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Chapter 1

GENERAL INTRODUCTION

1.1 Introduction

1.2 Characteristics of AMP

1.3 Classification of AM®Ps

1.4 Mode of action of AMPs

1.5 Multidimensional properties of AMPs

1.6 AMPs as potential therapeutics and its role in drug development
1.7 Production strategies of AM®Ps

1.8 AMPs recognized from marine crustaceans and its significance
1.9 Importance and objectives of the study

1.1 Introduction

Antimicrobial peptides (AMPs) are evolutionarily ancient, gene-
encoded, ribosome-synthesized peptides, less than 10 kDa, have an overall
net positive charge, hydrophobic and are membrane active (Boman, 2003;
Yeaman & Yount, 2003). Their wide spread distribution throughout the
animal and plant kingdoms suggests that antimicrobial peptides have served
a fundamental role in the successful evolution of complex multicellular
organisms. Among the main effector molecules of innate immunity,
antimicrobial peptides (AMPs) are of prime importance. Since most living
organisms are constantly exposed to potentially harmful pathogens through
contact, ingestion and inhalation, survival of such organisms in a microbe
thriving environment depends on a network of host defence mechanisms

involving various components. In contrast to the acquired immune
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mechanisms, endogenous peptides, which are constitutively expressed or
induced, provide a fast and effective means of defence against the

pathogens.

All AMPs are derived from proteolytic processing of larger
precursors, including a signal sequence. Post-translational modifications
occur commonly, and include C-terminal amidation and, in some instances,
amino-acid isomerisation. Most of these gene-encoded peptides are
mobilized shortly after microbial infection and act rapidly to neutralize a
broad range of microbes and share several common properties. Among the
larger class of cationic AMPs, the principal structural feature common to
all is their ability to adopt an amphipathic configuration in which clusters
of hydrophobic and cationic amino acids are spatially organized such that
the molecule possesses discrete hydrophobic and hydrophilic faces (Oren
and Shai, 1998). The net positive charge of antimicrobial peptides causes
their preferential binding to negatively charged target on bacteria, which
may account for the selectivity of antimicrobial peptides (Hancock and

Diamond, 2000).

1.2 Characteristics of AMP

Polypeptides that exert antimicrobial activity have been isolated
from basically every tissue in which they have been sought. A pivotal
consideration in this regard is the degree to which an antimicrobial peptide
distinguishes between microbial and host cells in terms of potential toxicity.
Antimicrobial peptides have amphipathic features that mirror phospholipids,
thus allowing them to interact with and exploit vulnerabilities inherent in

essential microbial structures such as cell membrane. Structural parameters
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include conformation, charge (Q), hydrophobicity (H), hydrophobic moment
(MH), amphipathicity (A), and polar angle.

1.2.1 Conformation (y).

Though antimicrobial peptides vary extensively in sequence and
source, several themes in their three-dimensional topology appear principal,
and peptides have been categorized consequently. The two largest groups

are the a-helical and B-sheet peptides.

1.2.2 Charge (Q).

Many of the antimicrobial peptides characterized to date display a
net positive charge, ranging from +2 to +9 (Giangaspero et al., 2001;
Yeaman and Yount, 2003), and may contain highly defined cationic
domain(s). Cationicity is undoubtedly important for the initial electrostatic
attraction of antimicrobial peptides to negatively charged phospholipid
membranes of bacteria and other microorganisms, and the mutual

electroaffinity confers selective antimicrobial targeting relative to host tissues.

1.2.3 Amphipathicity (A) and hydrophobic moment (MH).

Nearly all antimicrobial peptides form amphipathic structures upon
interaction with target membranes. Amphipathicity can be achieved via a
multitude of protein conformations; however, one of the simplest and
perhaps most elegant is the amphipathic helix. The amphipathic a-helix has a
periodicity of three to four residues and is optimal for interaction with
amphipathic biomembranes. While the extent of amphipathic helicity
influences peptide activity against negatively charged membranes, it may

have an even more pronounced effect in rendering peptides haemolytic
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against zwitterionic or neutral membranes. Thus, a high degree of helicity
and/or amphipathicity yielding a segregated hydrophobic domain is correlated

with increased toxicity towards cells composed of neutral phospholipids.

1.2.4 Hydrophobicity (H)

Peptide hydrophobicity, defined as the percentage of hydrophobic
residues within a peptide, is approximately 50% for most antimicrobial
peptides. Hydrophobicity is an essential feature for antimicrobial peptide
membrane interactions, as it governs the extent to which a peptide can
partition into the lipid bilayer. Many antimicrobial peptides are moderately
hydrophobic, such that they optimize the activity against microbial cell

membranes.

1.2.5 Polar Angle (0)

Polar angle is a measurement of the relative proportion of polar
versus nonpolar facets of a peptide conformed to an amphipathic helix.
For example, in a hypothetical a-helical peptide, in which one facet is
exclusively composed of hydrophobic residues and the other solely
composed of charged residues, the polar angle would be 180°. A smaller
polar angle (and therefore a greater hydrophobic surface) is associated
with increased capacity to permeabilize membranes. The polar angle has
also been shown to correlate with the overall stability and half-life of

peptide-induced membrane pores.

1.3 Classification of AMPs

The AMPs discovered so far have been divided into several groups

based on their length, secondary and tertiary structure and presence or
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absence of disulfide bridges. These peptides exhibit bactericidal, fungicidal,
virucidal and tumouricidal activities and the fact that they have potential
to overcome bacterial resistance make them promising candidates for
therapeutic drugs. AMPs can be characterized into many subtypes based
on different standards: origin, size, charge, length, structure, amino acid
sequence, biological action and mechanism of action but secondary structure
was found to be the only meaningful criterion to sort and classify them (van't
Hof et al, 2001). The three dimensional structure analysis using nuclear
magnetic resonance spectroscopy has led to better understanding of the
function of AMPs. Based on the NMR structure and sequence analysis,
Hancock & Lehrer (1998) proposed four classes of AMPs, which are a-
helical, B-sheeted, loop and extended peptides.

1.3.1 Antimicrobial peptides with a-Helical Structures

This is one of the largest and widely studied antimicrobial peptides.
Majority of this class of peptides are cationic and the formation of a helix
gives a highly amphipathic structure suitable for interaction with the
negatively charged microbial membrane. Peptides of the a-helical class
are characterized by their a-helical conformation, and frequently contain a
small bend in the middle of the molecule (Tossi et al., 2000). Also this
hinge is found to be critical for selectivity by suppressing the haemolytic
activity. Helical AMPs are involved in stimulation of autolytic enzymes,
interference with the synthesis of proteins, inhibition of DNA synthesis
leading to filamentation and inhibition of cellular functions by binding to
nucleic acids. The o-helical magainins are typical example for this

structural class identified from the skin of the African clawed frog
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Xenopus laevis. The antimicrobial action of magainin has been anticipated to
involve selective permeabilisation of bacterial membranes leading to

disruption of the membrane potential (Matsuzaki. 1999).

1.3.2 Antimicrobial Peptides with B-Sheet Structure

This group of peptides are categorized by the occurrence of cysteine
residues and comprised of several antiparallel B-sheets generally stabilised
by disulfide bonds. (Yount et al., 2006). Larger peptides in this family also
comprise minor helical regions. Most of the B-sheeted peptides disturb the
lipid organization and traverse the bilayer, but do not form enduring pores
or channels. Representatives of this group includes defensins (Garcia
et al., 2001); hepcidins (Lee et al., 2012), protegrins (Ishitsuka et al., 2006),
tachyplesins (Kushibiki et al,, 2014) and polyphemusin II (Tamamura et al.,
1993).

1.3.4 Antimicrobial peptides with a looped structure

This group of is characterized by their looped structure because of
the incidence of a single bond (disulfide or amide or isopeptide bond).
Thanatin, a 21-residue peptide from the spined soldier bug, Podisus
maculiventris (Fehlbaum et al., 1996) is a representative of looped peptides

consisting of an anti-parallel - sheet, stabilized by a single disulfide bond.

1.3.5 Antimicrobial peptides with linear extended structure

This class of AMP is devoid of a classical secondary structure, due
to the overexpression of proline and/or glycine or tryptophan or histidine
residues. These peptides form their structures by hydrogen bond and Van

der Waals interactions with membrane lipids. Histatin, an AMP from
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human saliva is rich in histidine residues and found active against Candida
albicans (Xu et al., 1991). Whereas cathelicidins are proline rich peptides
and have irregular structures, indolicidins and tripticin (Lawyer et al., 1996)
are AMPs rich in tryptophan. This class of peptides form aggregate channels
in the membranes and are translocated into cytoplasm where they prevent

DNA from replicating (Falla et al., 1996; Subbalakshmi & Sitaram, 1998).

(@) (b)

Fig. 1.1 Three dimensional model structures demonstrating the
differences between the four classes of cationic peptides;
(a) o-helical peptide, (b) B-defensin, (c) Loop structure and
(d) Extended peptide (Adopted from Cézard et al. 2011).

1.4 Mode of action of AMPs

Even though the exact mechanism of action of AMPs remains a matter
of discussion, there is consent that these peptides selectively disturb the
cell membranes. AMPs are basic and thus easily recognize the acidic

phospholipids of the bacterial membrane. In mammalian cells, anionic
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lipids are present along the cytoplasmic side of the membrane and this
feature account for their better activity against bacteria but not against
eukaryotic cells. The amino acid sequence, membrane lipids, peptide
concentration and amphipathic structural arrangement of the peptides are
alleged to play an imperative role in this mechanism. It has been mostly
recognized that AMP intervened killing of microorganisms normally occurs
through membrane disruptive (Fig. 1.2) and non-membrane disruptive

mechanism and can hinder most of the cellular processes (Fig. 1.3).

1.4.1 Membrane disruptive mechanism of AMPs
1.4.1.1 Barrel-stave model

The barrel-stave model was the first mechanism proposed to explain
bacterial killing by AMPs (Ehrenstein and Lecar, 1977). This model
involves the perpendicular insertion and aggregation of a relatively small
number of individual peptides (or peptide complexes) also referred as staves
in a barrel-like ring inside the membrane leading to a transmembrane pore or
channel with a cylindrical structure. In this mechanism, the hydrophobic
surfaces of a-helical or B-sheet peptides face outward, towards the acyl
chains of the membrane, whereas the hydrophilic surfaces form the pore
lining. The initial step in a barrel-stave pore formation involves peptide
binding at the membrane surface; most likely as monomers and after a
conformational phase transition, the hydrophobic portion of the peptide is
inserted into the membrane to an extent corresponding to the hydrophobicity
of'the membrane, while electrostatic interaction facilitates this process. When
bound peptide reaches a threshold concentration, peptide monomers self-

aggregate and insert deeper into the hydrophobic membrane core.
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1.4.1.2 Carpet model

Membrane disruptive ‘carpet model” was projected by Pouny et al.
(1992). The carpet mechanism involves initial peptide binding to the
membrane surface to form high density clusters that cover the surface.
The peptides ultimately cover the bacterial surface in a carpet-like way. It
is generally accepted that peptide activity is not detergent-like and
occurring by phospholipid displacement that changes membrane fluidity
and / or reductions in membrane barrier properties that subsequently lead

to membrane disruption.

1.4.1.3 Toroidal pore model

The toroidal pore model (the wormhole mechanism) which
combines the actions of the barrel-stave and carpet models was the third
model to be proposed (Hancock and Chapple, 1999). This model is an
extension of the transmembrane helical bundle in which the pores are
lined with peptides and lipids. The model postulates that peptide and lipid
together form well-defined pores, with the membrane also curving inward
to form a hole with the head groups facing towards the core of the pore,

while the peptides line this hole.

