) (Figure 8B) (Poon et al., 2014; Baxter et al., 2015; Phan
et al., 2016). Microbial pathogens have developed mechanisms to counteract host innate
defences by post-translational modifications such as citrullination, which converts arginine to
neutral citrulline. As defensins are attracting interest for potential application as novel
anti-infective molecules, their possible citrullination and therefore functional regulation by this
process, warrants investigation. In this thesis, the citrullination of the plant defensin NaD1 and
human pB-defensins, HBD-2 and HBD-3, has been investigated. The primary amino acid
sequences of NaD1, HBD-2 and HBD-3 contain 4, 2 and 5 arginine residues, respectively
(Figure 8A). Arginine 40 (Arg40) of NaD1 and arginine 22 (Arg22) of HBD-2, have been
shown to play key roles in the interaction with PIP>. In contrast, lysine 39 (Lys39) of HBD-3
appears to be critical for the binding of PIP2 (Table 2). However, whether any of the arginine
residues of these defensins are citrullinated, and if so, whether that regulates their function(s),

has not been previously defined.
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Table 2. Characteristics of NaD1, HBD-2 and HBD-3 in terms of the number of amino acids in each
defensin and Arg/Lys residues known to be involved in PIP; binding

Defensin Number of amino acids Key residues involved in
PIP2 binding
NaD1 47 Arg40
HBD-2 41 Arg22
HBD-3 45 Lys39
A
50
N I
NaD1 IECKTESNTFPG IGITKPP— ISEKFTD SKIL
HBD-2 ----GIGDPVT---SLKSGAISHPVFPRNYKQIETO®GLPGT
HBD-3 ----GIINTLQKYY| VLSSLPKEEQI[eKeSTRG
B

Figure 8. Mature defensin sequence and structures of NaDl, HBD-2 and HBD-3
(A) Amino acid sequence alignment of defensins. The arginine residues (in red) and conserved
cysteine residues (highlighted in black) are shown (generated using BioEdit). (B) Structures of
(@) NaD1 (PDB code: 4CQK), (b) HBD-2 (PDB code: 6CS9) and (c) NMR structure of
HBD-3 (PDB code 1KJ6) highlighting the positions of arginine residues (in red), lysine 39
residue (in blue) for HBD-3 and PIP, molecule (in grey) for NaD1 and HBD-2. Figures drawn
using PyMOL.
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3.2 Recombinant protein expression and characterisation

To obtain purified defensin proteins, recombinant expression was performed using the pPIC9
expression system in Pichia pastoris with methanol induction. The defensins were purified
using cation exchange column chromatography and concentrated. A yield of 2 mg/L,
1.17 mg/L and 0.7 mg/L was obtained for NaD1, HBD-2 and HBD-3 respectively.

The purity and quality of the expressed defensins were initially evaluated using SDS-PAGE
and immunoblot analysis. NaD1 and HBD-3 produced single bands at 5-6 kDa, consistent with
expected molecular weight of 5.3 kDa and 5.1 kDa for NaD1 and HBD-3, respectively.
Interestingly HBD-2 revealed two bands at ~ 4-4.5 kDa suggesting the presence of the expected
molecular weight protein of 4.1 kDa and a possible truncated form (Figure 9A). Immunoblot
analysis with anti-NaD1, anti-HBD-2 and anti-HBD-3 revealed specific bands of molecular
weights similar to that observed by SDS-PAGE, confirming the identity of proteins

(Figure 9B).
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Figure 9. Characterisation of purified NaD1, HBD-2 and HBD-3

(A) SDS-PAGE analysis (2ug and 4 pg protein/lane) and Coomassie stain of purified NaD1,
HBD-2 and HBD-3. (B) Immunoblot (2ug and 4 pg protein) of rabbit-anti-NaD1,
goat-anti-HBD-2 and rabbit-anti-HBD-3, detected with HRP conjugated donkey-anti-rabbit or

swine-anti-goat antibodies.
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CD spectroscopy was used to determine the secondary structure content of NaD1, HBD-2 and
HBD-3. Data was collected and analysed using CONTINLL and CDSSTR algorithms against
the soluble protein (SP) datasets which provides lowest rmsd values for NaD1, HBD-2 and
HBD-3.

Analysis of data indicate that B-strands (34 %) are most the predominant structures in NaD1,
followed by structures comprising unordered (30.6%), turn (19.4%) and a-helical (15.9%)
regions (Figure 10A). HBD-2 was revealed to mostly comprise of f-strands (41.7 %) followed
by unordered (32.3%), turn (21.1%) regions, with a-helical only comprising of 4.9% (Figure
10B). In contrast, unordered structures (57.4%) were most prevalent in HBD-3, followed by
B-strands (24.2%), turn (12.8%) and a-helical (5.4%) regions, respectively (Figure 10C). These
data are consistent with that expected and previously reported for each of these defensins

(Lay et al., 2012; Poon et al., 2014; Phan et al., 2016; Jarva et al., 2018b).
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Figure 10. CD spectrum and secondary structure composition of NaD1, HBD-2 and
HBD-3

(A) The CD spectrum of NaD1 was generated using the SP43 database and CONTINLL
algorithm, which fitted a trend line to the experimental data with a rmsd value of 0.091.
Analysis of CD spectrum revealed that B-strands were most prevalent secondary structure
within NaD1. (B) The spectrum of HBD-2 generated a best fitted trend line to experimental
data with a rmsd value of 0.055 and B-strands were found to be most prevalent. (C) The
spectrum of HBD-3 generated a best fitted trend line to experimental data with a rmsd value of

0.066 and unordered were found to be most prevalent.
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3.3 Functional analysis of NaD1, HBD-2 and HBD-3

To confirm the antimicrobial activity of the purified recombinant NaD1, HBD-2 and HBD-3,
the antifungal activity against the human fungal pathogen C. albicans (strain ATCC10231)
was assessed. NaD1, HBD-2 and HBD-3 demonstrated dose dependent inhibition of fungal
growth with 1Csg values of 5.6 pM, 9.37 uM and 6.99 puM, respectively (Figure 11A).

As these defensins exert their activity via membrane permeabilisation, the uptake of the
membrane impermeable dye propidium iodide (PI) by C. albicans was assessed. NaD1,
HBD-2 and HBD-3 were incubated with fungal cells, and the percentage of PI positive cells
were quantified by flow cytometry (Figure 11B). At low concentrations (~ 6 uM) of NaD1, Pl
positivity was 50% and reached 100% at 25 puM. In contrast, fungal cells were relatively
unaffected by HBD-2 and HBD-3 at low protein concentrations (<6 uM) with 100% PI

positivity observed at 25 uM and 50 pM, respectively.

In addition to antifungal activity, defensins are also known to have oncolytic activity against
tumour cells. Tetrazolium dye-based (MTT) cell viability assays were performed to investigate
cytotoxic effects of NaD1, HBD-2 and HBD-3 on the human cervical cancer cell line HeLa.
MTT assay relies on NAD(P)H-dependent cellular oxidoreductase to reduce MTT dye to an
insoluble formazan product which is used to estimate cell viability. The viability of HeLa cells
treated for 48 h with defensins (0-50 puM) was assessed. NaD1 was most potent at reducing
HeL a cell viability at low concentrations (ICso~ 3 M) and approximately 5 times more potent
than HBD-3 (ICso = 17.8 uM). Intriguingly, HBD-2 did not reduce HeLa cell viability, and

appeared to increase viability at concentrations above 20 uM (Figure 11C).
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Figure 11. The effect of NaD1, HBD-2 and HBD-3 on growth, PI uptake and viability of
C. albicans and HeLa cells
(A) Percentage fungal growth of C. albicans were tested against various concentrations of
NaD1, HBD-2 and HBD-3 (0-50 uM) after 24 h incubation period. Data were normalised
against an untreated control (assigned 100% growth). ICso values (UM) were calculated and
displayed in the adjacent table. Data represents mean = SEM of n=3, performed in triplicate
(B) Percentage of Pl positive cells tested with various NaDl1, HBD-2 and HBD-3
concentrations following 30 min incubation. Data represents mean + SEM of n=3, performed
in triplicate. (C) HeLa viability treated with various NaD1, HBD-2 and HBD-3 concentrations
were assessed using tetrazolium-based spectrometry. Data were normalised against an
untreated control (assigned 100% viability). 1Cso values (M) were calculated and displayed in
the adjacent table. Data represents mean + SEM of 3 independent experiments (n=3) performed

in triplicate.
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Chapter 4
Citrullination and functional analysis
of NaD1
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4.1 Introduction

As previously mentioned, plant defensins such as NaD1 are known to exhibit membranolytic
activity by targeting phospholipids, particularly PIP,. This interaction is mediated by a key
arginine residue, R40, and the NaD1-PIP; interaction is known to play a vital role in the
antifungal and anticancer activity of NaD1 (Poon et al., 2014). Furthermore, as there is an
increasing interest in using NaD1 as a novel therapeutic agent (such as the clinical trials
currently underway for NaD1-deriviatives by Hexima Ltd for the topical treatment of
onychomycosis; https://hexima.com.au/project_tag/onychomycosis/), it is important to
identify and characterise any processes that may be able to inactivate the defensin in vivo,
resulting it in being functionally ineffective. Therefore, this chapter aims to provide novel
insight into the citrullination of NaD1and its effect on lipid binding and function of this plant

defensin.
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4.2  Citrullination of NaD1 and LL-37

To determine whether NaD1 can be citrullinated, it was treated in vitro with the PAD2
(peptidylarginine deaminase 2) enzyme. Citrullination was detected using immunoblot
analysis with an anti-citrulline antibody which is able to specifically detect citrulline residues.
The human cationic antimicrobial peptide LL-37, previously shown as a target for
citrullination, was used as a positive control.

A band of ~ 5.5 kDa was observed for citrullinated LL-37 consistent with the expected
molecular weight of LL-37, while no band was detected for the non-citrullinated LL-37
(Figure 12A). Interestingly, a band at 98 kDa was also observed for the citrullinated LL-37
sample. Bands consistent with the molecular weight of NaD1 at ~ 6 kDa were observed for
citrullinated NaD1 (Figure 12B). A band at 49 kDa was observed for citrullinated NaD1. No

bands were observed for non-citrullinated NaD1.
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Figure 12. Characterisation of citrullinated NaD1 and LL-37

Immunoblot of (A) citrullinated LL-37 (5 g protein) and (B) Citrullinated NaD1 (10 g protein)
probed with anti-citrulline antibody (1:1000 dilution) and detected using HRP conjugated
donkey-anti-rabbit antibody. (+ = Citrullinated, - = non-citrullinated). Arrows indicate

citrullinated protein bands.

As an increase in 1 Da is observed for every arginine residue that is citrullinated and converted
to citrulline, ESI-Q-ToF mass spectrometry was conducted to determine exact mass of
citrullinated NaD1 and LL-37, in order to confirm if PAD2 was successfully able to citrullinate

defensins (Figure 13).

An increase in 3 Da was observed for citrullinated LL-37 (4493.5) in comparison to native
LL-37 (4490.6) (Figure 13A). Similarly, an increase in 3 Da was also observed for citrullinated
NaD1 (5374.5) when compared to the untreated NaD1 (5371.6) (Figure 13B). These data

suggest that 3 arginine residues in both LL-37 and NaD1 have been converted to citrulline.
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Furthermore, the mass spectrometry results were consistent with the immunoblot analysis of

citrullinated NaD1 and LL-37 (Figure 12A& B), verifying citrullination of LL-37 and NaD1.
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Figure 13. ESI-Q-Tof mass spectrometry analysis of untreated and citrullinated LL-37
and NaD1
(A) Mass spectrum revealed a single peak with an increase in 3 Da for citrullinated LL-37
(4493.5) in comparison to native LL-37 (4490.6). (B) Similar results were obtained for
citrullinated NaD1 (5374.5) and native NaD1 (5371.6).
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4.3 Interaction of citrullinated NaD1 with cellular lipids

4.3.1 Protein-lipid overlay assay

A number of plant and human defensins, including NaD1, have been shown to bind membrane
phosphoinositides, resulting in membrane perturbation and cell permeabilisation. Arginine 40
(R40) of NaD1 is critical for the interaction of NaD1 with phospholipids such as PIP,, and if
citrullinated, would expect to lose the ability to bind to PIP2. Therefore, to investigate whether
citrullinated NaD1 can interact with membrane lipids, including PIP2, protein-lipid overlay
assays, using PIP™ strips were performed (Figure 14). Lipid bound native and citrullinated
NaD1 were detected with an anti-NaD1 antibody.

As expected, native NaD1 demonstrated greater relative binding intensities to various
phospholipids, including several of the mono-/bis-/tris-inositiol phosphates (including
PtdIns(4,5)P2) and phosphatidic acid (PA) (Poon et al., 2014). (Figure 14A). Some interaction
with phosphatidylserine (PS) was also observed, however, it was much weaker compared to
interaction observed with other phospholipids. Intriguingly, citrullinated NaD1 also bound to
the same phospholipids as native NaD1 (Figure 14B), with binding observed to
phosphoinositides PtdIns(4)P, Ptdins(3)P, PtdIns(5)P, PtdIns(3,4,5)Ps, Ptdins(4,5)P2 and PA.
Some binding, although much weaker ,were observed to Ptdins(3,5)P2, Ptdins(3,4)P.and PS.

Consistent with native NaD1, no binding was observed to PE or LPA.
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Figure 14. Interaction of native and citrullinated NaD1 with membrane phospholipids
(A) Binding of native NaD1 (2 pg/mL) and (B) citrullinated NaD1 (2 pg/mL) to lipid

(100 pmole/spot) PIP™ strips, were immunodetected using rabbit-anti-NaD1 antibody and

HRP conjugated donkey-anti-rabbit antibody. The relative binding intensities were determined

by densitometry analysis of the chemiluminescence signal. Data represents mean + SEM of at

least two independent experiments.
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4.3.2 Interaction of NaD1 and citrullinated NaD1 with PIP»

As protein lipid overlay assays demonstrated the ability of citrullinated NaD1 to bind to PIP;
(Figure 14B), liposome pulldown assays were used to confirm if citrullinated NaD1 bound to
PIP; containing liposomes (Figure 15). Native NaD1 was used as a control.

Native NaD1 bound to liposomes that were enriched in PIP> but not to PC-only liposomes.
Citrullinated NaD1 did not bind to PIP, containing liposomes and were mainly observed in the

unbound fraction of PC:PI(4,5)P,. As with native NaD1, citrullinated did not bind to PC only

liposomes.
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PC PC:PI(4,5)P, PC_ PC:PI(4,5)P,
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Figure 15. Binding of native and citrullinated NaD1 to P1(4,5)P;

(A) Liposome pull down assay of liposomes containing PC only or PC:PI(4,5)P, were
incubated with 1 ug of native and citrullinated NaD1, before centrifugation of bound (pellet)
and unbound (supernatant) to separate fractions followed by SDS-PAGE and Coomassie blue
staining. (B) The protein band intensity was determined and quantified by densitometry using
ImageJ software and normalized against HBD-2 loading control. Data is representative of two
independent experiments.
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4.3.3 Detection of citrullinated NaD1:PIP> oligomer formation using chemical
crosslinking

As previously mentioned, arginine residues are crucial for interactions of NaD1 with
membrane phosphoinositides (R40 for PIP2) as well as R39 for the binding of PA, to mediate
the formation of oligomeric structures which are crucial for membrane permeabilisation
activity (Poon et al., 2014). Therefore, to investigate the ability of citrullinated NaD1 to form
higher order multimeric structures, biochemical crosslinking assay with BS® was used. Native
NaD1:PIP, (Figure 16A) and native NaD1:PA (Figure 16B) were used as a controls.

In the presence of crosslinker BS®, higher order multimeric complexes (oligomers) of NaD1
molecules were only seen in the presence of PIP2 (Figure 16A), whereas NaD1 alone only
resulted in the formation of a dimeric structure. No formation of higher order multimeric
complexes were seen for citrullinated NaD1:PIP2, with only dimeric structures observed in the
presence or absence of PIP2. Higher order complexes of NaD1 were seen in the presence of
PA at the highest concentration (2300 uM) with only dimeric structures formed for NaD1
alone. In the presence of PA, the formation of multimeric complexes was not observed for

citrullinated NaD1 even at the highest concentration of PA (Figure 16B).
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Figure 16. Formation of oligomers by NaD1 and citrullinated NaD1 with PIP, and PA
Ability of NaD1 and citrullinated NaD1 (1 mg/ml) to form multimers with (A) PIP, and
(B) PA was determined by protein crosslinking with BS® (12.5 mM) followed by SDS-PAGE

and instant blue staining. Data are representative of 3 independent experiments.
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4.3.4 Detection of native and citrullinated NaD1:PIP; fibril formation using TEM
Phosphoinositides, are key components of membrane bilayers and binding of NaD1 to these
lipids, particularly PIP, results in the formation of oligomeric complexes, which can be
visualised as long fibril structures by transmission electron microscopy (TEM) (Poon et al.,
2014). The PIP>-mediated oligomerisation of NaD1 has also been linked to membrane
permeabilisation. It was therefore of interest to investigate by TEM whether citrullinated NaD1
binding to PIP; also results in fibril formation. Native NaD1:PIP, was used as a control.

Long string-like fibril structures were observed for native NaD1 in the presence of PIP2, with
no such structures observed for grids containing either the defensin or lipid alone (Figure 17A).
Interestingly, citrullinated NaD1 resulted in formation of fibrils structures (Figure 17B).
However, in contrast to the string-like fibril structures observed for native NaD1, citrullinated
NaD1 formed different structures that were somewhat flatter and elongated. No structures were

observed for grids containing either PIP2 or citrullinated NaD1 alone.
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B PIP, Citrullinated NaD1+PIP,

Figure 17. TEM analysis of the interaction between native or citrullinated NaD1 with
PIP;

(A) NaD1 (0.9 mg/mL) and (B) citrullinated NaD1 (1 mg/mL) was incubated with 0.23 pM
PIP, prior to applying on carbon-coated copper grids and viewing by transmission electron

microscopy (scale = 0.5 um -200nm). Data are representative fields of view of one experiment.
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4.4  Functional analysis of citrullinated NaD1

4.4.1 Effect of citrullinated NaD1 on fungal growth inhibition

As described in section 3.3, defensins, particularly NaD1, demonstrate anti-fungal activity
against the human fungal pathogen C. albicans. To investigate whether citrullination decreases
the activity of NaD1, the effect of citrullinated NaD1 (0-25 puM) on C. albicans following a
24 h incubation period was assessed (Figure 18). Native NaD1 (0-25 uM) was used as a

positive control. Additionally, a no defensin control was employed to ensure any effects

observed were not due to the reagents present in citrullinated samples.

NaD1 demonstrated a dose-dependent effect on fungal growth with an ICso value of 5.7 uM
and growth was completely abolished at 12.5 uM. In contrast, the ability of citrullinated NaD1

to inhibit fungal growth was greatly reduced with an ICso ~ 105 pM. As anticipated, no

defensin control exhibited little effect on the fungal growth (Figure 18).
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Figure 18. Effect of citrullinated and native NaD1 on the growth C. albicans.

Percentage fungal growth of C. albicans (ATCC10231) following incubation with native and
citrullinated NaD1 (0-25 pM) after 24 h. A no defensin control was included (in black). Data
were normalised against an untreated control (assigned 100% growth). 1Cso values (LM) were

calculated and displayed in the adjacent table. Data represents mean £ SEM of 3 independent

experiments (n=3) performed in triplicate.
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4.4.2 Effect of citrullinated NaD1 on fungal membrane permeabilisation

To determine whether citrullinated NaD1 maintains membrane permeabilising activity, Pl
uptake with varying concentrations of citrullinated NaD1 (0-25 puM) on C. albicans
(ATCC10231) following a 30 min incubation was assessed using flow cytometry (Figure 19).
Native NaD1 (0-25 puM) and no defensin samples were used as controls.

As expected at concentrations <6 PM, native NaD1 had no effect on the membrane
permeabilisation, however at higher concentrations PI positivity increased to 80% at 12.5 uM
and reached ~ 100% at 25 puM. In contrast, C.albicans (ATCC10231) was largely unaffected by
citrullinated NaD1 even at the highest concentration of 25 puM with almost negligible Pl
positivity of cells. Likewise, the no defensin control did not have any effect on the PI positivity

of cells (Figure 19).
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Figure 19. Effect of citrullinated and native NaD1 on the Pl uptake of C. albicans
(ATCC10231)

Percentage PI positive cells tested with various concentrations of native and citrullinated NaD1
following 30 min incubation. No defensin control was included (in black). Data represents

mean £ SEM of 3 independent experiments (n=3) performed in triplicate.
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To further understand the kinetics and examine the morphological changes a cell undergoes
upon treatment with citrullinated NaD1, endpoint and time-course imaging using confocal live
laser scanning imaging microscopy (CLSM) was performed. Immobilised C.albicans
(ATCC10231) cells were treated with either citrullinated NaD1 (25 pM), native NaD1 (25 pM)

or a no defensin control in the presence of orange nucleic acid stain PI.

Treatment of C.albicans cells with NaD1 over 30 min induced cell permeabilisation which is
indicated by the orange PI staining (Figure 20). Treatment with citrullinated NaD1 resulted in
no membrane permeabilisation as demonstrated by no PI staining of the cells. No PI staining

and membrane permeabilisation was observed in the untreated and no defensins samples.