1.4.1.4 Aggregate channel model

The aggregate channel model was projected by Hancock and Chapple
(1999). After binding to the phospholipid head groups, the peptides introduce
into the membrane and then gather into unstructured aggregates allowing the
vigorous creation of pores that span the membrane for short periods. AMPs

can also move in to the intracellular space through this mechanism.
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Fig. 1.2 Membrane disruptive mode of action representing models subsequent
to initial adsorption of AMPs (Adapted from Nguyen et al., 2011).
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2 tg Other targets
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Fig. 1.3 Net consequences after AMP entry to the bacterial cytoplasm it can
bind to cellular polyanions such as DNA and RNA, hinder enzymatic
activity including protein synthesis or chaperone assisted protein
folding (Modified from Brandenburg et al., 2012).

1.4.2 Non-membrane disruptive mechanism of AMP

Studies have shown that cell killing may proceed with relatively

little membrane disruption suggesting that AMPs may interact with
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putative key intracellular targets (Yeaman & Yount, 2003). There are reports
of bacterial killing by AMPs with very little or no membrane disruption.
AMP like buforin II, penetrates the bacterial outer membrane, and
accumulates in the cytoplasm interacting with nucleic acids and exerting
cytotoxic activity (Park et al., 2000). Once translocated in the cytoplasm,
AMPs are able to act on many levels including inhibition of cell-wall
synthesis, enzymatic activity, DNA/ RNA/ protein synthesis, altering

cytoplasmic membrane and/or activation of autolysin.

1.5 Multidimensional properties of AMPs

Antimicrobial peptides display a broad spectrum of activity. Many
antimicrobial peptides not only kill bacteria, but also are cytotoxic to
fungi (Fehlbaum et al., 1996; Kieffer et al., 2003), protozoa (Arrighi et al.,
2002), malignant cells (Cruciani et al., 1991; Baker et al., 1993; Lindholm

et al., 2002), and even enveloped viruses like HIV, herpes simplex virus.

1.5.1 Antibacterial activity

AMPs retain broad-spectrum activity against Gram-negative bacteria
and Gram-positive bacteria (Miyasaki and Lehrer, 1998). Antibacterial
activity of AMPs is explained using previously described models for
mode of action. Majority of the AMPs exhibits antibacterial activity even
at micromolar concentrations and act within a short time (less than
20 mins). The most active AMPs present a minimum inhibitory concentration
(MIC) of 1 to 4 pg/ml, at this concentration AMPs completely prevent
bacterial growth (Hancock, 2001).
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Biological fluids including human saliva, urine, sweat, frog and fish
skin mucus, arthropod haemolymph, mollusc mucus and several vertebrate
tissues are rich source of antibacterial peptides (Bachere et al., 1995; Saito
et al., 2005). In some cases, certain AMPs show activity against several
multi drug resistant bacteria such as Staphyloccocus aureus, Pseudomonas
aeruginosa and Escherichia coli (van’t Hof et al., 2001). AMPs such as
drosocin, apidaecin, pyrrhocoricin and buforin II act on their intracellular

target (Park et al., 1998a; Otvos et al., 2000; Kragol et al., 2001).

1.5.2 Antifungal activity

Rise in mycoses, expansion of resistance to existing drugs among
fungal pathogens, as well as adverse side effects of drugs have led to better
efforts to discover the antifungal activity of AMPs and to isolate new
candidates for treatment. Comparable to bacterial cell wall/membrane,
fungal cell wall is rich in negatively charged moieties and chitin
(Narayana and Chen, 2015). Antifungal property is exhibited by several
AMPs which kill fungi by binding to chitin of the cell wall or
intracellular components (Pushpanathan et al., 2012). Most of the plant and
animal defensins (Rogozhin et al., 2011), insect- cecropin, drosomycin (De
Lucca et al., 1997; Michaut et al., 1996), frog peptides- magainin (Bechinger
and Salnikov 2012), brevinin (Pal et al, 2006), fish derived peptides-
epinecidin (Pan et al, 2010), crustacean AMP- anti-lipopolysaccharide
factors (Zhang et al, 2010), human secretory peptides- lactoferirin and
histatin are examples for potential antifungal peptides (Brandenburg et al.,
2012). Many of antifungal peptides exhibit activity against pathogenic

yeast and fungal species like Candida albicans, C. tropicalis, C. krusae,
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C. parapsilopsis, Fusarium graminearum, F. oxysporum, Cryptococcus
neoformans, Saccharomyces cerevisiae, Pichia membranifaciens, Aspergillus

sp. etc (Ajesh and Sreejith, 2009).

1.5.3 Antiviral activity

Generally accepted mechanism of antiviral action is a direct
interaction of these peptides with the envelope of the virus, leading to
permeation of the envelope and, interaction with virus proteins and
ultimately, lysis of the virus particle, analogous to the pore-formation
model suggested for antibacterial activity. The a-defensin HNP-1 impedes
the replication of human immunodeficiency virus (HIV) and influenza
virus subsequent to viral entry into target cells (Zhang et al., 2004).
Similarly, HNP-1 can inactivate papillomavirus, herpes simplex virus,
cytomegalovirus, vesicular stomatitis virus and adenovirus (Daher et al.,
1986). Insect AMPs like melittins and cecropins also showed anti-HIV
activity by suppression of the long-terminal repeat gene (Wachinger et al.,
1998). Crustacean AMPs including ALF from Fenneropenaeus chinensis
(Guo et al., 2014) and Type-I crustin, CrustinPm-4 from Penaeus monodon
(Donpudsa et al., 2014) exhibited activity against crustacean virus, white
spot syndrome virus (WSSV). The principal mechanisms of virus inhibition

by AMPs need further investigations.

1.5.4 Antiparasitic activity

Since the identification of antiparasitic activity of magainin against
Paramecium caudatum (Zasloff, 1987), many AMPs with antiparasitic
activities have been identified. It includes defensins and cathelicidins

exhibiting activity against the African trypanosome 7rypanosoma brucei,
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the cause of sleeping sickness, by disrupting their cell membrane integrity
(McGwire et al, 2003). Also a truncated form of the bovine myeloid
antimicrobial peptide-27 (BMAP-27), displayed robust action against several
parasites, including trypanosomes and Leishmania spp. (Haines et al., 2009).
BMAP-18 found to upset the mitochondrial potential at lower concentrations
without plasma membrane alteration, and at higher concentrations, the
peptide disrupted the membrane (Haines et al., 2009). Whereas the
cathelicidin-derived AMP, porcine myeloid antimicrobial peptide-23
(PMAP-23) exerts anti-nematodal activity by disturbing the cell membrane
through pore development (Park et al., 2004).

1.5.5 Anticancer activity

Worldwide, human cancer remains as foremost cause of high illness
and mortality, an urgent requirement for novel, more efficient drugs is
evident. Increased vulnerability of cancer cells to cationic membrane
active AMPs is mainly due to the occurrence of high content of anionic
phosphatidylserine molecules and O-glycosylated mucins on their
membranes making it an exciting candidate to use AMPs as antitumour/
anticancer agents (Gaspar et al., 2013). The increased membrane fluidity
and negative membrane potential of cancer cells could also subsidize the
selective cytotoxic activity of AMPs or anticancer peptides (ACPs). In
normal healthy cells, a net neutral charge is conferred by the zwitter ionic
nature oftheir major membrane constituents such as phosphatidylethanolamine
(PE), phosphatidylcholine (PC), and sphingomyelin (SM). Another possible
mechanism is the initiation of apoptosis in cancer cells by mitochondrial
membrane disruption following ACP uptake (Hoskin and Ramamoorthy,

2008). Many ACPs from various sources including crustaceans have
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exhibited promising anticancer activity against various cancer cell lines. The
skin secretions of amphibians are a rich source of AMPs, including temporin
and magainins, selectively cytotoxic to human cancer cells (Cruciani et al.,
1991; Park et al., 1994) AMPs including shrimp anti-lipopolysaccharide
factor (Lin et al., 2010), molluscan peptides (Chi et al., 2015), fish AMPs -
Tilapia hepcidin TH1-5 (Hsieh et al., 2010), epinecidin (Chen et al., 2009;
Chang et al., 2011) and human salivary peptides (da Costa et al., 2015) reveal
in vitro cytotoxic activity against many cancer cell lines, including leukemia

cells, fibrosarcoma cells, and neuroblastoma cells.

1.5.6 Immunomodulatory activities of AMP

AMPs could act as adjuvants encouraging innate immunity by
improving recruitment of immune cells to the site of inflammation, endorsing
the stimulation and polarising the response of T helper cells. Finally results
in the upsurge of innate and adaptive immunity in response to infections.
Cationic AMPs, like the human cathelicidin LL-37, perform many activities
relating to innate immunity, including the induction or modulation of
chemokine and cytokine production, alteration of gene expression in host
cells, and inhibition of pro-inflammatory responses of host cells to bacterial
components such as lipopolysaccharide (LPS) in vitro and in vivo, promoting
wound healing and modulating the responses of dendritic cells and cells of
the adaptive immune response. Defensins comprising o-defensins (e.g.,
HNP1-3) and B-defensins (human B-defensin 3 and 4; HBD3 and 4) induce
the migration of phagocytes, neutrophil granulocytes and monocytes to the

inflamed site (Brandenburg et al., 2012).
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Fig. 1.4 Diagrammatic representation of induction and potential biological roles
of antimicrobial peptides (Adopted from Brandenburg et al., 2012).

1.6 AMPs as potential therapeutics and its role in drug
development

Broad spectrum activity of AMPs including the drug-resistant
pathogens, rapid onset of activity, and relatively low possibility of resistance
emergence makes AMPs as attractive candidate as unique antibiotics. Some
limitations imposed by AMPs in drug development includes, their unstable
nature in the presence of protease and pH change; possible toxicity of AMPs
in oral application and increased cost of peptide production (Silva et al,
2013). Several approaches have been projected to overcome the limitations
and it includes incorporation of unusual amino acids (D-form of amino
acids), end modifications (acetylation or amidation) and delivery of AMPs
as encapsulated liposomes (Samad et al, 2007; John et al., 2008).
Therapeutic efforts are mainly dedicated to the development of topical
agents mainly because of the safety behinds topical therapy (Zasloff
2001). Eventhough the therapeutic potential of AMPs are recognized

well, pharmacology and pharmacokinetics of AMPs are still at infancy.
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1.7 Production strategies of AMPs

With the intention to better characterize a novel AMP, such as to
determine the mechanism of action, to report the structure and function, or its
potential use as a pharmaceutical drug, a reasonable amount of purified
compound is needed. In general, there are three different approaches that can
be employed to obtain enough AMPs: direct isolation from natural sources,
chemical synthesis, or recombinant expression (Li and Chen, 2008).
However, very low concentrations of AMPs are present in most organisms.
For this reason, the isolation of peptides directly from natural sources
sometimes is time consuming, environmental unfriendly and a high-cost
strategy (Li et al., 2008). In addition, peptide expression in the original host
can be extremely low or affected by unknown environmental factors

resulting in problems when scaling up (Li et al., 2010).