A time-course imaging of C.albicans (ATCC10231) cells treated with native and citrullinated
NaD1 were conducted to investigate the kinetics of membrane permeabilisation (Figure 21).
Post 02:00 min addition of native NaD1, membrane permeabilisation was detected by weak Pl
staining. An increase in detection of Pl was observed in all cells post 04:00 min addition of
NaD1 with all cells being PI positive by 06:00 min. Treatment with citrullinated NaD1 resulted
in no membrane permeabilisation over the duration of the time course experiment as
demonstrated by no detection of Pl staining of cell and this effect remained constant for a
period of 00:60 min (Figure 21). Similarly, no membrane permeabilisation was observed in

untreated cells and the no defensin control as indicated by no detection of PI staining.
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Figure 20. Confocal imaging of C.albicans (ATCC10231)

Cells were immobilised onto chamber slides and stained with PI (orange) prior to imaging under
Zeiss LSM 800 confocal microscopy in a 37°C/5% CO02. Untreated cells, native NaD1 (25 uM),
citrullinated NaD1 (25 uM) and no defensins were directly added to cells via capillary while
viewing. Images were taken 0-30 min post addition of defensin. Data are representative of three

independent experiments.
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Figure 21. Confocal time course imaging of C.albicans (ATCC10231) cells

Cells were immoblised onto chamber slides and stained Pl (orange) prior to imaging under
Zeiss LSM 800 confocal microscopy in a 37°C/5% CO02. Untreated cells, native NaD1 (25 uM),
citrullinated NaD1 (25 uM) and no defensins were directly added to cells via capillary while
viewing. Images were taken 0-6 min post addition of defensin. Data are representative of three

independent experiments.
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4.4.3 The effect of citrullinated NaD1 on C. albicans (ATCC90028) growth and
membrane permeabilisation

To investigate whether this reduction in anti-fungal activity seen in section 4.4.1 is consistent
across different C. albicans strains, the effect of citrullinated NaD1 (0-25 uM) on C. albicans
(ATCC90028) clinical strain following 24 h incubation period was assessed (Figure 22).
Native NaD1 (0-25 puM) was used as a positive control. Additionally, a no defensin control
was employed used to ensure any effects observed were not due to the reagents present in
citrullinated samples.

NaD1 demonstrated a dose-dependent reduction on fungal growth with an 1Cso of 4.66 UM
with growth completely abolished at 25 pM. In contrast, the ability of citrullinated NaD1 to
inhibit fungal growth was greatly reduced with an ICso of 166 uM. Additionally, C. albicans
ATCC90028 clinical strain appears to be more resistant as citrullinated NaD1 demonstrated a
reduced activity when compared to the C. albicans (ATCC10231) strain (Figure 18). As

anticipated, no defensin control exhibited little effect on the fungal growth (Figure 22).
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Figure 22. Effect of citrullinated and native NaD1 on the growth of C. albicans
(ATCC90028)

Percentage fungal growth of C. albicans (ATCC90028) following incubation with native and
citrullinated NaD1 (0-25 uM) after 24 h. A no defensin control was included (in black). Data
were normalised against an untreated control (assigned 100% growth). I1Cso values (LM) were
calculated and displayed in the adjacent table. Data represents mean + SEM of 3 independent

experiments (n=3) performed in triplicate.

The anti-fungal and Pl-permeabilising activity of native and citrullinated NaD1 was further
assessed against the ATC90028 clinical strain of C. albicans. As above, Pl uptake assays were
carried out with varying concentrations of citrullinated NaD1 (0-25 uM) on C. albicans
ATC90028 following 30 min incubation using flow cytometry (Figure 23). Native NaD1

(0-25 puM) and no defensin samples were used as controls.

Native NaD1 demonstrated a dose-dependent effect on PI positivity of C.albicans
(ATC90028). At concentrations <6 UM, native NaD1 displayed no effect on the membrane
permeabilisation, however at higher concentrations Pl positivity increased to ~ 70% at
12.5 pM and reached ~ 80% at 25 uM. In contrast, C.albicans (ATC90028) was largely

unaffected by citrullinated NaD1 even at the highest concentration of 25 uM with almost
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negligible PI positivity of cells. Similarly, the no defensin control did not have any effect on

the PI positivity of cells.
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Figure 23. Effect of citrullinated and native NaD1 on the Pl uptake of C. albicans
(ATCC90028)

Percentage PI positive cells of C. albicans (ATCC90028) tested with various concentrations
of native and citrullinated NaD1 (0-25 uM) following 30 min incubation. No defensin control
was included (in black). Data represents mean £ SEM of 3 independent experiments (n=3)
performed in triplicate.

4.4.4 Effect of citrullinated NaD1 on mammalian tumour cell viability

In addition to antifungal activity, NaD1 can reduce viability of mammalian tumour cells. To
determine if citrullinated NaD1 has any cytotoxic effects on mammalian tumour cells, initially
the adherent human tumour cells lines, cervical cancer cells (HeLa) and prostate carcinoma
(PC3) cells, were treated with varying concentration of defensins (0-25 uM) and cell viability
was assessed after 48 h incubation period using tetrazolium dye-based (MTT) cell viability
assays (Figure 24). Native NaD1 (0-25 pM) was used as a control.

As shown in Figure 24, NaD1 reduced HeLa cell viability in a dose-dependent manner with a
relatively low 1Cso value (4.13 pM). In contrast citrullinated NaD1 had no substantial effect on

68



HelLa cells at lower concentrations (<12.5 uM), as cell viability did not differ from the

untreated controls and viability only reduced to ~ 70% at the highest concentration of 25 puM.

Similarly, PC3 viability reduced in a dose-dependent manner when treated with native NaD1
demonstrating a low 1Cso value (6.06 M) (Figure 24B). However, citrullinated NaD1 had no
significant reduction in the viability of PC3 even at the highest concentration of 25 pM.
Interestingly, PC3 cells were apparently more resistant to native and citrullinated NaD1 when

compared to HeLa cells illustrated by higher ICso values.
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Figure 24. Effect of native and citrullinated NaD1 on HeLa and PC3 cell viability.

(A) HeLa cell and (B) PC3 cell viability treated with various concentrations of native and
citrullinated NaD1 (0—25 puM) were assessed using MTT assay. ICso values (LM) were
calculated and displayed in the adjacent table. Data represents mean £ SEM of 3 independent
experiments (n=3) performed in triplicate. Data were normalised against an untreated control

(assigned 100% viability
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To further characterise the effect of citrullinated NaD1 on tumour cells, (MTS) cell viability
assays were also used to determine whether citrullinated NaD1 (0-25 pM) has any cytotoxic
effects against the human suspension tumour cell lines, monocytic lymphoma U937 and
monocytic leukemia THP1 cells. Native NaD1 and no defensin control (0-25 uM) were used

as controls (Figure 25).

Native NaD1 reduced U937 cell viability in a dose dependent manner with viability abolished
at 25 uM. In contrast citrullinated NaD1 had no substantial effect on U937 cell viability even
at the highest of 25 uM with viability only reduced to ~ 80% (Figure 25A). The no defensin

control exhibited no activity on the cell viability.

Similarly, THP1 cell viability was reduced in a dose-dependent manner when treated with
native NaD1 (Figure 25B). However, in contrast to the effects observed with U937 viability,
there was no reduction in THP1 cell viability when treated with citrullinated NaD1, with

viability increasing to ~ 120% at the highest concentration of 25 uM.
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Figure 25. The effect of native and citrullinated NaD1 on U937 and THP1 cell viability
(A) U937 cell and (B) THPL1 cell viability treated with various concentrations of native and
citrullinated NaD1 (0— 25 uM) were assessed using MTS assay. Data represents mean + SEM
of 3 independent experiments (n=3) performed in triplicate. Data were normalised against an

untreated control (assigned 100% viability).
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4.4.5 Effect of citrullinated NaD1 on membrane permeabilisation of U937

In addition to fungal cells, defensins are known to also exhibit activity against tumour cells by
membrane permeabilisation. To determine the effect of citrullinated NaD1 on membrane
permeabilising activity on tumour cells, Pl uptake with various concentrations of citrullinated
NaD1(0-25 pM) on U937 monocytic lymphoma cells following 30 min incubation was
assessed using flow cytometry (Figure 26). Native NaD1 (0-25 uM) and no defensin samples
were used as controls.

Native NaD1 displayed a dose-dependent permeabilisation of U937 tumour cells, with ~ 40%
P1 positivity observed at 25 uM. However, U937 were unaffected by citrullinated NaD1, with
almost negligible PI positivity of cells at the highest concentration of 25 uM. Likewise, the no

defensin control had no effect on the Pl positivity of cells (Figure 26).
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Figure 26. Effect of citrullinated and native NaD1 on the Pl uptake of U937 tumour cells.
Percentage of PI positive cells tested with various concentrations of native and citrullinated
NaD1 following 30 min incubation. No defensin control was included (in black). Data

represents mean = SEM of 3 independent experiments (n=3) performed in triplicate.
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Endpoint and time-course imaging using CLSM was performed to further understand and
examine the morphological changes U937 cells undergo upon treatment with citrullinated
NaD1. Immobilised U937 cells were treated with either citrullinated NaD1 (10 pM), native
NaD1 (10 pM) or a no defensin control in the presence of green fluorescent membrane stain

PKHG67 and orange nucleic acid stain PI.

As shown in Figure 27, treatment of U937 cells with NaD1 over 1 hr induced cell
permeabilisation indicated by the orange PI staining and formation of one or more membrane
blebs. No PI staining or membrane blebbing occurred in the untreated samples. In contrast
citrullinated NaD1 had no effect on membrane permeabilisation as demonstrated by no PI
staining of cells. As expected, the no defensin control resulted in no membrane

permeabilisation.

A time-course imaging of U937 cells treated with native and citrullinated NaD1 were
conducted to investigate the kinetics of membrane permeabilisation (Figure 28). Post 02:00
min of addition of native NaD1, membrane permeabilisation and blebbing was detected by
weak Pl staining. An increase in detection of Pl was observed in all cells post 04:00 min
addition of NaD1. No membrane permeabilisation or blebbing was observed in cells treated
with citrullinated NaD1 over the duration of the time course experiment as demonstrated by
no detection of PI staining of cells. This lack of staining remained constant for a period of
00:60 min (Figure 28). Similarly, no membrane permeabilisation was observed in untreated

cells and the no defensin control as indicated by no detection of PI staining.
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Figure 27. CLSM endpoint imaging of U937 cells

Cells were immobilised onto chambered slides and stained with PKH67 (green) and PI (orange)

prior to imaging under Zeiss LSM 800 confocal microscopy in a 37°C/5% CO0.. Untreated cells,

right field
) -

Native

c'tru“mated-

No defensin

native NaD1 (10 uM), citrullinated NaD1 (10 uM) and no defensin were directly added to cells
via capillary while viewing. Images were taken 0-60 min post addition of defensin. Data are

representative of two independent experiments.
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Figure 28. CLSM time course imaging of U937 cells

Cells were immobilised onto chambered slides and stained with PKH67 (green) and PI (orange)
prior to imaging under Zeiss LSM 800 confocal microscopy in a 37°C/5% CO0.. Untreated cells,
native NaD1 (10 uM), citrullinated NaD1 (10 uM) and no defensins were directly added to
cells via capillary while viewing. Images were taken 0-6 min post addition of defensin. Data

are representative of two independent experiments.
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4.5 Recombinant expression and citrullination of NaD1 R40E and NaD1 R39A
mutants

To determine whether the observed difference in the activity of native and citrullinated NaD1
was due to citrullination of specific arginine residues, NaD1 mutants R40E and R39A were
expressed using the pP1C9 expression system in P. pastoris. The defensins were purified using
cation exchange column chromatography and concentrated. Yields of 1.2 mg/L and 1.4mg/L
were obtained for NaD1 R40E and NaD1 R39A, respectively.

The purity and quality of the expressed defensins were evaluated using SDS-PAGE and
immunoblot analysis. Bands at 5.3 kDa were observed for both NaD1 R40E and NaD1 R39A
mutants consistent with expected molecular size of NaD1 (Figure 29A). Immunoblot analysis
with anti-NaD1, revealed molecular weights similar to that observed with SDS-PAGE
(Figure 29B). Despite the successful production and purification of the NaD1 R40E and R39A
mutant proteins, the COVID-19 pandemic resulted in a ‘lock-out’ of the laboratories at LIMS
(March-May 2020), and further citrullination experiments involving NaD1 mutant proteins

were unable to be performed.
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Figure 29. Characterisation of purified NaD1 R40E and NaD1 R39A

(A) SDS-PAGE analysis (2 pug and 4 pg protein/lane) following Coomassie stain of
purified NaD1 R40E and NaD1 R39A (B) Immunoblot (4 pg protein) of rabbit-anti-
NaD1 and HRP conjugated donkey-anti-rabbit antibodies.
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Chapter 5
Citrullination and functional analysis
of HBD-3
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5.1 Introduction

Similar to plant defensins, human defensins such HBD-2 and HBD-3 exhibit membranolytic
activity by targeting membrane phospholipids, particularly PIP, (Phan et al., 2016; Jarva et al.,
2018b). These interactions between the defensins and PIP, molecules have been shown to be
crucial for the antifungal and anticancer activity of HBD-2 and HBD-3 (Phan et al., 2016;
Jarva et al., 2018b). Furthermore, the HBD-2:PIP; interaction is mediated by a key arginine
residue, R22, while HBD-3:PIP; interactions are mediated by a lysine residue (K39) (Table 2).
As the plant defensin NaD1 was shown to be citrullinated which affected the antifungal and
anticancer activity of the defensin, it was also of interest to determine if human defensins can
be citrullinated and if so, whether their functions are impaired. It should be noted that although
HBD-3 interacts with PIP, primarily through K39 to mediate its membranolytic acitivity, it is
a highly positively charged protein containing 5 arginine residues (Figure 8A). Therefore, it
was of interest to determine if citrullination would affect the overall charge of HBD-3 leading

to a difference in its activity.
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5.2  Citrullination of HBD-2 and HBD-3

To determine whether human defensins can be citrullinated, HBD-2 and HBD-3 were treated
in vitro with the PAD2 (peptidylarginine deaminase 2) enzyme. Citrullination was detected
using immunoblot analysis with an anti-citrulline antibody which is able to specifically detect
citrulline residues. A band consistent with the molecular weights of HBD-3 at ~ 6 kDa were
observed for citrullinated HBD-3 (Figure 30). No detectable band at the expected size of
HBD-2, 4.1 kDa, was seen for citrullinated HBD-2 (Figure 30). A band of ~5.5-6 kDa was
observed for citrullinated LL-37 consistent with the expected molecular weight of LL-37
(Figure 30). No bands were observed for non-citrullinated lanes for HBD-2 and HBD-3 and

LL-37.

HBD-2 HBD-3  LL-37

kDalT - N - N

°— -

Figure 30. Characterisation of citrullinated HBD-2, HBD-3 and LL-37

Immunoblot of Citrullinated HBD-2 and HBD-3 (10 pg protein) and LL-37 (5 ug protein)
probed with anti-citrulline antibody (1:1000 dilution) and detected using HRP conjugated
donkey-anti-rabbit antibody. (+ = Citrullinated, - = non-citrullinated). Arrow indicate

citrullinated protein bands.
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As an increase in 1 Da is observed for every arginine residue that is citrullinated and converted
to citrulline, ESI-Q-ToF mass spectrometry was conducted to determine exact mass of
citrullinated HBD-2 and HBD-3 in order to confirm if PAD2 was successfully able to

citrullinate the human defensins (Figure 31).

No difference in mass was observed for the citrullinated HBD-2 (4325.1) when compared with
the native HBD-2 (4325.1) (Figure 31A), consistent with results obtain from immunoblot
analysis. Intriguingly, multiple peaks were present for HBD-3 mass spectrometry and with a
decrease in 300 Da detected for citrullinated HBD-3 (5031.2) in comparison to native HBD-3
(5341.2) (Figure 31B). These data were inconsistent with immunoblot analysis for citrullinated
HBD-3. As HBD-2 does not appear to be citrullinated and HBD-3 appears to be citrullinated
on the immunoblot analysis, all subsequent experiments in this chapter were only carried out

on HBD-3.
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Figure 31. ESI-Q-Tof mass spectrometry analysis of untreated and citrullinated HBD-2
and HBD-3

(A) No increase in mass present between the untreated HBD-2 (4325.1) and citrullinated
HBD-2 (4325.1). (B) Mass spectrum revealed multiple peaks and a decrease in 300 Da was
present for citrullinated HBD-3 (5031.2) in comparison to native HBD-3 (5341.2).
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5.3 Functional analysis of citrullinated HBD-3

5.3.1 Effect of citrullinated HBD-3 on fungal growth inhibition

Similar to plant defensins, human defensins including HBD-3 display anti-fungal activity
against C. albicans. Therefore, to investigate whether citrullinated HBD-3 results in a decrease
in activity against C. albicans, the effect of citrullinated HBD-3 (0-25 pM) was assessed on
C. albicans (ATCC10231) following 24 h incubation (Figure 32). Native HBD-3 (0-25 pM)
was used as a positive control. Additionally, a no defensin control was employed used to ensure

any effects observed were not due to background reagents present in citrullinated samples.

Native HBD-3 displayed a dose-dependent reduction in C. ablicans growth with an 1Csp value
of 11.4 uM and growth abolished at 25 uM. Intriguingly, the ability of citrullinated HBD-3 to
inhibit fungal growth was reduced ~ 7-fold with an 1Cso ~ 73 uM. As expected, the no defensin

control exhibited a little effect on the fungal growth (Figure 32).
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Figure 32. Effect of citrullinated and native HBD-3 on the growth of C. albicans
(ATCC100231)

Percentage fungal growth of C. albicans (ATCC10231) following incubation with native and
citrullinated HBD-3 (0-25 puM) after 24 h. A no defensin control was included (in black). Data
were normalised against an untreated control (assigned 100% growth). 1Cso values (LM) were
calculated and displayed in the adjacent table. Data represents mean + SEM of 3 independent

experiments (n=3) performed in triplicate.

To further determine if the HBD-3 anti-fungal effect would be observed across different
C.albicans strains, the effect of citrullinated HBD-3 (0-25 puM) was assessed on the
C. albicans ATCC90028 clinical strain following 24 h incubation (Figure 33). Native HBD-3

and a no defensin control (0-25 uM) were used as controls.

Native HBD-3 displayed a reduction on the fungal growth in a dose-dependent manner with
an 1Cso value of 8.6 UM and growth abolished at 25 uM. ~ 14-fold reduction in fungal growth
was seen in citrullinated HBD-3 and C. albicans ATCC90028 clinical strain appears to be more
resistant as citrullinated HBD-3 demonstrated a reduced activity when compared to the
C. albicans (ATCC10231) strain (Figure 32). As expected, the no defensin control exhibited

little effect on fungal growth (Figure 33).
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Figure 33. Effect of citrullinated and native HBD-3 on the growth of C. albicans
(ATCC90028)

Percentage fungal growth of C. albicans (ATCC90028) following incubation with native and
citrullinated HBD-3 (025 pM) after 24 h. A no defensin control was included (in black). Data
were normalised against an untreated control (assigned 100% growth). 1Cso values (UM) were
calculated and displayed in the adjacent table. Data represents mean + SEM of 3 independent

experiments (n=3) performed in triplicate.

5.3.2 Effect of citrullinated HBD-3 on membrane permeabilisation

To determine whether citrullinated HBD-3 maintains membrane permeabilising activity, PI
uptake with varying concentrations of citrullinated HBD-3 (0-50 puM) on C. albicans
ATC90028 clinical strain following 30 min incubation was assessed using flow cytometry

(Figure 34). Native HBD-3 (0-50 uM) and no defensin samples were used as controls.

Native HBD-3 demonstrated a dose-dependent effect on Pl positivity of C.albicans. At
concentrations <6 UM, native HBD-3 displayed no effect on the on membrane
permeabilization, however Pl positivity increased to ~ 90% at 50 uM. In contrast, C.albicans

were largely unaffected by citrullinated HBD-3 even at the highest concentration of 25 uM
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with almost negligible PI positivity of cells. Similarly, the no defensin control did not have any

effect on the PI positivity of cells (Figure 34).
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Figure 34. Effect of Citrullinated and native HBD-3 on the Pl uptake of C. albicans
(ATCC10231)

Percentage PI positive cells of C. albicans (ATCC10231) tested with various concentrations of
native and citrullinated HBD-3 (0-50 uM) following 30 min incubation. No defensin control
was included (in black). Data represents mean + SEM of 3 independent experiments (n=3)

performed in triplicate.

To determine whether the HBD-3 anti-fungal activity is consistent across different C. albicans
strains and whether citrullinated HBD-3 maintains membrane permeabilising activity, PlI
uptake assays were also carried out on C.albicans clinical strain ATCC90028, using varying
concentrations of citrullinated HBD-3 (0-50 uM). Following 30 min incubation, PI positivity
was assessed using flow cytometry (Figure 35). Native HBD-3 (0-50 uM) and no defensin

samples were used as controls.