The chemical synthesis of peptides allows the production of both
natural and synthetic AMPs. Nevertheless, a high cost for large-scale peptide
synthesis has been observed. Moreover, these costs can be considerably high
in the synthesis of peptides that have disulfide bonds, which hampers the
production of such molecules (Li, 2011). If the sequence of a peptide
contains one or more disulfide bridges, this is likely to result in difficulties
during synthesis, and therefore production costs will increase substantially.
Thus the recombinant expression system would be the most cost-efficient
method for large-scale production of AMPs (Parachin et al., 2012). For these
reasons, chemical synthesis of AMPs is also considered, in some cases,
ineffective for large-scale production, and is therefore restricted to smaller

AMPs lacking post-translational modifications and low cysteine content.
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The expression host and vector system for recombinant production
should be selected on the basis of features of AMPs and its size,
intracellular localization or secretion, proper folding, and glycosylation
pattern. Majority of the hosts used for AMP production are bacteria and
yeasts, representing 97.4% of heterologous-expressed AMPs (Li and Chen,
2008). More recently, plants have emerged as a promising host for AMP
production since transgenic plants can be directly used for microbial
control by simply expressing the peptide in the desired crop without need
for purifying the peptide (Desai et al., 2010.). Therefore, bacteria, yeast,
and plants are the systems chosen here as promising candidates for peptide

production.

1.8 AMPs recognized from marine crustaceans and its
significance

Crustaceans represent one of the most abundant animals inhabiting
both aquatic and terrestrial habitats. By virtue of their diversity and
abundance they have earned consideration as a potential source of
bioactive compounds. The lack of an adaptive immune system has led to
the evolution of potent compounds including AMPs used in self-defense
against pathogens. Different families of AMPs have been identified and
characterized from crustaceans. At the present, 15 AMP families or
single peptides sharing common molecular features with the currently
known AMP families have been recognized in crustaceans (Rosa and
Barracco, 2010). Considering the amino acid composition, peptide
structure and multi-functionality, Rosa and Barracco (2010) clustered

the families of AMPs in crustacean species into four main groups. Details
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regarding the characteristics and first description of crustacean AMPs are
listed in Table 1.1.

1.8.1 Single-domain linear a-helical AMPs and peptides enriched
in certain amino acids

This group of peptides lack cysteine residues engaged in disulfide
bonds and most of them are enriched with a high proportion of amino
acids such as arginine, proline, glycine, tryptophan or histidine (Tossi and
Sandri, 2002). These peptides are usually unstructured in solution, but in
the presence of lipid bilayers it can assume an amphipathic o-helical
structure (Brogden, 2005) and are found active against bacteria, fungi and
protozoa. Till date, five linear AMPs have been defined from crustaceans,
including three proline/arginine-rich peptides: Bac-like peptide (Schnapp
et al., 1996), callinectin (Khoo et al., 1999) and astacidin (Jiravanichpaisal
et al., 2007a); glycine rich armadillidin (Herbini¢re et al., 2005) and
homarin (Battison et al. 2008).

1.8.2 Single-domain peptides containing cysteine residues engaged
in disulfide bonds

This group is characterized by the presence of pair of cysteine
residues engaged in disulfide bond and result in the formation of cyclic or
open-ended cyclic stabilized peptides. The number of cysteine residues
usually varies from 2-12. Only three families of AMPs containing
cysteine residues have been characterized from decapods which
comprises of defensins (6 Cys residues) (Pisuttharachai et al., 2009), anti-
lipopolysaccharide factors (2 Cys residues) (Gross et al, 2001) and
anionic peptide, scygonadin (2 Cys residues) (Huang et al., 2006).
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1.8.3 Multi-domain or chimeric AMPs

AMPs with at least two distinctive domains exhibiting specific
features of classical single-domain AMPs, such as PRP- or cysteine-rich
peptides are included in this group. The multi-domain structure is crucial
for creating cationicity and amphipathicity of peptides. Cationic domain
is involved in electrostatic interactions with anionic microbial membranes
and the hydrophobic domain for membrane destabilization. AMPs in this
group include penaeidins with N-terminal PRP-rich domain and a C-terminal
region containing six cysteine residues that are engaged in three
intramolecular disulfide bridges (Destoumieux et al., 1997), crustins with
glycine/ cysteine/ PRP rich domain and one whey acidic protein (WAP)
domain at the C-terminus (Smith et al., 2008), hyastatin with N-terminal
glycine-rich domain, a short PRP-containing portion and a C-terminal
cysteine rich domain(Sperstad et al., 2009a), arasins with PRP-rich N-
terminal region and four cysteine containing C-terminus (Stensvag et al.,
2008) and anionic AMP, stylicins with proline-rich N-terminus and a 13

cysteine residues comprising C-terminus (Rolland et al,, 2010).

1.8.4 Unconventional AMPs

Unconventional AMPs possess molecular elements that are found in
the structure of classical AMPs, including charge, hydrophobicity and/or
amphipathicity (Smith et al., 2010). These AMPs are multifunctional
proteins that principally assist other functions and post proteolytic
cleavage; the protein fragments display antimicrobial activity. This group
includes histone-derived AMPs (Patat et al., 2004) and haemocyanin-
derived AMPs (Destoumieux-Garzon et al., 2001).
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1.9 Importance and objectives of the study

Marine organisms are constantly exposed to potentially harmful
pathogens through contact, ingestion, inhalation etc. Their survival in a
microbe thriving environment depends on a network of host defence
mechanisms involving various components. In the milieu of emergence of
multi-drug resistant pathogens and restrictions on antibiotic therapy in
aquaculture and medicine, AMPs, the endogenous antibiotics can be
considered as a potential therapeutic agent. The low propensity of
resistance development, decreased toxicity to eukaryotic cell and broad
spectrum activity of AMPs increase the demand for identification and

production of new potent AMPs.

Crustaceans constitute the most abundant animals inhabiting the world
oceans. The evolutionary success of crustaceans and lack of an adaptive
immune system make them a potential source for novel AMPs. Among the
crustaceans, most of the AMPs are characterized from marine decapods such
as prawns, lobsters and crabs and it includes major AMP families namely,
anti-lipopolysaccharide factors (ALF), crustin, penaedin and unconventional

peptides derived from histone proteins and haemocyanin.
With the above mentioned perceptions, present study was commenced
with the following objectives:

=  Bio-prospecting for novel AMPs from marine crustaceans

using gene based approach

=  Molecular and phylogenetic characterization of AMPs with the

aid of bioinformatics tools.
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* Recombinant production of AMPs and its functional

characterization.
»  Functional characterization of synthetic AMPs.

The thesis is included of six chapters. A general introduction of
the research subject is given in Chapter 1. Molecular and functional
characterization of AMP, crustin from the Indian white shrimp,
Fenneropenaeus indicus is presented in Chapter 2 and ALF, from crucifix
crab, Charybdis feriatus is included in Chapter 3. The Chapter 4 deals
with the molecular characterization of ALF isoform from mantis shrimp,
Miyakea nepa and its functional analysis using the synthetic peptide.
Chapter 5 illustrates the molecular characterization of histone H2A
derived AMP from the Indian white shrimp, F. indicus and finally the
functional analysis using the synthetic peptide. The work is summarized
and discussed in Chapter 6, followed by references, GenBank accessions

and publications.
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Chapter 2

MOLECULAR AND FUNCTIONAL
CHARACTERIZATION OF AN ANTIMICROBIAL
PEPTIDE CRUSTIN FROM THE INDIAN WHITE

SHRIMP, FENNEROPENAEUS INDICUS

2.1 Introduction

2.2 Materials and methods
2.3 Results

2.4 Discussion

2.1 Introduction

Antimicrobial peptides (AMPs) comprise of molecules that involve
in the defense mechanism of various organisms towards pathogens such
as bacteria, fungi, parasites and viruses. To date, over 800 AMPs from
eukaryotic organisms have been described in literature, the majority being
identified from mammals, insects or amphibians. Only less than 10 % of
all known AMPs are from crustaceans, with nearly all of these being
reported from decapods. Numerous AMPs have been identified in
crustaceans, including the penaeidins (Destoumieux et al., 1997), anti-
lipopolysaccharide factors (ALFs) (Gross et al., 2001), histone derived
AMPs (Patat et al., 2004) and hemocyanin derived AMPs (Destoumieux-
Garzon et al., 2001). Crustin is a multi-domain cationic AMP with a
molecular weight of 7-14 kDa, and pI in the range of 7.0-8.7 comprising

one whey acidic protein (WAP) domain at the C-terminus (Smith et al.,
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2008). Crustin had been evidenced to be an imperative AMP in the
plasma and haemocyte granules of crustaceans and are described as a
constituent of the innate immune system (Vargas-Albores et al., 2004).
The WAP domain consists of 8 Cys residues engaged in disulfide bonds
and form the four disulfide core (4DSC).

The first recognized crustin isoform is an 11.5-kDa protein purified
from the granular haemocytes of the shore crab Carcinus maenas which
shows precise activity to Gram-positive salt-tolerant bacteria (Relf et al.,
1999). Till this date more than 60 crustins and crustin-like sequences have
been recognized using EST-based approaches from decapod crustacean
species including crayfishes, shrimps, freshwater prawns, crabs, lobsters as
well as non-decapod crustacean species such as amphipods (Bartlett et al.,
2002; Hauton et al., 2006; Zhang et al., 2007; Smith et al., 2008; Supungul
et al., 2008). The term crustin was later proposed by Bartlett and co-workers
(2002) to describe transcripts found in two penaeid shrimp species
(L. vannamei and L. setiferus) with high sequence similarity to the crab
11.5-kDa protein, which was later designated as carcinin by Brockton
et al. (2007). Based on the structural features, Smith et al., (2008)
characterized crustins into three main types (Type I, II and III). Type I
crustin members are mainly found in crabs, lobsters, crayfishes, shrimps
and freshwater prawns and have a Cys-rich region of variable length
between the signal peptide sequence and the WAP domain (Imjongjirak
et al., 2009). Whereas, Type II crustins hold a signal sequence trailed by a
long Gly-rich region, a Cys-rich region and the WAP domain and are
found in penaeid shrimps and crayfishes (Amparyup et al., 2008a, 2008Db).
Type III crustins retain a short proline-rich peptide (PRP) region between
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the signal peptide region and the single WAP domain and are confined to

shrimps (Supungul et al., 2004).

The genomic organization of crustin was found to be distinct among
different groups. The genomic organization of Type-I and Type-III
crustins were studied; Type I crustins are found to be encoded by four
exons traversed by three introns (Brockton et al., 2007; Imjongjirak et al.,
2009), and Type III crustins are found to possess three exons and two introns
(Amparyup et al., 2008a). Two crustin isoforms from the P. monodon were
encoded by different genes; crustinPm5 contained four exons separated by
three introns, and crustin-likePm contained only two exons and one intron
(Amparyup et al., 2008b; Vatanavicharn et al., 2009). As determined by RT-
PCR, expression of crustin-encoding genes has primarily been identified in
haemocytes, and in other tissues such as heart, ovary and intestines
(Smith et al., 2008). Remarkably, transcripts of crustin isoforms, such as
crustin  PmS5, Plcrustin2 and Fc-crus3 were found in the epipodite,
hematopoietic tissue, ovary and olfactory organ (Stoss et al., 2003;

Jiravanichpaisal et al., 2007; Vatanavicharn et al., 2009; Sun et al., 2010).