At concentrations <6 uM, native HBD-3 displayed no effect on the on membrane

permeabilisation, however PI positivity increased to ~ 75% at 50 uM. In contrast, C. albicans
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ATCC90028 was largely unaffected by citrullinated HBD-3 even at the highest concentration
of 25 uM with almost negligible PI positivity of cells. Similarly, the no defensin control did

not have any effect on the PI positivity of cells (Figure 35).
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Figure 35. Effect of Citrullinated and native HBD-3 on the Pl uptake of C. albicans
(ATCC90028)

Percentage PI positive cells of C. albicans (ATCC90028) tested with various concentrations
of native and citrullinated HBD-3 (0-50 uM) following 30 min incubation. No defensin control
was included (in black). Data represents mean + SEM of 3 independent experiments (n=3)

performed in triplicate.

5.3.3 Effect of citrullinated HBD-3 on U937 tumour cell permeabilisation

In addition to membrane permeabilisation activity against fungal cells, HBD-3 is known to
exhibit activity against tumour cells by membrane permeabilisation. To determine the effect of
citrullinated HBD-3 on membrane permeabilising activity on tumour cells, Pl uptake with
concentrations of citrullinated HBD-3 (0-50 uM) on U937 cells following 30 min incubation
was assessed using flow cytometry (Figure 36). Native HBD-3 (0-50 pM) and no defensin

samples were used as controls.
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Treatment with native HBD-3 displayed a dose-dependent permeabilisation of U937 tumour
cells, with ~ 80% PI positivity observed at 50 pM. In contrast, almost negligible PI positivity
was observed in U937 cells treated with citrullinated HBD-3 at the highest concentration of

50 pM. Likewise, the no defensin control had no effect on the PI positivity of cells

(Figure 36).
80
-o— Native HBD-3
E 0 —= Citrullinated HBD-3
72
S -4 No defensin control
o
= 407
=
3
o 20
o
—
o|IIIIIIIIIIIIIIIIIIIIIIIII

0 20 40
Defensin concentration (uM)

Figure 36. Effect of native and citrullinated HBD-3 on the Pl uptake of U937 tumour cells
Percentage of PI positive cells tested with various concentrations of native and citrullinated
HBD-3 (0-50 uM) following 30 min incubation. No defensin control was included (in black).

Data represents mean + SEM of 3 independent experiments (n=3) performed in triplicate.
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To further examine the kinetics and morphological changes a cells undergoes upon treatment
with citrullinated HBD-3, endpoint and time-course imaging using CLSM. Immobilised U937
cells were treated with either citrullinated HBD-3 (50uM), native HBD-3 (50 uM) or a no

defensin control in the presence of the nucleic acid stain PlI.

Treatment of U937 cells with HBD-3 over 30 min induced cell permeabilisation indicated by
the orange PI staining and formation membrane blebs (Figure 37). No PI staining or membrane
blebbing occurred in the untreated samples. In contrast citrullinated HBD-3 had no effect on
membrane permeabilisation as demonstrated by no Pl staining of cells and presence of
membrane blebs. As expected, the no defensin control resulted in no membrane

permeabilisation.

A time-course imaging of U937 cells treated with native and citrullinated HBD-3 were
conducted to investigate the kinetics of membrane permeabilisation (Figure 38). Post 10:00
min of addition of native HBD-3, there was no detection of membrane permeabilisation.
However, post 15:min, membrane permeabilisation and blebbing was detected by staining of
Pl. An increase in Pl staining was observed in cells post 30:00 min addition of HBD-3. No
membrane permeabilisation or blebbing was observed in cells treated with citrullinated
HBD-3 over the duration of the time course experiment as demonstrated by no detection of Pl
staining of cells. This lack of effect remained constant for a period of 00:30 min (Figure 38).
Similarly, no membrane permeabilisation was observed in untreated cells and the no defensin

control as indicated by no detection of PI staining.
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Figure 37. Confocal imaging of U937

Cells were immoblised onto chambered slides and stained with Pl (orange) prior to imaging
under Zeiss LSM 800 confocal microscopy in a 37°C/5% CO02. Untreated cells, native HBD-3
(50 uM), citrullinated HBD-3 (50 uM) and no defensins were directly added to cells via capillary
while viewing. Images were taken 0-30 min post addition of defensin. Data are representative

fields of view from one independent experiment.
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Figure 38. Confocal time course imaging of U937 cells

Cells were immoblised onto chambered slides and stained Pl (orange) prior to imaging under
Zeiss LSM 800 confocal microscopy in a 37°C/5% CO02. Untreated cells, native HBD-3
(50 uM), citrullinated HBD-3 (50 uM) and no defensins were directly added to cells via

capillary while viewing. Images were taken 0-6 min post addition of defensin. Data are

representative fields of view from one independent experiment.



5.3.4 Effect of citrullinated HBD-3 on cell viability

In addition to anti-fungal activity, human defensins such as HBD-3 can reduce viability of
mammalian tumour cells. To determine if citrullinated HBD-3 displays any cytotoxic effects,
cervical cancer cells (HeLa) and prostate cancer (PC3) cells were treated with varying
concentration of defensins (0-50 uM) and assessed after 48 h incubation period using
tetrazolium dye-based (MTT) cell viability assays (Figure 39). Native HBD-3 and no defensin
controls (0-50 uM) were used as controls.

As shown in Figure 39A, native HBD-3 reduced HeLa cell viability in a dose-dependent
manner with viability nearly abolished at 50 uM. In contrast, citrullinated HBD-3 only reduced
HeLa cell viability to ~ 65% at the highest concentration of 50 pM. Native HBD-3 reduced
PC3 cell viability to ~60% at 50 uM with citrullinated HBD-3 having no effect on the viability
at the highest concentration (Figure 39B). The no defensin control little effect on the viability

of HelLa and PC3 cells.
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Figure 39. Effect of native and citrullinated HBD-3 on HelLa and PC3 cell viability
(A) Hela cell and (B) PC3 cell viability treated with various concentrations of native and
citrullinated HBD-3 (0-50 uM) were assessed using MTT assay. No defensin control was
included (in black). Data were normalised against an untreated control (assigned 100%
viability). Data represents mean £ SEM of 3 independent experiments (n=3) performed in

triplicate.
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Chapter 6
Discussion
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6.1 Introduction

The innate immune system of eukaryotes is a vital evolutionary component of host defence
system and serves as the first line of protection against pathogens. Defensins are a major class
of cationic antimicrobial peptides that are produced by plant and animal species and form an
integral component of the innate immune system. Defensins are widely known for their
antimicrobial and antifungal activities and more recently for their ability to target and lyse
mammalian tumour cells (Poon et al., 2014; Baxter et al., 2015; Phan et al., 2016).

Until recently, the mechanism of membranolytic action of defensins was poorly understood.
However, studies conducted by the Hulett laboratory (La Trobe University) focusing on plant
and human defensins have identified the importance of defensins binding to negatively charged
phosphoinositides, particularly PIP2, in membrane permeabilisation (Poon et al., 2014; Baxter
et al., 2015; Phan et al., 2016; Jarva et al., 2018b). The interaction of defensins with PIP, was
found to be dependent on positively charged residues, particularly arginine, binding to the
negatively charged lipid headgroup which ultimately leads to membrane permeabilisation
(Poon et al., 2014; Jarva et al., 2018b). Pathogens are equipped with mechanisms to counteract
host defences and one such example is the process of citrullination. Citrullination, a
post-translational modification, converts positively charged arginine residues into the neutral
residue citrulline, a process that can alter protein-protein interactions and even protein function
(Koziel et al., 2014; Witalison et al., 2015). Citrullination has been linked with the regulation
of innate immunity (Cirioni et al., 2006; Koziel et al., 2014). However, the role of citrullination
in regulating plant and mammalian defensins has yet to be investigated. Furthermore, with the
increasing interest in defensins as novel therapeutic agents (such as the clinical trials currently

underway for NaD1-deriviatives by Hexima Ltd for the topical treatment of onychomycosis
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https://hexima.com.au/project_tag/onychomycosis/), it is important that any processes able to
inactivate defensins in vivo be identified and characterised. Therefore, this project aimed to
provide novel insight into citrullination of plant and mammalian defensins and its effect on
lipid binding as well as function of defensins.

6.2 Interactions of NaD1, HBD-2 and HBD-3 PI(4,5)P>

Membranolytic action of defensins is known to be mediated by interaction with membrane
phospholipids via key cationic arginine residues. Citrullination converts arginine into neutral
citrulline that can change protein function (Gyorgy et al., 2006; Witalison et al., 2015). The
reactions catalyzed by PAD enzymes are dependent on the number of arginine residues present
and surface exposure of these residues. The citrullination of model defensins NaDl1,
HBD-2 and HBD-3 were investigated as they contain 4, 2 and 5 exposed arginine residues,
respectively (Figure 8). More importantly NaD1 and HBD-2 were chosen as they are known
to interact with PIP2 via Arg40 and Arg22 respectively (Table 2). In this thesis, HBD-3 was

initially selected as a negative control as it interacts with PIP; via a lysine (Lys39) residue.
6.3 Recombinant defensin expression and characterisation

Pichia pastoris, a eukaryotic methylotrophic yeast was selected as the expression system for
this study. Being an eukaryotic expression system, it promotes the correct protein folding and
disulphide bond formation of mammalian proteins, which are crucial for defensin function
(van der Weerden et al., 2008; Poon et al., 2014; Zhang, 2017). The pPIC9 vector was used for
expression of the above mentioned defensins as it allows in frame expression of defensins with
a-factor secretion signal, that when cleaved by the Kex2 endoprotease, enables recombinant
protein to be secreted into the extracellular medium (Yang et al., 2013). This allowed protein

to be purified using cationic exchange column chromatography.
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Prior to purification, the pH of defensin preparations were adjusted to 6.0 which was below the
isoelectric point of NaD1, HBD-2 and HBD-3 (8.58, 10.5 and 9.16 respectively). This ensured
the defensins to be positively charged for purification by cation column chromatography.
SDS-PAGE and immunoblot analysis for NaD1, HBD-2 and HBD-3 revealed bands at the
expected molecular sizes (5.3 kDa, 4.3 kDa and 5.1 kDa, respectively) confirming the purity
and identity of proteins (Figure 9). However, two bands for HBD-2 were observed at
approximately 4-4.5 kDa which suggests in addition to the full-length protein, a truncated
version may have been purified. To determine if a truncated version of HBD-2 was present in
the samples, separation via chromatography or identification by mass spectrometry may be

used to further characterise the exact nature of the protein.

CD spectroscopy was used to determine percentage of secondary structures present in the
purified defensins. CD spectroscopy measures the absorption of left-handed and right-handed
polarised light at a range of wavelengths and estimates the percentage of secondary structures
present in the protein by comparing data to known spectra of the previously defined proteins
(Sreerama & Woody, 2000). The results confirmed NaD1, HBD-2 and HBD-3 to be correctly
folded, as expected based on the known structures of these defensins. Analysis of CD spectrum
revealed the characteristic a-helical double minima (222 nm and 208 nm) for NaD1 and
B-strand maxima at 195 nm and minima at 208 nm for HBD-2. The CD spectrum for HBD-3
revealed characteristic random coil structure with only 25% p-strand, which was consistent

with previous studies of HBD-3 (Boniotto et al., 2003).
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6.4 Functional analysis of NaD1, HBD-2 and HBD-3

To confirm the functional activity of recombinantly expressed defensins, growth inhibition,
membrane permeability (Pl uptake) and cell viability (MTT assays) were performed on a
model fungal pathogen (C. albicans) and human tumour cell line, HeLa. NaD1 was potent at
killing fungal and tumour cells with 1Cso values of ~ 6 and 3 uM, respectively (Figure 11).
Although less potent than NaD1, HBD-3 was also effective in reducing fungal and HeLa cells
with 1Cso values of ~ 7 and 18 pM, respectively. In contrast, HBD-2 was found to be effective
in killing C. albicans (ICso ~ 9.5 uM), however, failed to reduce viability of HeLa cells
(Figure 11). These results are consistent with previously published evidence of NaD1, HBD-2
and HBD-3 activity (Poon et al., 2014; Baxter et al., 2015; Phan et al., 2016; Jarva et al.,
2018b), which demonstrates the anti-fungal and anti-cancer of these defensins by targeting
membrane phospholipids, particularly PIP, and PA, resulting in oligomer formation and
membrane permeabilisation (Poon et al., 2014; Kvansakul et al., 2016; Jarva et al., 2018b). It
should be noted that in addition to membrane permeabilisation, other mechanisms of cell
Killing have been reported for defensins. Plant defensin RsAFP2, NaD1 and HsAFP1 have
been shown to trigger the release of reactive oxygen species (ROS), induce apoptosis via
mitochondrial-dependent mechanisms, and regulate Ca?*/K* efflux in C. albicans and
pathogenic plant fungi, Fusarium oxysprum (De Coninck et al., 2013; van der Weerden &
Anderson, 2013). In addition to plant defensins, human defensins have also been shown to
mediate cell lysis using various mechanisms. HNP-1, -2, and -3, well characterised
a-defensins, have been demonstrated to cause membrane permeabilisation of tumour cells via
induction of DNA damage, suppression of DNA synthesis and ion channel formation (Muller

et al., 2002; Nishimura et al., 2004).
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The ability of HBD-2 to kill C. albicans but not HeLa cells is interesting and suggests its
mechanism of action is different to that of NaD1 and HBD-3. Previous studies have suggested
that the anti-fungal activity of HBD-2 is dependent on its ability to bind PIP, and permeabilise
the plasma membrane (Jarva et al., 2018b). In contrast to the anti-tumour cell activity of NaD1
and HBD-3, this mechanism does not appear to be conserved for HBD-2 with HeLa cells.
There are a few possible explanations, including ineffective uptake of HBD-2 in HeLa cells
(as defensins need to be internalised by cells to mediate their lytic activity (Poon et al., 2014;
Phan et al., 2016,), attributed to a potential difference in membrane composition or possession

of a HBD-2—inactivating mechanism by HeLa cells.

6.5 Citrullination of NaD1, HBD-2, HBD-3 and LL-37

Citrullination is a post-translational modification that has been linked with several diseases
including autoimmunity and cancer. In autoimmune disease such as rheumatoid arthritis (RA),
autoantibodies target citrullinated proteins that contribute to disease progression, and detection
of the presence of such anti-citrulline antibodies are a standard test for RA (Foulquier et al.,
2007; Khandpur et al., 2013). In cancer, PAD enzymes are often up-regulated and have been
shown to citrullinate a range of proteins, such as components of signaling pathways and the
extracellular matrix components, that can promote aspects of tumour progression such as
metastasis (Yuzhalin et al., 2018).

Citrullination is also exploited by pathogens to regulate innate immune responses such as
antimicrobial activity. For example, citrullination of the antimicrobial peptide LL-37 reduces
its antimicrobial activity (Cirioni et al., 2006; Kilsgard et al., 2012; Koziel et al., 2014) . In this
thesis, for the first time it was revealed that defensins can be citrullinated. Immunoblot analysis

using an anti-citrulline antibody which specifically detect citrulline residues, revealed bands
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for NaD1 and HBD-3 at ~ 6 kDa (Figure 12B & Figure 30). However, no bands were observed
for HBD-2 suggesting that this defensin is not citrullinated despite containing arginine
residues. It should be noted that the anti-citrulline immunoblot analyses also detected bands at
approximately 90 kDa and 50 kDa in the LL-37 and NaD1 samples, respectively, suggesting
self-citrullination of the PAD2 enzyme. Self-citrullination of PAD4 has been previously
reported, however, self-citrullination only affected protein interactions and had no effect on
the function of the specificity or function of the enzyme (Andrade et al., 2010; Slack et al.,
2011). As there is similarity between PAD2 and PADA4, it is possible that the PAD2 enzyme
can undergo self-citrullination that has no effect on its function.

To further confirm citrullination of defensins, ESI-Q-TOF MS analysis was conducted where
an increase in 1 Da is observed for every arginine residue that is converted to citrulline. An
increase in 3 Da was observed for citrullinated NaD1 (Figure 13 B). NaD1 contains four
arginine residues in its primary amino acid sequence (R1, R21, R39 and R40) which are
predicted to be exposed, making them accessible for citrullination. Arginine residues that are
near the N-terminus and flanked by glutamic acid are less susceptible to citrullination (Tarcsa
et al., 1996; Gyorgy et al., 2006; Knuckley et al., 2010; Witalison et al., 2015). Since R1 is
located close to the N-terminus and is flanked by glumatic acid, R1 could potentially be the
arginine residue that will not be citrullinated in NaD1 (Figure 8). Despite containing two
exposed arginine residues (R21 and R22) (Figure 8), HBD-2 does not appear to be citrullinated
and these results are consistent with negative result from immunoblot analysis (Figure 30).
Indeed, there may be structural explanations for why PAD cannot access all exposed arginine
residues in HBD-2 as both the arginine residues are flanked by a proline residue which makes

it less susceptible to citrullination (Figure 8). Intriguingly, citrullinated HBD-3 demonstrated
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a decrease in 300 Da when compared to uncitrullinated HBD-3 and several molecular species
as multiple peaks were observed (Figure 31B). The multiple peaks that appeared on the
spectrum suggest that the protein might not be pure or the protein is not stable. In future it
would be worth exploring if other PAD enzymes, such as PAD4, influence citrullination of
defensins. Furthermore, as citrullination can alter the structure of proteins and lead to changes
in function, it would be interesting to use CD spectroscopy to determine any structural changes
that may arise from citrullination of the three defensins and if it affects their function. It is also
important to highlight that in this study all of the citrullination experiments on defensins were
done in vitro. Although this provides proof of concept that defensins (namely NaD1 and HBD-
3 in this instance) can be citrullinated, clearly it is important to determine if defensins are
citrullinated in vivo. Therefore, future experiments to address this could involve testing mouse
and/or patient tissues samples or blood from appropriate settings where citrullination is
expected e.g. sites of inflammation or tumours, immunoprecipitating the target defensin and
then detecting the presence of any citrulline residues by immunoblotting approaches with an

anti-citrulline antibody.

6.6 Interaction of citrullinated NaD1 with cellular lipids

Phosphoinositides, particularly PIP,, are important components of the plasma membrane in
mammalian and fungal cells (Di Paolo & De Camilli, 2006; van Meer et al., 2008). Despite
only comprising 0.5-1% of the phospholipids in the mammalian cells, PIP, plays a vital role in
several membrane regulated processes including ion channel function, signal transduction and
cytoskeletal attachment (Meldrum et al., 1991; McLaughlin & Murray, 2005; Phan et al.,
2019). While PIP2 is an important targeted defense against pathogens, there may be

mechanisms adopted by pathogens or the body that can directly or indirectly hinder the
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effectiveness of PIP, function. In defensins such as NaD1 where PIP plays a vital role in host
defense, citrullination of NaD1 may prevent defensin:lipid interactions leading to loss of its
function. Therefore, the ability of citrullinated NaD1 to bind to membrane phospholipids,
particularly PIP2, and the formation of oligomeric complexes were tested using protein-lipid
overlay assays, liposome pulldown assays, chemical (BS®) crosslinking assays and
transmission electron microscopy. Native NaD1 strongly bound to various mono-/bis-/tris-
phosphates, including PIP2, and phosphatidic acid (PA) (Figure 14A & 15). Binding with PIP
and PA resulted in the formation of higher order multimeric structures as well long fibril like
structures with PIP, (Figure 16 & 17A). Citrullinated NaD1 bound with weak relative
intensities to various phospholipids including PIP, and PA, and was present in the unbound
fraction of PC:PI(4,5)P> (Figure 14B & 15). No higher order multimeric structures were
observed for citrullinated NaD1 in the presence of PIP, or PA, however, intriguingly flatter
elongated structures with PIP2, were observed in transmission electron microscopy (Figure 16
& 17B).

As mentioned, a number of plant and human defensins are known to mediate membranolytic
activity by binding to membrane phospholipids, particularly to PIP2. NaD1 is known to interact
with PIP; via arginine residues, particularly R40, and is crucial for NADL1:PIP; interactions,
oligomerisation and membrane permeabilisation (Poon et al., 2014). Other defensins such as
HBD-2, HBD-3 and TPP3 lyse fungal and tumour cells via binding to PIP, and HBD-2
specifically interacts with PIP, via R22 to mediate cell permeabilisation (Poon et al., 2014;
Baxter et al., 2015; Phan et al., 2016; Jarva et al., 2018b). The ability of citrullinated NaD1 to
relatively bind to phospholipid, particularly PIP2 as shown in this study, suggest that other

residues in addition to arginine are involved in PIP2 binding (Figure 14B). NaD1 interacts with
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PIP, primarily via the characteristic ‘KILRR’ motif and forms hydrogen bonds with adjacent
NaD1 monomers which involves K4, K36, H36, 137 and R40 residues (Poon et al., 2014).
While R40 is a crucial residue for PIP; interactions and defensin function, mutagenesis studies
involving R40 (rNaD1(R40E) indicated some binding to PIP2 was retained, suggesting that
ionic interactions with other residues may still be formed with NaD1 (Poon et al., 2014). This
indicates that citrullination of arginine residues do not necessarily inhibit PIP2 binding as there

would be five other hydrogen bond formations which may allow for binding.