Biological activity of crustin was characterized mainly using
peptide isolated from natural sources and also by recombinant production
of the peptide. Challenges encountered in the production of crustin by
synthetic approach include the large size and four disulfide bond which
forms the active domain of the peptide. Thus for functional characterization,
the crustins were first produced by recombinant expression in a prokaryotic
system. Biological activities exhibited by crustin include protease inhibition

and antibacterial activities which could be correlated to a specific structure
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of the WAP domain. The anti-protease activities have only been reported
for Type III crustins (Amparyup et al., 2008a; Jia et al., 2008), and found to
be generally related with the incidence of a methionine residue contiguous to
the second cysteine in the 4DSC. In the case of WAP domain containing
peptides with anti-bacterial activity, the Met residue is replaced by cationic
or hydrophobic amino acids (Hagiwara et al., 2003). Type III crustins are
found to be multifaceted immune proteins that possess both antimicrobial
and anti-protease properties (Amparyup et al., 2008a; Jia et al., 2008). This
anti-protease ability is necessary to disable microbial proteases during
infection and/or control endogenous protease cascades, such as the pro-

phenol oxidase system.

In vitro antimicrobial studies have showed that all crustin groups
are mainly active against Gram-positive bacteria with an MIC <8 uM
and it include Micrococcus, Aerococcus, Planococcus, Staphylococcus,
Streptococcus, Corynebacterium and Bacillus (Relf et al., 1999; Zhang
et al., 2007; Supungul et al., 2008; Imjongjirak et al., 2009; Sperstad et al.,
2009b; Mu et al., 2010; Suthianthong et al., 2012). On the contrary, a
Type II crustin from P. monodon, crustin-like Pm (Amparyup et al., 2008b)
and crustin Pm7 (Krusong et al., 2012) showed strong antibacterial activity
against both Gram-positive and Gram-negative bacteria (MIC < 5 puM),
including the E. coli and crustacean opportunist pathogen, V. harveyi.
Krusong et al. (2012) found that the isoforms crustinPm1 and crustinPm?7
from P. monodon exhibited binding activity with cell wall components,
lipoteichoic acid (LTA) and lipopolysaccharide (LPS). The antimicrobial

activity of crustins seems to be correlated to the tertiary structure of the
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4DSC which is tightly constrained by three disulfide bonds and containing a
small a-helix (Smith et al., 2008).

For characterizing a novel AMP, it is imperative to understand the
mechanism of action, to elucidate the structure and function, or its
prospective usage as a pharmaceutical drug. For that, a reasonable
quantity of purified and active AMP molecule is desired. Overall, there
are three different methodologies employed to obtain enough AMPs:
direct isolation from natural sources, chemical synthesis and recombinant
expression (Parachin et al., 2012). Direct extraction requires sacrificing
large number of animals and the yield also is generally low necessitating
the adoption of alternate methods. The large size and the disulphide bond
within functional WAP domain of crustin hampers it production by solid-
phase synthesis approach and thus researchers mainly rely on recombinant
technology for large scale production of the peptides. Crustin was produced
by recombinant method using both eukaryotic, yeast Pichia pastoris
expression system (Arayamethakorn et al., 2013; Liu et al., 2016) and
prokaryotic E. coli based system (Zhang et al., 2007; Amparyup et al., 2008;
Mu et al., 2010; Jiang et al., 2015a).

Even though the gene expression (Vargas-Albores et al., 2004; Hauton
et al., 2006) and molecular characterization of crustins from crustaceans were
done (Brockton et al., 2007), the functional characterization of crustin using
recombinant product was done by Zhang et al. (2007). Identification,
molecular characterization and recombinant production of a crustin-like
gene (Crufc) from the haemocytes of Chinese shrimp, Fenneropenaeus

chinensis was accomplished using pCR® T7/NT TOPO® TA vector in
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BL21(DE3) pLysS E. coli cells. Refolded rCruFc inhibited the growth of
gram-positive bacteria with MIC values of 2-8 uM. Amparyup et al.
(2008a) identified Crus-likePm from haemocytes of P. monodon and
cloned into the pET-28b with an N-terminal hexa-histidine tag fused in-
frame, and expressed in E. coli BL21-Codon Plus (DE3)-RIL. The
recombinant peptide, rCrus-likePm was found in both inclusion bodies and
soluble fraction and the purified rCrus-likePm showed strong antimicrobial
activity against both Gram-positive and Gram-negative bacteria including

V. harveyi with MIC values ranging from 0.312 to 20 pM.

The most abundant antibacterial peptide, CrustinPm1 from P. monodon,
was overexpressed using E. coli expression vector, pET-28a (Novagen) in
E. coli BL21-(DE3) (Supungul et al., 2008). The rcrustinPm1 exhibited
bactericidal activity only against Gram-positive bacteria with strong
inhibition against Staphylococcus aureus and Streptococcus iniae with an
MIC of 3.13-6.25 uM. Later in the year 2010, Donpudsa and co-workers
identified two Type-I crustins, Plcrustinl and Plcrustin2 from Pacifastacus
leniusculus and recombinantly produced in the E. coli Rosettagami B
(DE3) with pVR500 vector. Antimicrobial assays showed that the growth
of Gram-positive bacterium, Micrococcus luteus was inhibited by the
recombinant Plcrustinl and Plcrustin2 with MIC of about 0.07-0.27 uM
and 3.5-8 uM, respectively.

In the same year Mu et al. (2010) using RACE approaches identified
Type-I crustin-like peptide (CrusEs) from the Chinese mitten crab,
Eriocheir sinensis. The recombinant CrusEs was cloned into pET-21a(+)

with a C-terminal hexa-histidine tag and expressed in E. coli Origami
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(DE3) and the rCrusEs inhibited the growth of Gram-positive bacteria
with a lower MIC of 0.11- 0.46 uM. Also, Cui et al. (2010) recognised
two Type-I crustins (PtCrustin2 and PtCrustin3) from swimming crab
Portunus trituberculatus. Two crustin isoforms were produced using
recombinant approach in E. coli BL21 (DE3)-pLysS using pET-32a(+)
vector. Unlike most crustins, both recombinant PtCrustin2 and PtCrustin3
exhibit antibacterial activity against Gram-positive bacteria, M. luteus and
S. aureus and Gram-negative bacterium, P. aeruginosa. In addition,
rPtCrustin2 was moderately active against yeast, P. pastoris and
rPtCrustin3 showed significant activity against Gram-negative bacterium,

V. alginolyticus.

Two crustin isoforms from P. monodon crustinPm1 and crustinPm?7
genes in pET-28b were expressed in E. coli strain Rosetta (DE3)
(Krusong et al., 2012). Both recombinant crustins exhibited bacterial
agglutination and caused inner membrane permeabilization in E. coli.
Scanning electron microscopic (SEM) analysis revealed the remarkable
changes on the cell surface of S. aureus, V. harveyi and E. coli after the
bacteria were treated with the recombinant crustinPm7 with an MIC
ranging from 3.13- 12.5 uM. In the same year Suthianthong et al. (2012)
studied about the antibacterial and anti-proteinase activities of various
mutants of recombinant crustinPm1 and found that antibacterial activity
of crustinPm1 is exerted from the N-terminus part and that the numerous
mutations in the WAP domain cannot render the crustinPml active in
anti-proteinase. Also found that the incidence or lack of Met residue in the
WAP domain is not the discriminating factor for anti-proteinase and

antibacterial activities of crustinPm]1.
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In 2013, Arayamethakorn and co-workers identified another isoform of
crustin, CrustinPm7 from P. monodon and produced recombinant peptide in
eukaryotic P. pastoris yeast expression system using pPIC9K vector. The
rCrustinPm7 demonstrated antimicrobial activity against both Gram-
positive and Gram-negative bacteria including S. aureus, M. luteus, E. coli
363 and V. harveyi with MIC values ranging from 2 to 10 uM. Arockiaraj
et al. (2013a) identified crustin isoform (MrCrs) from a freshwater prawn
M. rosenbergii and was found to be up-regulated following viral challenge
by infectious hypodermal and hematopoietic necrosis virus (IHHNV) and
white spot syndrome virus (WSSV) besides bacteria, 4. hydrophila and
E. faecium. The recombinant MrCrs was expressed in E. coli BL21 (DE3)
and rMrCrs protein exhibited bactericidal activity against A. hydrophila
with an MIC of 25 pg/ml.

In order to study the biological potential of Type-I crustin,
Donpudsa et al. (2014) prepared the recombinant protein of Crustin-Pm4-
1 isoform from P. monodon in E. coli expression system and tested for its
antimicrobial and antiviral activity. The rcrustinPm4-1 was able to inhibit
the growth of B. megaterium and also affect the WSSV infection by
down-regulating the early gene ie-1 in WSSV-infected shrimp haemocyte
cell culture. In the same year, Banerjee et al. (2015) also performed the
recombinant production of another crustin isoform from P. monodon,
rCrustin in E. coli SG 13009 and exhibited a MIC of 0.5 pg/ml against the

pathogenic vibrios in shrimps.

Jiang et al. (2015) identified four isoforms of crustin MjCrus 1-2, 3,

4 and 5 from Marsupenaeus japonicus, and the gene expression of these
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isoforms were found to be upregulated by bacterial or WSSV challenge.
All the isoforms were recombinantly produced in E. coli BL21-DE3 using
pET-30a(+). The rMjCrus I-2 and 3 were found to possess different
inhibitory abilities to bacterial proteases. However, MjCrus 4 was not
able to inhibit bacterial proteases and revealed scavenging activity against V.
anguillarum infection. In the same year Yu et al. (2015) isolated and
characterized a novel Type-I crustin, CgCrs from the red claw crayfish
Cherax quadricarinatus. Gene expression of CqCrs was identified in all
tissues, post-stimulation with B-1,3-glucan, lipopolysaccharides and
peptidoglycans. Recombinant CgCrs produced in E. coli BL21-DE3
exhibited diverse binding and antibacterial activity in response to different
bacteria including E. coli, P. pastoris and S. aureus with an MIC of 200
pg/ml. In 2016, Liu and his co-workers identified a novel crustin isoform
from red swamp cray fish, Procambarus clarkia, PcCru. Recombinant
PcCru was produced using both prokaryotic system with pET-30a (+)
vector and E. coli BL21 (DE3) cells and eukaryotic system with pPIC9k
vector and P. pastoris KM71 cells. Both recombinant peptides were
found to have broad-spectrum anti-microbial activity to many pathogenic
bacteria including V. anguillarum and B. subtilis with an MIC of 1.5 and
0.75 uM.

The Indian white shrimp, F. indicus is the most prevailing shrimp
species in the shrimp fishery along the west and east coast of India and
forms an important shrimp species which is cultured in pokkali paddy
fields (paddy-cum-prawn farming). Even though a huge number of AMPs
have been described in various shrimp species, only a few AMPs have been

reported including isoforms of crustin, Fi-crustin (Antony et al., 2011a);

Antimicrobial Peptides from Marine Crustaceans: Molecular Characterization and Fvalvation of Bioactive Potential



Chapter 2

penaeidins, Fi-penaeidin (Antony et al., 2011) and Fi-penaeidin2 (Afsal
et al.,, 2016). The present chapter is focused at the molecular cloning and
phylogenetic characterization of second Type-I crustin AMP isoform from
the Indian white shrimp, Fenneropenaeus indicus (Fi-crustin2) and its

recombinant production, purification and functional characterization.

2.2 Materials and Methods
2.2.1 Experimental organism

Live and healthy shrimp, Fenneropenaeus indicus was collected
from Cochin estuary along Fort Kochi, Kerala, India. By providing

aeration, the samples were taken to the laboratory in live condition.

Fig. 2.1 Experimental organism used for the study, Indian
white shrimp Fenneropenaeus indicus.

2.2.2 Precautions for RNA preparation

While working with RNA because of the chemical instability of the
RNA and the ubiquitous presence of RNases, general precautions for
RNA extraction includes: (i) Diethyl pyrocarbonate (DEPC) treatment of
Milli-Q water, glass wares, homogenizers, scissors and forceps with 0.1 %
DEPC at room temperature overnight. In order to remove the residual

DEPC, after incubation all the required items were autoclaved at 15 Ib
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pressure for 1 hour. This is followed by autoclaving at 15 1b pressure for
15 min for ensuring sterile condition. (ii)) Work bench, pipettes, micro tip
boxes and MCT racks were wiped with RNase Away before the experiment
(ii1)) Wearing gloves and mask throughout the experiments to prevent
contamination from RNases from saliva and sweat (iv) Always maintained
a set of pipettes and plastic wares that are used solely for RNA work

(v) Usage of RNase-free chemicals, reagents, barrier tips and tubes.

2.2.3 Haemolymph collection

Haemolymph was collected from rostral sinus of F. indicus carefully
using DEPC treated RNase-free capillary tubes rinsed using pre-cooled
anticoagulant solution (RNase free 10 % sodium citrate, pH 7.0 in DEPC
treated water). Haemolymph was homogenised in TRI reagent (Sigma)

using RNase free micro-pestle and kept at -20°C for total RNA isolation.

2.2.4 Total RNA isolation

Total RNA was isolated from haemocytes using TRI reagent
(Sigma) following manufacturer’s instructions. This includes three main

steps including sample preparation, phase separation and RNA isolation.

For sample preparation about 0.5 ml of haemolymph was
homogenized in 0.3 ml of TRI Reagent in RNase free micro-centrifuge tubes
(MCTs) using sterile micro pestle and finally 0.7 ml of TRI Reagent was
added and mixed well by vigorous shaking. In order to ensure complete
dissociation of nucleoprotein complexes, the samples were allowed to stand
for 5 min at room temperature. For phase separation, 0.2 ml of chloroform
was added and vigorously shaken for 30 sec, and allowed to stand for 15

min at room temperature. The resultant mixture was centrifuged at 12000
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x g for 15 min at 4 °C. Centrifugation separates the mixture into 3 phases:
a red organic phase (containing protein), an interphase (containing DNA),
and a colourless upper aqueous phase (containing RNA).

Aqueous phase with RNA was then carefully transferred to a fresh
MCT with 0.5 ml ice cold isopropanol, mixed slowly by inversion and
kept for 5-10 min at room temperature. Precipitated RNA was further
pelletized by centrifugation at 12000 x g for 10 min at 4 °C. RNA pellet
was washed twice using 1 ml 75 % ethanol. Followed by a mild vortexing,
samples were centrifuged at 7500 x g for 5 min each at 4 °C. Washed RNA
pellet were kept for drying in a laminar air flow chamber by keeping the
MCTs in an inverted position over tissue paper towel. RNA pellets were
dried for 10 min and dissolved in 35 pul of RNase free water (volume varies
and depends on the size of the pellet) by repeated pipetting with a

micropipette, for complete dissolution kept at 55 °C for 5 min.

2.2.5 Quality assessment and quantification of RNA

In the present work RNA was quantified and qualified by measuring
optical density (O.D.) at 260 and 280 nm in a UV spectrophotometer. The
ratio of absorbance at 260 nm and 280 nm is an indication of RNA
quality. Only RNAs with absorbance ratio (A260: A280) >1.7 were used
for cDNA synthesis (Hitachi U-2900). 1 O.D,¢p of RNA = 40 pg/ml, and

hence, RNA concentration was calculated as:

RNA concentration (pug/ml) = O.D at 260 nm x dilution factor x 40
2.2.6 Reverse transcription

Single stranded cDNA was synthesized from total RNA using
specific oligo-d(T20) primers targeting the mRNA, which contains a
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poly-A tail. First strand synthesis of cDNA requires a 20 ul reaction mix
containing 5 ug total RNA, 1x RT buffer, 2 mM dNTP, 2 mM oligo
d(T20), 20 U of RNase inhibitor, and 100 U of MMLYV reverse transcriptase
(New England Biolabs, USA). The reaction was conducted at 42 °C for

1 h followed by an inactivation step at 85 °C for 15 min.

2.2.7 PCR amplification

Reverse transcription was confirmed and ensured by using PCR
amplification of the constitutively expressed gene, beta-actin using the
single stranded cDNA as the template. Amplification of the AMP, crustin
was done using the primers Crustin F and Crustin R (Antony et al., 2010)
with the cDNA as template. Sequences of primers are given in the Table.
2.1. PCR was performed in a 25 pl reaction volume containing 1x standard
Taq buffer (10 mM Tris HCI, 50mM KCI, pH 8.3), 3.5mM MgCl2, 200 uM
dNTPs, 0.4 uM each primer and 1U Taq DNA polymerase (New England
Biolabs). The thermal profile used was 95 °C for 2 min followed by 35
cycles of 94 °C for 15 s, 57 °C for 30 s and 72 °C for 30 s and a final

extension at 72 °C for 10 min.

2.2.8 Agarose gel electrophoresis

For analysis of PCR products, 1.5 % agarose gel was prepared in 1
X TBE buffer (Tris-base -10.8 g, 0.5 M EDTA- 4 ml, Boric acid- 5.5 g,
double distilled water- 100 ml, pH- 8.0). Ethidium bromide (2 ul /100 ml
of agarose gel (stock concentration Img/ml)) was added to the melted
agarose. After cooling to ear bearing temperature, the agarose was poured
on to gel tray and was allowed to solidify. The solidified gel with the

casting tray was submerged in a buffer tank of electrophoresis unit
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containing 1X TBE buffer. 5 pl of PCR product was mixed with 2 pl of
6 x gel loading buffer (1 % Bromophenol blue- 250 ul, 1 % xylene
cyanol-250 pl, glycerol-300 pl, double distilled water—200 pl) and loaded
into the well. Electrophoresis was performed at constant voltage of 3-5
volt/cm till the bromophenol blue dye front migrated to the middle of the
gel. The gel was visualized on a UV transilluminator using the Gel-

DOC™ XR+ imaging system (BioRad, USA).

2.2.9 TA cloning of amplicons
Purified PCR products were cloned into pGEM®-T Easy cloning

vector (Promega) based on TA-cloning strategy. System facilitates the
cloning of PCR products by providing linear vectors that have a single
thymidine extension at the 3’-ends. These terminal thymidines are
complementary to the non-template derived 3" adenosine residues that are

added to double-stranded DNA products by many non-proof reading

DNA polymerase.
Xmnl 2009
174 =
Scal 1890 Nael 2707 [ =] 14 5"
\ Aatll 20
f1 ori sphl | 26
BstZl | 31
Ncol a7
i BstZl | 43
Amp . Notl 43
pGEM®-T Easy lacZ Sacll | 49
Vector EcoRl | 52
(3015bp)
Spel 64
EcoRI 70
Notl 77
BstZI 77
Pstl 88
ori Sall a0
Ndel 97
Sacl 109
BstXl 118 &
Nsil 127 =
141 %
T spe g

Fig. 2.2 Vector map of TA cloning vector, pPGEM"-T Easy
cloning vector (Promega)
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2.2.9.1 Ligation

The ligation reaction (10 pl) consisted of 5 ul ligation buffer (2x),
0.5 ul of the vector (50 ng/ ul), 3.5 ul PCR product (600 ng/ ul) and 1 pl
of T4 DNA ligase (3 U/ ul). The ligation mix was mixed well by pipetting

and incubated in a cooling water bath at 4 °C for 12 hr.

2.2.9.2 Competent cell preparation of E. coli DH5a.

Competent cells of E. coli DH5a for transformation of pGEM®-T
Easy vector with the insert were prepared as follows. Briefly, a single
colony of E. coli DH5a was inoculated to 10 ml Luria Bertani (LB) broth
and cultured overnight at 37 °C at 150 rpm. An aliquot of 5 ml of
overnight culture was inoculated into 50 ml of LB broth and incubated at
37 °C for 2 hrs at 250 rpm in order to collect the cells in their log phase.
Culture was centrifuged at 6000 rpm for 20 min at 4 °C in a refrigerated
centrifuge (Hitachi). The pellet was collected and then re-suspended in
50 ml of sterile ice-cold 100 mM CaCl, with gentle vortexing. Centrifuge
tubes with cells were placed on ice for 1 hr with intermittent gentle swirling
and mixing. The cells were then centrifuged at 6000 rpm for 20 min at
4 °C. The supernatant was decanted and cell pellet was again re-suspended
using 1 ml of 100 mM CaCl,. From the competent cells suspension, 80 pl
each was transferred to 1.5 ml MCT and mixed slowly with 20 pl of
sterile 60 % glycerol and then stored at -80 °C for further use.

2.2.9.3 Transformation into E. coli DH5a
Frozen competent E. coli DH50, was taken from deep freezer (-80 °C)
and thawed in ice for 5 min. Gently spin down the ligation reaction mix

and 5 pl was taken carefully from the top and added to the competent
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cells. Gently flicked the tubes and kept in ice for 30 min. The cells were
then given a heat-shock for 60 sec in a water-bath at exactly 42 °C without
shaking. Immediately the tubes were returned to ice for 3 min. To the
transformed cells, 500 ul of LB broth was added gently by pipetting without
any bubbles and incubated for 1.5 h at 37 °C with shaking (~150 rpm).
Transformed cells were spread plated on to LB agar plates supplemented
with ampicillin (100 pg/ml), Isopropyl-p-d-thiogalactoside (IPTG) (100 mM)
and 5-bromo-4-chloroindolyl-B-D-galactopyranoside (X-gal) (80 pg/ml)
and, incubated at 37 °C for 16 h. The recombinant clones with the inserts

were selected by blue white screening.

2.2.9.4 Confirmation of gene insert by colony PCR.

The white colonies were selected and patched on to fresh
LB/ampicillin/IPTG/X-Gal plates and colonies were screened by colony
PCR with vector specific (T7 F and SP6 R) and gene specific (Crustin F
and R) primers in a 25 pl reaction volume containing 1x standard Taq
buffer (10 mM Tris-HCI, 50 mM KCI, pH 8.3), 3.5 mM MgCl,, 200 uM
dNTPs, 0.4 uM each primer, 1U Taq DNA polymerase (Fermentas, Inc.)
and a pinch of colony as template. The PCR condition involved an initial
denaturation of 95 °C for 5 min followed by 35 cycles of 94 °C for
15 seconds, annealing temperature of 57 °C for 30 seconds and 72 °C for
30 seconds and a final extension at 72 °C for 10 minutes. The PCR
products were analysed by electrophoresis in 1.5 % agarose gel as
explained in section 2.2.8. Positive clones were selected for plasmid
isolation and thus single colony was inoculated in LB broth supplemented

with ampicillin (100 pg/ml).
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2.2.9.5 Plasmid extraction

Plasmid with the insert was then isolated and purified using
GenElute HP plasmid MiniPrep kit (Sigma) following manufacturer’s
protocol with minor modifications. During purification, the spin columns
were kept open during the whole steps and were done at room temperature.
Briefly, cells were harvested by centrifugation of 7 ml overnight recombinant
E. coli culture at 12000 x g for 1 min. The pellet was then re-suspended in
200 pl resuspension solution supplemented with RNase. The cells were
then lysed by adding 200 pl of the lysis buffer in order to release the cell
contents including the plasmids. The contents were then mixed gently by

inversion until the mixture becomes clear and viscous.