Despite citrullinated NaD1 demonstrating some interactions with PIP2, no higher structures
were seen in BS® crosslinking assay (Figure 16A). According to (Poon et al., 2014), R40 is
crucial for connecting PIP> molecules and the formation of oligomeric NaD1:PIP2 structures.
NaD1(R40E) mutagenesis studies demonstrated that oligomeric formation was reduced. This
is attributed to the fact that loss of interactions with the 4-phoshate moiety results in loss of
binding which leads to reduction in oligomerisation which is critically dependent on R40
forming bonds between adjacent PIP. molecules (Poon et al., 2014). It should be noted that K4
is involved in the formation of dimers as well as oligomers (Poon et al., 2014). However,
mutation of R40 demonstrated a reduction in the formation of oligomers regardless of the
presence of K4, which suggests that R40 is a more crucial residue or that both residues are
required for the formation of oligomers. This supports the importance of R40 in oligomeric
formation and that citrullination of NaD1 (citrullination of R40) may lead to reduced formation
of oligomers as it is not able to engage in multiple PIP, molecules which play a crucial part of
its function. Although some defensins bind to PIP2, NaD1 and NsD7 have also been shown to
bind to PA as well (Kvansakul et al., 2016; Jarva et al., 2018a). NaD1 formed multimeric

structures in the presence of PA, while the formation of higher order structures were not seen
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for citrullinated NaD1 in the presence of PA (Figure 16B). While R40 is a crucial residue for
PIP2 binding in NaD1, R39 is the crucial residue that is involved in NaD1 binding to PA and
the formation of oligomers (Poon et al., 2014; Jarva et al., 2018a). Mutagenesis studies
involving NaD1(R39A) revealed its inability to form oligomers with PA, which corresponded
to the decreased ability to inhibit growth and kill permeabilise fungal cells, while still
maintaining PIP, mediated oligomerisation (Jarva et al., 2018a). This indicates the importance
of R39 in PA binding and citrullination of R39 may lead to the loss of oligomerisation and
prevention of defensin function. Intriguingly, transmission electron microscopy demonstrated
the formation of flatter elongated like structures when citrullinated NaD1 was incubated with
PIP> (Figure 17B). As K4 is involved in the dimerisation of NaD1 molecules and possibly
oligomerisation, it is possible that the fibril formation observed might be similar to oligomeric
formation. Though the structures appear to be similar to oligomeric formation, further studies
are necessary to verify this. The ability to form oligomers is not limited to plant defensins as
oligomerisation has been characterised to be an important mechanism of human defensins as
well. Human a-defensin 6 and human B-defensin 1 can form nanonet oligomers that have the
ability to entangle bacteria and limit bacterial mobility (Chu et al., 2012; Raschig et al., 2017).
Despite not knowing the ligands that trigger the formation, the importance of oligomerisation
for defensins function is clear. Future structural studies involving citrullinated NaD1 with PIP;
using X-ray crystallisations to determine citrullinated NaD1:PIP; interactions would be worth
investigating. As well as more in-depth investigation on the role of citrullinated NaD1
interactions with PA may provide more insightful knowledge to membranolytic

permeabilisation.
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6.7 Functional analysis of citrullinated NaD1

As defensins, including NaD1, are known to exhibit membranolytic activity by targeting
phospholipids, the effect of citrullinated NaD1 on lipid binding may have functional
consequences for the functional ability of the defensin. The anti-fungal activity of citrullinated
NaD1 was examined using C. albicans (ATCC10231) growth inhibition assays (Figure 18) .
Native NaD1 inhibited the growth of fungal cells in a dose-dependent manner, abolishing
fungal growth at 12.5 puM. In contrast, citrullinated NaD1 had a greatly reduced ability to
inhibit fungal growth. The highly conserved 2-B3 loop (residues 38-42 for TPP3 and 36-40
for NaD1) motif among class 1l solanaceous defensins have been identified as crucial for PIP>
binding and defects in PIP2 binding can lead to the impairment of defensin function (Poon et
al., 2014; Baxter et al., 2015). Mutagenesis studies of NaD1(NaD1 (R40E)) resulted in a
significant reduction of fungal growth as a result of the inability to bind to PIP2 and form
oligomeric structures (Poon et al., 2014). Similarly, mutagenesis studies on NaD1(R39A) and
residues of TPP3 involved in PIP2 and PA binding and oligomerisation have revealed a
reduction in fungal growth (Baxter et al., 2015). NaD1 (R39A) mutation was effective in
abolishing fungal growth at higher concentrations due to its ability to bind to PIP; via the R40
residue (Jarva et al., 2018a). However, citrullinated NaD1 displayed no substainal effect on the
fungal growth as both arginine residues involved in PIP2 and PA binding may be citrullintated
which accounts for the reduction in antifungal activity. This suggests that citrullination of
arginine residues, particularly R40 and R39A, of NaD1 can modify the anti-fungal activity of
this defensin. This reduction in antifungal activity against C. albicans (10231) was also
observed on a different C. albicans clinical strain (ATCC90028). (Figure 22). However, this

strain appears to be more resistant as both native and citrullinated NaD1 demonstrated reduced
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activity at the highest concentration. The lipid composition in the plasma membrane between
C. albicans vary between strains as the total ratio of PA and PIP> (40:1 to 6:1) composition is
different and it may therefore account for the difference in activity observed for native and
citrullinated NaD1 (Badrane et al., 2008; Singh et al., 2010). Apart from NaD1 and TPP3
B2-B3 loop, a closely resembling B2-B3 loop (RGFRRR) of plant defensin MtDef4 has been
shown to be crucial for fungal cell entry which is mediated by PA binding and mutations of
the loop result in impaired MtDef4 function (Sagaram et al., 2013). Additionally, mutations in
the regions equivalent to KILRR loop of NaD1, crucial in lipid binding, have been implicated
to be important for antifungal activity of other plant defensins. Mutations in RSAFP2 and
MsDeflhave been demonstrated to affect the antifungal activity (De Samblanx et al., 1997;
Sagaram et al., 2013). Collectively, these studies indicate the importance of lipid binding on
anti-fungal activity and where mutations or modifications such as citrullination of key arginine
residues may result in impaired activity. Future investigation with higher defensin
concentrations and fungal inhibition assays on wide range of fungal strains known to be
affected by NaD1 including Fusarium oxysporum, Fusarium graminearum and
Saccharomyces cerevisiae, should be carried out to further confirm effects of citrullination on
the anti-fungal activity of defensins. Additionally, as plant defensins are also known to exhibit
other mechanisms of antifungal activity in addition to membrane permeabilisation, such as
production of ROS and promoting apoptosis (section 6.4), further studies would be necessary
to confirm that reduction of fungal activity seen in growth inhibition is accredited to

citrullination alone or other mechanisms.
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Many defensins have the ability to permeabilise plasma membrane of fungal cells. Therefore,
Pl uptake assays were conducted to determine whether citrullinated NaD1 had any effect on
membranolytic activity. Native NaD1 demonstrated a dose-dependent permeabilisation of
C. albicans, with ~100 % permeabilisation for fungal cells at 25 uM (Figure 19). In contrast,
citrullinated NaD1 had negligible effect on Pl uptake of fungal cells. As with the fungal growth
inhibition assays, PI uptake was investigated on different C. albicans strains (ATCC90028). A
dose-dependent permeabilisation of C. albicans was shown with native NaD1 reaching 80%
PI positivity, while citrullinated NaD1 demonstrated negligible PI positivity (Figure 23). This
is further supported by the CLS microscopy on C. albicans (ATCC 10231), whereby PI uptake
was observed in cells treated with NaD1 and no Pl uptake was seen in cells treated with
citrullinated NaD1 over the time course of 30 min (Figure 20 & 21). Taken together, these data
support the notion that lipid composition of the fungal cell membrane may affect the activity

of defensins.

In addition to permeabilising fungal cells, NaD1 is known to permeabilise tumour cells.
Therefore, Pl uptake of U937 cells with native and citrullinated NaD1 was investigated. Native
NaD1 demonstrated a dose-dependent permeabilisation of U937 cells, with ~ 40%
permeabilisation for U937 at 25 uM (Figure 26). In contrast, citrullinated NaD1 had no effect
on PI uptake of fungal and tumour cells. This is further supported by end-point and time course
CLS microscopy where Pl uptake and membrane blebbing was not observed in cells treated
with citrullinated NaD1 over the time course of 60 min (Figure 27 & 28). However, it should
be noted that the negligible effect seen with citrullinated NaD1 on Pl uptake by fungal and
tumour cells may be aresult of the shorter incubation time period (30 min ), in contrast to effect

that was seen on growth inhibition of fungal cells which involved a longer incubation period
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(24 h) (Figure 18 & 22). Therefore, it would be interesting to further investigate incubation

times of citrullinated defensin on fungal and tumour activity.

The cytotoxic effect of citrullinated NaD1 on the cell viability of the human tumour adherent
cell lines HeLa and PC3 and suspension cell lines U937 and THP1 was assessed using MTT
and MTS assays, respectively. HeLa and PC3 cell viability were reduced in a dose-dependent
manner when treated with native NaD1. No significant reduction in viability was observed for
HelLa and PC3 cells treated with citrullinated NaD1, with viability only reducing to 65 % and
80%, respectively, at the highest concentration tested of 25 uM (Figure 24). Similarly, U937
and THP1 cell viability was reduced in a dose-dependent manner when treated with native
NaD1. Upon treatment with citrullinated NaD1 there was no substantial reduction in U937 cell
viability with viability only reaching 85% (Figure 25A). However, interestingly there was an
increase in THPI cell viability when treated with citrullinated NaD1(Figure 25B). Despite the
difference in overall lipid composition of fungal and mammalian cells (mammalian cells
contain higher levels of zwitterionic phospholipids whereas fungal cells contain more anionic
phospholipids), PIP2 plays an important role in both species (Di Paolo & De Camilli, 2006;
van Meer et al., 2008). Similar inhibition of activity was observed in fungal and tumour cells
upon treatment with citrullinated NaD1, which further supports the crucial role played by PIP;
and suggests the blocking of a conserved mechanism of action by defensin citrullination.
Similar to fungal growth inhibition (Figure 18 & 22), there was some reduction in HelLa and
PC3 tumour cell viability upon incubation with citrullinated NaD1 for a longer duration
(>24 h), indicating that some anti-fungal and anti-tumour cell activity is retained and exposure
time may be an important factor. It is possible that the higher cell viability of THP1 cells may

be result from citrullinated NaD1 having increased enzymatic activity without having an effect
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on cell viability or citrullinated NaD1 may affect different cell lines in different ways. In
addition, CAPs have demonstrated selective tumour killing using various mechanisms such as
necrotic membrane disruption, induction of DNA damage and suppression of DNA synthesis
(Lichtenstein et al., 1988; Muller et al., 2002). Therefore, it would be interesting to determine
that reduction of cell viability seen in MTT assays is accredited to citrullination alone or other

mechanisms.