In order to precipitate the cell debris from plasmid, 350 ul of the
neutralization buffer was added and pelletized by centrifugation at 12000 x g
for 10 min. GenElute HP MiniPrep binding column were activated by the
addition of 500 ul of the column preparation solution and centrifuged at
12000 x g for 1 min. Cleared lysate from neutralization step was
transferred to the prepared column and proceeded to washing steps twice
with wash solution I and II respectively by centrifugation at 12000 x g for
1 min and flow through was discarded. Another centrifugation at 12000 x g
for 1 min was done to remove the residual ethanol (from wash buffer-II)
in the column. Concentrated plasmid DNA was then eluted from the
column with 100 pl of elution solution (10 mM Tris-HCI) by centrifuging
at 12000 x g for 1 min and stored at -20 °C. Plasmid DNA obtained was

analysed for quality and confirmed by agarose gel electrophoresis.

Antimicrobial Peptides from Marine Crustaceans: Molecular Characterization and Fvalvation of Bioactive Potential



Chapter 2

2.2.10 Sequencing of plasmids

Extracted plasmid with insert having an O.D. greater than 1.7 were
sequenced using vector specific primers T7 F and Sp6 R, with an ABI
Prism Sequencing kit (Big-Dye Terminator Cycle) at SciGenom sequencing

facility, Kakkanad, Kochi, Kerala, India.

Table 2.1 List of primers used.

Target Sequence (5’-3°) Product Annealing  MgCl,
gene Size (bp) Temp. (°C) Conc.
(mM)
Crustin F: 354 55 1.5
CGCACAGCCGAGAGAAACA
CTATCAAGAT
R:
GGCCTATCCCTCAGAACCCA
GCACG
B-actin  F: 520 60 1.5
CTTGTGGTTGACAATGGCTC
CG
R:
TGGTGAAGGAGTAGCCACG
CTC
T7 F: -- 57 L.5
TGTAATACGACTCACTATAG
GG
R:
CTAGTTATTGCTCAGCGGTG
SP6 R: -- 57 1.5
GATTTAGGTGACACTATAG

2.2.11 Sequence characterization and phylogenetic analysis

Nucleotide sequence was analysed, and assembled using GeneTool
software. The cDNA sequences obtained were translated using Expert Protein
Analysis System (ExPASy) translate tool (http://au.expasy.org/translate) to

obtain amino acid sequence. Homology searches of nucleotide and deduced
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amino acid sequences were performed using BLASTn and BLASTp
algorithm of the NCBI (http://www.ncbi.nlm.nih.gov/blast). Signal peptide
(SP) region was identified using the online programme SignalP
(http://www.cbs.dtu.dk/ services/SignalP). Domains and motifs in peptide
sequence were analysed on PROSITE Database (http://prosite.expasy.org/
scanprosite/). The N-terminal trans-membrane sequence of the mature
peptide was determined by DAS transmembrane prediction program
(http://www.sbc.su.se/~miklos/DAS). Physico-chemical parameters of the
full length peptide and mature peptide were predicted separately using
the online protein parameters analysis tool, ExPASy PROTPARAM
bioinformatics resource portal (http://web.expasy. org/protparam) and

Protein calculator (http://protcalc.sourceforge.net/).

The helical property was predicted using Heliquest online tool
(http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParamsV2.py) to analyse the
segregation of hydrophobic and hydrophilic amino acid residues.
Hydrophobic nature of the peptide was also analysed by Kytee-Doolittle plot
using the ProtScale tool of ExPASy bioinformatics resource portal
(http://web.expasy.org/protscale/) The cDNA sequence of peptide was
converted to the corresponding RNA sequence (http://www.attotron.com/)
and submitted to RNA Fold Server Program (http://rna.tbi.univie.ac.at/
cgi-bin/RNAfold.cgi) to envisage the RNA structure with minimum free
energy (MFE) to observe the stability of mRNA structure. The antimicrobial
activity was predicted using Antimicrobial peptide database — calculation
and prediction tool (http://aps.unmc.edu/). The amphipathicity and
antimicrobial activity of LPS domain was interpreted using Heliquest

online tool (http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParamsV2.py).
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Multiple sequence alignment of deduced amino acid sequence was
performed on ClustalW in BioEdit software for the comparison and
alignment with other crustacean crustin encoding sequences. The
phylogenetic tree was constructed using Neighbor-Joining method using
MEGA version 7. The spatial structure was established with PyMOL, using
the SWISS-MODEL prediction algorithm based on homology modelling
(Guex and Peitsch, 1997; Schwede et al., 2003; Arnold et al., 2006). The
secondary structure prediction of the peptide was also analysed and
confirmed using PSIPRED protein sequence analysis work bench

(http://bioinf.cs.ucl.ac.uk/psipred/).

2.2.12 Selection of active peptide region for recombinant expression

Functional characterization of an AMP is an inevitable tool in the
screening for novel and potent antimicrobials. In order to study the
bioactive potential of peptides, we chose the active peptide region for
recombinant production using pET-32a(+) and E. coli Rosettagami'"'B

(DE3) pLysS expression system.

2.2.13 Details of expression vector: pET-32a(+)

The pET-32a(+) is one of the efficient translational vectors of pET
series vectors, which are intended for cloning and the high-level production
of recombinant peptide sequences as fusion protein containing the
thioredoxin (TrxeTag™), cleavable His*Tag® and SeTag™ sequences for
detection and purification. The TrxeTag expressed from pET-32a(+)
vector enhances the solubility of expressed protein and catalyzes the
disulphide bond formation in the cytoplasm of trx/gor mutants of

expression hosts i.e., the mutant strains of £. coli: Origami™, Origami B
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and Rosetta-gami™ strains (Stewart and Aslund, 1998). Multiple cloning

site of pET-32a-c(+) vector series is shown in the Fig. 2.3.
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pET-32a-c(+) cloning/expression region

Fig. 2.3 Vector map of pET-32a(+) expression vector and its multiple
cloning site.
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2.2.14 Primer designing for restriction cloning into expression
vector

Selected mature peptide region of Fi-crustin2 was amplified using
primers with suitable restriction enzyme sites for directional cloning into
the expression vector pET-32a(+) (Novagen, UK). Restriction sites from
multiple cloning site (MCS) of vector was selected in such a way that it

should be absent within the target gene.

Table 2.2 Sequence of restriction primer designed for Fi-crustin2

Target gene Sequence (5°-3°)
pET Fi-crustin2 F  TAAGCACCATGGGTCAAGAAGATACTCGCTTC

PET Fi-crustin2 R TAAGCAAAGCTTIACTATCCCTCAGAACCCAG
* Colour definitions

Nucleotide bases included to ensure enzyme digestion.
Nucleotide bases added to make the frame correct
Restriction enzyme site Ncol in F and HindIII in R primer

Target gene sequence

2.2.15 PCR amplification of mature peptide

In order to amplify the active peptide region with restriction primers
pET-Fi-crustin2 F and R, pGEMT-Fi-crustin2 was used as the template.
PCR was performed in a 25 ul reaction volume containing 1x standard
Taq buffer (10 mM Tris HCL, 50mM KCl, pH 8.3), 3.5mM MgCl,, 200 uM
dNTPs, 0.4 uM each primer and 1U Taq DNA polymerase (New England
Biolabs). The thermal profile used was 95 “C for 2 min followed by 35
cycles of 94 °C for 15 s, 60 °C for 30 s and 72 °C for 30 s and a final

extension at 72 °C for 10 min. Amplicons were analysed by electrophoresis

Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



Molecular and Functional Characterization of an Antimicrobial Peptide Crustin from the Indian. ..

in 1.5 % agarose gel in TBE buffer, stained with ethidium bromide and

visualized under UV light.

2.2.16 Restriction digestion

Expression vector pET-32a(+) (Novagen, UK) and the PCR products
flanking the restriction sites for insertion into vector were proceeded to
restriction digestion using the restriction enzymes Ncol and HindIII
(FastDigest restriction enzymes, Thermo). Double RE digestion of insert and
vector was done in separate reactions. For performing restriction digestion,
50 ul of PCR product was incubated with 5 ul of 10X reaction buffer and
0.5 unit each of Ncol and HindIII and kept for 1 h at 37 °C followed by an
inactivation at 65 °C for 20 min. Vector was also treated the same way for

ligation. Restriction digestion was confirmed by agarose gel electrophoresis.

2.2.17 Purification of restriction digested insert and expression
vector by gel elution

Gel purification of the restriction enzyme digested insert and vector,
pET-32a(+) were done using GenJET™ Gel Extraction Kit (Thermo
Scientific, USA) as per manufacturer’s instructions with slight modifications.
Using the kit, DNA fragments of interest can be extracted from slices of
an agarose gel by solubilizing the gel. While doing the agarose gel
electrophoresis, fresh electrophoresis running buffer was used since the
electrophoresis buffer, which has been used repeatedly, will reduce the
DNA recovery efficiency from the gel. Ethidium bromide-stained agarose
gels were observed under UV transilluminator equipped with a long-
wavelength (302 nm) UV light source to minimize the damaging effects

of UV light on DNA.
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In brief, the DNA fragment of interest was excised from the agarose
gel with a sterile, sharp scalpel. Gel slice was collected and weighed in a
tared 1.5 ml MCT. In order to solubilize the gel 3 gel volumes of the gel
solubilisation solution (binding buffer) was added to the gel slice and
incubated at 55 °C for 10 minutes with intermittent vortexing to aid
dissolution. In order to maximize the binding of DNA to column, it was pre-
treated with 500 pl of Column Preparation Solution and subjected to
centrifugation at 12000 x g for 1 min. To the dissolved gel, 1 gel volume of
100% isopropanol was added and mixed until it became homogenous. Gel
solution was then added on to a prepared binding column and centrifuged at
12000 x g for 1 min. After the sample loading step, the column was washed
two times with 700 pl of wash solution followed by centrifugation at 12000
x g for 1 min. Flow through was discarded in all of the above steps. Residual
wash solution was removed further by another centrifugation at 12000 x g
for 1 min. Finally the purified insert and vector was eluted from the column
with 25 pl of elution buffer in a fresh collection tube by centrifugation at
12000 x g for 1 min and stored at -20 °C for further use. Concentration
of nucleic acid in the eluate was measured spectrophotometrically at

260/280 nm in a UV-VIS Spectrophotometer (U2800, Hitachi, Japan).

2.2.18 Construction of recombinant expression vector and
transformation into E. coli DH5a

Restriction digested insert and vector were ligated using T4 DNA

ligase (Company) as per manufacturer’s instruction.

Concisely, ligation mixture of volume 10 pl containing 1 pul pET-
32a(+) vector (50 ng/ul), 4 ul of insert, 1 ul ligation buffer (10x), 1 ul T4
DNA ligase (1U/ul) and 3 pl MilliQ water were incubated at 4 °C
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overnight. Transformation of ligated products to E. coli DH5a competent
cells were performed as discussed in section 2.2.9.3. Recombinant clones
were selected and streaked on to LB/ampicillin (50 pg/ul) plates to
confirm the presence of vector with insert. Followed by overnight
incubation, most of the colonies were selected for colony PCR using the
insert specific primer (Table 2.2) and vector specific T7 Forward and T7
Reverse primers (Table 2.1). Colonies were picked using micro tips and
mixed well in PCR reaction mix (25 pl) containing 1x standard Taq
buffer (10 Mm Tris-HCI, 50 mM KCI, pH 8.3), 200 uM dNTPs, 0.4 uM
each primer (T7 forward and T7 reverse) and 1U Taqg DNA polymerase.
The thermal profile used was an initial denaturation at 95 °C for 5 min
followed by 35 cycles of denaturation at 94 °C for 15 sec, annealing at 60 °C
for 30 sec and extension at 72 °C for 1 min and a final extension at 72 °C
for 10 min. The amplicons were examined by electrophoresis in 1.5 %
agarose gel as explained in section 2.2.8. Recombinant clones were
selected for plasmid isolation and for that a single colony was inoculated
in 10 ml LB broth supplemented with ampicillin (50 pg/ml) and kept at
37 °C, with shaking at 250 rpm for 16 hours.