6.8 Recombinant expression and citrullination of NaD1 R40E and NaD1 R39A
mutants

As only three of the four arginine residues of NaD1 appear to be citrullinated (section 4.5), two
arginine mutants of NaD1 (NaD1 R40E and NaD1 R39A) were generated to investigate if
either of these residues are citrullinated. The NaD1 mutants were expressed and purified, with
immunoblot analysis revealing bands at the expected molecular weights. The successful
expression and purification of these NaD1 arginine mutants now enables future studies to
confirm citrullination of these residues, and if so, additional functional studies to determine the

role of these citrullinated arginine residues in regulating PIP2 binding and cell killing.

6.9 Functional analysis of citrullinated HBD-3

HBD-3, a class of trans defensins, is inducibly expressed and secreted by epithelial cells,
non-epithelial cells, neutrophils and monocytes (Harder et al., 2001; Harder et al., 2004;
Sgrensen et al., 2006). Of the known p-defensins, HBD-3 is possibly the most potent
antimicrobial defensin exhibiting a broad range of anti-bacterial, anti-fungal and anti-viral
activities (Harder et al., 2001; Quifiones-Mateu et al., 2003; Feng et al., 2005). HBD-3 is also
a chemoattractive, that stimulates the production of chemokine expression as well as activates
antigen presenting cells, contributing widely to both innate and adaptive immunity (Ferris et
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al., 2013; Petrov et al.,, 2013). Recently it was demonstrated that HBD-3 binds to
phosphoinositides, particularly PIP2, and this is crucial for the anti-tumour activity (Phan et al.,
2016). Despite NaD1 and HBD-3 sharing a relatively low sequence identity, HBD-3 shares a
conserved 2- B3 loop motif with NaD1 and interactions of HBD-3 with PIP2 is mediated by a
lysine 39 (K39) residue (equivalent to R40 of NaD1) (Phan et al., 2016). As citrullination is
involved in the conversion of arginine residues to citrulline, HBD-3 appears to be citrullinated
as it contains 5 arginine residues in its sequence (Figure 8A & 30). Further, the overall high
net positive charge (+11) of HBD-3 is related to its anti-microbial activity (Hoover et al., 2003;
Kliver et al., 2005). Therefore, it is interesting to determine if citrullination of the arginine
residues may affect the overall charge of HBD-3 which in turn may affect the anti-fungal and
ant-cancer activity of HBD-3.

The anti-fungal activity of citrullinated HBD-3 was assessed using fungal growth inhibition
assay and membrane permeabilisation Pl uptake assay on C.albicans clinical strains (ATCC
10231 & 90028). Native HBD-3 reduced fungal growth in a dose-dependent manner for both
strains. Interestingly citrullinated HBD-3 resulted in a reduction of anti-fungal activity against
both strains with ~ 65% and 75% respectively (Figure 32 & 33). PI uptake assay revealed a
dose dependent effect on the PI positivity of C.albicans when treated with native HBD-3 with
almost negligible permeabilisation when treated with citrullinated HBD-3 even at the highest
concentration (Figure 34 & 35). Despite not interacting with PIP, for its function, citrullinated
HBD-3 displays an effect on the anti-fungal activity of the defensins. HBD-3 has a net charge
of +11 and it has been speculated that its anti-microbial activity is related to this high net
positive charge (Hoover et al., 2003; Kliver et al., 2005). Recently it has been speculated that

HBD-3 activity is initiated by the accumulation of HBD-3 at the surface of a cell by
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electrostatic interactions which eventually leads to internalisation of HBD-3. Once
internalised, HBD-3 can bind to PIP, in the inner plasma membrane causing membrane
permeabilisation (Phan et al., 2016). Therfore, it is possible that citrullination of the arginne
residues may decrease the net charge of the protein and lead to a decrease in the electrostatic
interaction between the postively charged defensin and the negatively charged lipid. This
decrease may affect binding of HBD-3 to PIP; and ultimately reduce the activity of the
defensin. Additionally it is also possible that the electrostatic attraction may aid in the stability
of defensin-lipid interactions and a decrease in attraction will lead to an decline in the
anti-microbial activity. Indeed, this may be account for the reduction in anti-fungal activity of
citrullinated HBD-3. However, some activity is retained as HBD-3 is still able to bind to PIP
via the K39 residue once it enters the plasma membrane. It should be noted that citrullination
might hinder the internalisation process of HBD-3. The Pl uptake assay on fungal cells
demonstrated almost negligable P1 postivity when treated with citrullinated HBD-3, similar to
that of citrullinated NaD1. This may provide further support that the cell exposure time plays
an important factor in the action of citrullinated HBD-3 as this may perhaps slow

internalisation process.

In addition to anti-fungal acitivity, HBD-3 is known to exhibit cytolytic activity against tumour
cells via membrane permeablisation. The cytolytic activity of citrullinated HBD-3 was tested
using PI uptake assays on U937 cells. While native HBD-3 displayed an increase in PI postivity
of U937 dose-dependently, citrullinated NaD1 result in ~ 10% positivity at the highest
concentration of 50 uM (Figure 36). This is further supported by end-point and time course
CLS microscopy where Pl uptake and membrane blebbing was not observed in cells treated

with citrullinated HBD-3 over the time course of 30min (Figure 37 & 38). MTT cell viability

111



demonstrated a dose-dependent reduction of HeLa and PC3 when treated with native HBD-3
(Figure 39). Upon treatment with citrullinated HBD-3, HelLa cell viability was reduced to
~ 55% while there was no reduction in the viability of PC3 cells (Figure 38). It should be noted
that native HBD-3 reduced PC3 cell viability to only ~ 65% at the highest concentration,
therefore, it may account for the no change in cell viability with citrullinated HBD-3. As
previously mentioned, the reduction in charge leading to a decrease in electrostatic attraction
may account for the reduction in anti-cancer activity seen. The two residues that have been
found to be important for HBD-3 binding to PIP, are K32 and K39. Mutagenesis studies
involving HBD-3 (K32A) and HBD-3 (K39A), revealed some binding of HBD-3 to PIP, with
HBD-3 (K32A) and significant loss of binding to PIP> with HBD-3 (K39A) (Phan et al., 2016).
This is further supported by cell viability and membrane permeabilisation assays which
demonstrated impaired impaired cytolytic activity by HBD-3 mutants (Phan et al., 2016). It
should be noted that for both mutants, interaction with PA was substantially retained with
subsequent HBD-3 activity. However, the specificity of HBD-3 to other membrane lipids and
the formation of oligomers, as described for plant defensins, are yet to be determined.
Therefore further studies needed to determine the importance of olgiomerisation for HBD-3

function and if citrullination of HBD-3 may affect its function in terms of lipid binding.

As with fungal and bacterial cells, certain CAPs have bee shown to selectively exhibit
anti-tumour activity by various mechansims. Melittin, an a-helical CAP, and Bovine
lactoferrrin are known to lytic tumor cells by forming barrel-stave pores or nectrotic membrane
permeabilsation repectively (Sui et al., 1994; Mader, 2005). HNP-1, -2, and -3, have been
demonstrated to cause membrane permeabilisation of tumour cells via induction of DNA

damage, suppression of DNA synthesis and ion channel formation (Muller et al., 2002;
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Nishimura et al., 2004). However, some defensins, such as HNP1 and HBD-3, also contain
cytolytic activity against primary cells lines albeit at higher concentrations to tumour cells
(Phan et al., 2016). Therefore, in future studies, the effect of citrullinated defensins on primary

cell lines should be investigated to determine if there is selective anti-tumour activity.

Concluding remarks

Defensins play a vital role in the host defence system against invading pathogens through
membranolytic action by binding to membrane phospholipids. However, post-translational
modifications such as protein citrullination by pathogens can render aspects of the immune
system ineffective. In summary, this study has identified for the first time, through immunoblot
and mass spectrometry that defensins, particularly NaD1 and HBD-3, can be citrullinated by
PAD enzymes. It was suggested that the interaction of citrullinated NaD1 and HBD-3 have
reduced capacity to bind PIP», an important target membrane phospholipid for the lytic activity
of these defensins. Furthermore, functional analysis of citrullinated NaD1 and HBD-3 on
fungal and tumour cell lines revealed a significant reduction in defensin activity indicating a
potential important role of citrullination in regulating defensin function. Overall, this study has
established a preliminary understanding of defensin citrullination and highlights potential

issues for the use of defensins as anticancer and antimicrobial therapeutic agents
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Appendix

NaD1 HBD-2 HBD-3  LL-37

+ -

Figure 1. Characterisation of citrullinated NaD1, HBD-2, HBD-3 and LL-37
Citrullinated NaD1, HBD-2 and HBD-3 (10 ug protein) probed with anti-citrulline antibody
(1:1000 dilution) and detected using HRP conjugated donkey-anti-rabbit antibody. (+ =

Citrullinated, - = non-citrullinated).
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Figure 2. Binding of native and citrullinated NaD1 to P1(4,5)P;
Liposome pull down assay of liposomes containing PC only or PC:P1(4,5)P2 were incubated
with 1 ug of native and citrullinated NaD1, before centrifugation of bound (pellet) and unbound

(supernatant) to separate fractions followed by SDS-PAGE and comassie blue staining
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Figure 3. Confocal time course imaging of C.albicans (ATCC10231) cells

Cells were immoblised onto chamberslide and stained P1 (orange) prior to imaging under Zeiss
LSM 800 confocal microscopy in a 37°C/5% CO02. Untreated cells, native NaD1 (25 uM),
citrullinated NaD1 (25 uM) and no defensins were directly added to cells via capillary while

viewing. Images were taken 0-6 min post addition of defensin. Data are representative of three

independent experiment
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Figure 4. Confocal time course imaging of C.albicans (ATCC10231) cells

Cells were immoblised onto chamberslide and stained PI (orange) prior to imaging under Zeiss
LSM 800 confocal microscopy in a 37°C/5% CO02. Untreated cells, native NaD1 (25 uM),
citrullinated NaD1 (25 uM) and no defensins were directly added to cells via capillary while

viewing. Images were taken 0-6 min post addition of defensin. Data are representative of three

independent experiment
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Figure 5. CLSM endpoint imaging of U937 cells
Cells were immoblised onto chambered slide and stained with PKH67 (green) and PI1 (orange)

prior to imaging under Zeiss LSM 800 confocal microscopy in a 37°C/5% COZ. Untreated cells,

native NaD1 (10 pM), citrullinated NaD1 (10 uM) and no defensins were directly added to

cells via capillary while viewing. Images were taken 0-60 min post addition of defensin.

118



00:00 min 02:00 min 04:00 min 06:00 min

uT

Native

Citrullinated

No defensin

Figure 6. CLSM time course imaging of U937 cells
Cells were immoblised onto chambered slide and stained with PKH67 (green) and PI1 (orange)
prior to imaging under Zeiss LSM 800 confocal microscopy in a 37°C/5% C02. Untreated cells,

native NaD1 (10 uM), citrullinated NaD1 (10 uM) and no defensins were directly added to

cells via capillary while viewing. Images were taken 0-6 min post addition of defensins.
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