2.2.19 Plasmid extraction and sequencing

Plasmid isolation of pET-Fi-crustin2 was carried out from the
overnight culture of recombinant clone as discussed in section 2.2.9.5.
Recombinant plasmids were sequenced at SciGenom, Kochi, India using
both T7 F and T7 R sequence and the sequences obtained were analyzed
using GeneTool software to ensure whether the sequence is in correct

frame with respect to that of expression unit.
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2.2.20 Expression host transformation
2.2.20.1 Selection and features of expression host

E. coli Rosettagami' "B (DE3) pLysS strain is a high stringency
expression host, combine the key features of BL21 (and its Tuner™
derivative), Origami™, and Rosetta™ to enhance the expression of
eukaryotic proteins and the formation of target protein disulfide bonds in
the bacterial cytoplasm. Enhanced disulfide bond formation resulting
from glutathione reductase (gor) and thioredoxin reductase (trxB)
mutations with enhanced expression of eukaryotic proteins that contain
codons rarely used in E. coli. These strains supply tRNAs for AGG, AGA,
AUA, CUA, CCC, GGA on a compatible chloramphenicol resistant plasmid.

The rare tRNA genes are present on the same plasmids that carry
the T7 lysozyme and lac repressor genes. Also this strain is deficient in
the lon protease and the ompT outer membrane protease that can degrade
proteins during purification. Since the target peptide contains disulphide
bond and of eukaryotic origin, the E. coli host Rosettagami' "B (DE3)
pLysS would be ideal for recombinant expression while combined with

the features of pET-32a(+) expression vector.

2.2.20.2 Transformation to expression host

Competent cells of E. coli Rosettagami'™ B (DE3) pLysS were
purchased from Novagen, UK and stored at -80 °C until use.
Recombinant pET-32a(+) plasmids with Fi-crustin2 insert and control
vector pET-32a(+) without insert were transformed to competent cells
using heat shock method as described in section 2.2.9.3. The

transformation mixture (300 pl) was plated on to LB agar plates,

Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



Molecular and Functional Characterization of an Antimicrobial Peptide Crustin from the Indian. ..

containing the antibiotics ampicillin (50 pg/ul), kanamycin (15 pg/ ul)
chloramphenicol (125 pg/ul) and tetracycline (340 pg/ul). The plates were
then incubated overnight at 37 °C and observed for colonies. Positive
clones were identified by colony PCR with vector specific as well as gene

specific primers.

2.2.21 Induction and optimization of target protein expression

Single colony of positive transformants, and parent vector pET-
32a(+) transformed host (negative control), were inoculated to 100 ml LB
broth supplemented with antibiotics viz. ampicillin (50 pg/ul), kanamycin
(15 pg/ul), chloramphenicol (12.5 pg/ul) and tetracycline (34 pg/ ul) and
incubated at 37 °C with shaking at 250 rpm till ODggonm of 0.5-0.7 was
attained. The inducer IPTG was then added to the medium to a final
concentration of 0.1 mM to induce expression. An un-induced culture was
also sustained to know the basal level expression. Both the cultures were
incubated further for 5-7 h at 37 °C with shaking at 250 rpm. At every 1
h interval post-induction, 2 ml of culture was collected and centrifuged,

the cell pellet was stored at -20 °C for SDS-PAGE analysis.

2.2.22 Target protein detection by Sodium Dodecyl Sulphate
Polyacrylamide Gel Electrophoresis (SDS- PAGE)

Recombinant protein expression of Fi-crustin2 (rFi-crustin2) and
control, thioredoxin (Trx) was analyzed by SDS- PAGE analysis. Bacterial
pellet from 2 ml of un-induced control, negative control and hour-wise
samples of induced cultures were boiled in 100 pl sample buffer [150 mM
Tris-Cl (pH 7), 12 % SDS, 30 % glycerol, 6 % mercaptoethanol, 5 %
coomassie brilliant blue R-250 (CBB)] for 10 min. The supernatant from
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the boiled samples were subjected to SDS-PAGE on a 4 % stacking and
16 % resolving (running) gel using 4-gel Mini-PROTEAN® Tetra cell
protein electrophoresis unit, BioRad, USA. Electrophoresis was
accomplished using 1X Tris (pH 8.9) as the anode buffer and 1X Tris-
tricine (pH 8.3) as the cathode buffer at a voltage of 60 V in stacking gel
and 120 V in resolving gel respectively. After the completion of separation,
plates were de-assembled and the stacking gel alone was taken out
carefully, stained in staining solution (0.5 % CBB R-250, 40 % methanol
and 10 % acetic acid in distilled water), de-stained using de-staining
solution (10 % methanol and 10 % acetic acid in distilled water) and

photographed using Gel-DOC™ XR+ imaging system (BioRad, USA).

2.2.23 Western blotting

SDS-PAGE of recombinant peptide, rFi-crustin2 was done as
explained in the previous section. After electrophoresis, the gel was trans-
blotted onto a 0.2 mm PVDF membrane at 100 V for 1 h (Mini-
PROTEAN® Tetra cell protein electro blotting unit, BioRad, USA). The
PVDF membrane was then incubated in blocking buffer (5 % non-fat
dry milk with 1X tris-buffered saline and 0.1 % Tween 20) on a shaker
for 1 h at room temperature followed by overnight incubation with
gentle shaking at 4 °C in His-Tag (27E8) Mouse mAb (HRP conjugate)
horseradish peroxidase-labelled anti-His tag antibody (Cell Signaling
Technology® Inc.) at 1:1000 dilution in blocking buffer. Membranes were
then rinsed in Tris-buffered-saline with Tween 20 on a shaker at room
temperature for 30 min. The 1-Step™ Chloronaphthol reagent (Thermo

Scientific, USA) was added to the membrane and incubated for 30 min at
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RT with gentle shaking. The blue coloured substrate developed was
photographed using Gel-DOC™ XR+ imaging system (BioRad, USA).

2.2.24 Scale-up production of recombinant Fi-crustin2

In order to study the bioactive potential of rFi-crustin2, the
production was done in 2l culture medium as explained earlier (see
section 2.2.21). Cell pellet with rFi-crustin2 was harvested and stored at -

20 °C for SDS-PAGE analysis and purification.

2.2.25 Extraction and affinity purification of recombinant
Fi-crustin2

Purification of the 6x-histidine tagged recombinant Fi-crustin2 and
Trx from bacterial pellet was carried out employing Ni-NTA spin column

(Qiagen®) according to the manufacturer’s protocol.

Concisely, the cell pellet from 5 ml culture was allowed to thaw for
15 min at room temperature and re-suspended in 700 ul of buffer B
(7 M Urea, 100 mM Na,HPO,, pH 8.0), which aids in the cell lysis and
extraction. Crude cell lysate in buffer B was kept at room temperature for
15 min with continuous agitation. When the lysate became translucent, it was
centrifuged at 12000 x g for 30 min at room temperature; supernatant was
collected for further purification. Briefly, the Ni-NTA spin columns were
equilibrated with 600 pl of buffer B and centrifuged at 2900 rpm for 2 min
with lid open to ensure complete removal of the buffer. Pre-equilibrated
columns were loaded with 600 pl of cleared lysate containing fusion protein
with 6x-Histidine tags loaded and centrifuged at 1600 rpm at room
temperature for 5-10 min. The column was washed two times with 600 pl

buffer C (8§ M Urea, 100 mM NaH,PO,, pH 6.3) and centrifuged at 2900 rpm
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for 2 min at room temperature to remove unbound proteins and untagged

proteins.

The flow through was collected and saved after each step for SDS-
PAGE analysis to test the efficiency of binding. Finally, the recombinant
protein with 6x-Histidine tags was eluted twice with 200 pl of buffer
E (8 M urea, 100 mM NaH,PO,, and pH 4.5) by centrifugation at 2900 rpm
for 2 min at room temperature. The purification steps were repeated to
obtain sufficient amounts of protein to perform experiments. The eluted

purified protein was stored at -20 °C for further use.

2.2.26 Re-folding of the recombinant protein

Amicon ultra centrifugal filters with 3 kDa cut-off membranes
(Millipore) were used to concentrate the Ni-NTA column -eluted
recombinant protein. An initial centrifugation of 5000 x g for 30 min was
performed to get the sample concentrated. Then the concentrated samples
were reconstituted to the original volume using the refolding buffer
(50 mM Tris-Cl (pH 8)) to remove the urea from the eluted protein and
centrifuged at 5000 x g for 30 min. Repeated washing of peptides for
10-15 times with the refolding buffer aids the removal of urea. After
complete removal of urea from the sample, the concentrated sample was

diluted to a desired volume in refolding buffer.

2.2.27 Protein quantification of recombinant Fi-crustin2

Quant-iT™ protein assay kit using Qubit fluorometer (Invitrogen,
UK) was used to quantify the concentration of purified rFi-crustin2.

Briefly, the Quant-iT working solution was prepared by diluting the
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Quant-iT protein reagent in Quant-iT protein buffer (1:200) and mixed
well by vortexing without any air bubbles. From the working solution,
190 pl was aliquoted into a fresh clean 0.5 ml tube to which 10 pl of the
protein to be quantified was added, mixed by vortexing and incubated at
room temperature for 15 min and using the Quant-iT protein programme
the protein was quantified. The sample concentration was calculated

using the following equation:

Concentration of sample = QF value x (200/X)
Where,
QF value = the value given by the Qubit fluorometer,

X = volume of sample (in microliters) added to the assay tube

2.2.28 Haemolytic activity

Haemolytic activity of the peptides was determined using human
red blood cells (hRBCs) with a modified protocol of Onuma et al. (1999).
The hRBCs were centrifuged for 15 min at 3000 x g to remove the serum
part and washed with equal volume of phosphate buffer saline (35 mM
phosphate buffer, 150 mM NaCl (pH 7.2)) until the colour of the supernatant
turned clear. One hundred microliters of the hRBC 4 % (v/v) suspended
in PBS added to 0.5 ml MCTs and then 100 pl peptide solution (serial two
fold dilution in PBS) was added to each tubes. The tubes were incubated
for 1 h at 37 °C without agitation and centrifuged at 5000 x g for 5 min. The
supernatant was transferred to 96 well plates, to monitor the haemoglobin
release using ELISA plate reader (Tecan, USA) by measuring the absorbance
at 405 nm. The assay was performed in triplicate. Haemolysis reference

(positive control) was 100 ul of the cell suspension with 100 pl of 1 %
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(v/v) Triton X-100 and 100 pl of the PBS was used as the negative

control.

Percentage haemolysis was calculated by the following formula:
Percentage haemolysis = 100 [(As —Ay) / (A—Ay)]

where Ag represents absorbance of peptide sample at 405 nm and Ay and
A represent zero % and hundred % haemolysis determined in PBS and

1% Triton X-100, respectively.

2.2.29 In vitro cytotoxicity assay

Human cancer cells NCI-H460 was used to assess the inhibitory
effect of peptide on cellular metabolism. About, 1x10° human lung cancer
cells NCI-H460 were inoculated into each well of a 96 well tissue culture
plate containing minimal essential medium (MEM) and incubated for 12 h
at 37 °C. After incubation, the cells were washed twice with phosphate
buffered saline (PBS), and the medium was exchanged with fresh MEM
containing desired concentrations of the peptide (two fold serial dilutions).
Cytotoxic AMP, mellitin was used as the positive control and media
without peptide was employed as the negative control. All the experiments

were done in triplicates.

The cells were incubated with peptide for 24 h at 37 °C, and observed
for morphological changes under Inverted phase contrast microscope
(Leica, Germany). The medium was changed and 50 pl of 2, 3-bis
[2-methyloxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide (XTT)
solution (1 mg/ ml in RPMI 1640 medium with 25 pLL PMS solution
(3 mg PMS into 1 mL PBS)) was added and incubated for 2 h at 37 °C in

Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



Molecular and Functional Characterization of an Antimicrobial Peptide Crustin from the Indian. ..

a CO; incubator (Scudiero et al., 1988). After incubation the absorbance was
measured at 450 nm with a reference at 690 nm in a microplate reader
(TECAN Infinite Tm, Austria) and calculated the difference. Succinate-
tetrazolium reductase system which belongs to the mitochondrial respiratory
chain reduces XTT to water soluble formazan yielding a purple-colored
solution, which is directly proportional to the viability of cells. The results
are expressed as a percentage of the inhibition rate for viable cells. The
ICso value was calculated as the concentration of peptide that induced

50 % growth inhibition related to the untreated control

2.2.30 Antimicrobial activity
2.2.30.1 Microorganisms used

Antimicrobial activity of the peptide was tested against two Gram
positive strains viz. B. cereus (MCCB 101) and S. aureus (MTCC 3061)
and Gram negative bacterial strains including E. tarda (MTCC 2400),
P. aeruginosa (MCCB 119), A. hydrophila (MCCB 113), E. coli (MTCC
483), V. cholera (MCCB 129), V. vulnificus (WV13), V. proteolyticus
(M10W1), V. alginolyticus (VKF44) and V. parahaemolyticus (MCCB 133).

2.2.30.2 Broth microdilution assay

The antimicrobial activity of the peptide was determined using the
broth microdilution assay as described by Park et al. (2004) with slight
modifications. Concisely, mid-logarithmic-phase bacteria were diluted to
10* cfu/ml in 50 mM 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic
acid (HEPES) buffer pH 7.4. Each well of 96 well propylene microtitre
plates (Costar, Cambridge, MA, USA) was filled with 10 pl of the diluted
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cell suspension and 10 pl of serially two fold diluted peptide samples and
incubated at room temperature for 2 h to minimize interference with the

peptide’s biological activity.

Then fresh medium (Muller Hinton broth) was added to the mixture
and incubated for an additional 16 h at 37 °C with shaking at 100 rpm.
HEPES buffer was served as the blank group and fusion protein
thioredoxin was maintained as the negative control. The inhibition of

growth was determined by measuring absorbance at 600 nm.

Inhibition percentage was calculated as
Inhibition % = 100 — Growth percentage.
Where, Growth % = (OD of Test / OD of Control) x 100.

The inhibition percentage was calculated as the average of three

independent experiments performed in triplicate.

2.2.30.3 Bactericidal activity assay

The bactericidal effect of the peptide was determined according to
Andra et al. (2007) with minor modifications. After 16 h incubation of
peptide and pathogen as explained in the previous section, aliquot of 50 ul
was taken, adequately diluted and plated on to MH agar plates. Plates
were incubated overnight at 37 °C and the colonies were counted. The
MBC (minimal bactericidal concentration) of peptide for a given bacterial
strain was regarded as the minimal concentration of the peptide that kills

99.9 % of the cfu present in the final inoculum.
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2.2.30.4 Propidium iodide staining and epi-fluorescence microscopy

Pathogens which were found sensitive against the peptide were
selected for observation using an epi-fluorescence microscope followed
by propidium iodide (PI) staining to detect the dead cells. As described in
the previous sections, microbial inoculum was prepared and treated with
peptide concentration at the minimum inhibitory concentration (MIC)
value obtained for each pathogen. After incubation at 37 °C for 2 h, cells
were pelleted by centrifugation at 5000 rpm for 5 min, re-suspended and
washed in PBS. For dead cell staining, propidium iodide of concentration
50 ug/mL (in PBS) was employed. Bacterial pellet was re-suspended in
200 pl of PI solution, mixed well by vortexing and incubated at room
temperature in dark for 5 min; washed the cells two times in PBS, smear
was prepared in a glass slide and covered with coverslip for observation.
Images were acquired within 30 min and examined by fluorescence
microscopy (Leica DMRA, Heidelberg, Germany) and photographed with
a Leica DMDL digital camera. Fluorescence of PI was perceived using a
filter with excitation wavelength of 540 - 580 nm and an emission filter of

600 - 660 nm.

2.2.30.5 Morphological observation by scanning electron microscopy

Scanning electron microscopy (SEM) was conducted to evaluate the
antimicrobial mechanism of the recombinant peptide. The microbial
suspension was treated with higher concentration of the peptide (2 times
of MIC) to ensure the killing of higher number of microbes. Controls
were run without peptides. After incubation of pathogens with peptide at

37 °C for 1 h, the cells were pelleted by centrifugation at 5000 rpm for
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5 min, re-suspended and washed twice with 0.1 M sodium phosphate
buffer. Followed by this the cells were fixed in 2.5 % glutaraldehyde at
room temperature for 2 h, post-fixed in 1 % osmium tetroxide at 4 °C for
2 h and dehydrated using graded ethanol solutions. After dehydration, the
cells were air dried after immersion in hexamethyldisilazane (Sigma) for
20 min, sputter coated with gold in an ion coater, and examined by
scanning electron microscopy with a VEGA3 TESCAN scanning electron

microscope.

2.2.31 DNA binding assay

The DNA binding activity of the peptides were examined by a gel
retardation assay with slight modification as described by Park et al.
1998. Briefly, 50 ng of pUC-18 plasmid DNA was incubated at room
temperature with increasing concentrations of peptides in a peptide to
DNA ratio of 0:1, 2.5:1, 5:1, 10:1, 20:1 and 50:1 in 20 pl of binding
buffer (5 % glycerol, 10 mM Tris—HCI (pH 8.0), 1 mM EDTA, 1 mM
DTT, 20 mM KCI and 50 pg/ml BSA) for 1h. DNA bands were analyzed
by electrophoresis in 1.5 % agarose gel in TBE buffer, stained with

ethidium bromide and visualized under UV light.

2.3 Results
2.3.1 Molecular characterization of crustin from F. indicus.

Gene based screening of AMPs from F. indicus led to the
identification of the second isoform of a Type I crustin isoform, herein after
named as Fi-crustin2. This section deals with the molecular and phylogenetic

characterization of Fi-crustin2 by various bioinformatics tools.
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2.3.1.1 PCR amplification, TA cloning and sequencing of Fi-crustin2

A 354 bp fragment cDNA encoding 117 amino acids was obtained
from the mRNA of F. indicus haemocyte by RT-PCR (Fig. 2.4). Amplicons
were then cloned into pGEM®-T Easy cloning vector and insert was
confirmed using gene specific and vector-specific primers by colony
PCR. The plasmid pGEMT-Fi-crustin2 was extracted from positive
colonies; purity analysis was done by AGE (Fig. 2.5) and sequenced. The
Fi-crustin2 nucleotide and deduced amino acid sequences are shown in
Fig. 2.6 and the sequence data has been submitted to the GenBank under
the accession number, KX622789.

1000 bp

500 bp

100 bp

Fig. 2.4 Agarose gel electrophoretogram of PCR
amplification of Fi-crustin2. Lane M: 100 bp
marker, Lane 1: Fi-crustin2 amplicons of
354 bp.
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1500 bp

1000 bp

500 bp

a b

Fig. 2.5 Agarose gel electrophoretogram (a) of Fi-crustin2 colony PCR, Lane
M: 100 bp ladder; Lane 1: amplicon (495 bp) obtained for PCR with
vector specific primers and Lane 2: amplicon (354 bp) of PCR
performed using gene specific primers (b) Plasmid extracted from
positive clones of pGEMT-Fi-crustin2 vector constructs. Lane M : 1 kb
marker, Lane 1: plasmid with Fi-crustin2 insert.

atgctgaagtttgtagtattatccgttgtcgeccgtggctgtggtacagagtcaagaagat
M L K F VV L S VvV VvV A V A V V O S O E D
actcgcttcctaggtgtttctgggggtgttgctgggggtggattcgtteccgggggttceca
T R ¥ L G Vs 6 G VvV A G G G F VvV P G V P
gggcatggcggcattgcccctggattcgaatgcaattactgcagaacgaggtatgggtac
G H 6 6 I A P G F E C N Y C R T R Y G Y
gtatgctgcaagcccggcaggtgtccaccggttcecgcgatacctgecccaggcatcaggaac
v Cc ¢ K P G R C P P V R DT C P G I R N
agacccccgatctgccgtcaggacactgagtgecttcecggectceccgacaagtgectgectacgac
R p P I C R Q D T E C FE GG S D K C C Y D
acctgcttgaacgacaccgtctgcaaacccatcgtgctgggttctgagggatag

T ¢ L N D T V C K P I VvV L G S E G -

Fig. 2.6 Nucleic acid and deduced amino acid sequence of Fi-crustin2
(GenBank ID: KX622789). The turquoise coloured highlighted region
is the signal peptide sequence and grey coloured region is the mature
peptide region within which yellow coloured highlighted region is the
putative WAP domain.
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2.3.1.2 Sequence analysis and characterization using bioinformatics tools

Similarity searches using homology analysis tool BLAST algorithm
showed that the 117 mer Fi-crustin2 exhibited similarity to previously
described crustin isoforms by 98 % to F. indicus (ACT82963.1); 92 % to
P. monodon (GQ334395.1); 84 % to M. rosenbergii (JQ413342.1); 71 % to
C. maenas. The SignalP software revealed that the first 17 residues of
Fi-crustin2 are predicted to be highly hydrophobic and encompass a
signal / leader sequence with a clear cleavage site identified between
residues 17 and 18 (Fig. 2.7). The ORF encoded 117 amino acid residues
with a predicted molecular weight (MW) of 12.32 kDa, net charge of +2
and theoretical isoelectric point (pI) of 7.97. For the mature peptide
region, the aforesaid parameters were found to be 10.61 kDa, +1 and 7.59

respectively, as predicted by the ProtParam software.

SignalP-4.1 prediction (euk networks): Sequence

" Cscore
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MLEFVVLEVVAVAVVOSQEDT RFLGVSGGVAGGGFVPGY PGHGG |APGFECNYCRT RYGYVCC KPGRCP
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Position

Fig. 2.7 Signal peptide analysis of F. indicus, Fi-crustin2 (GenBank
ID: KX622789) as predicted by the SignalP 4.1 server.
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The +1 charge of putative mature peptide region was found to be
because of the contribution of 10 negatively charged amino acid residues
(6 Asp + 4 Glu) and 11 positively charged residues (8 Arg + 3 Lys). The
deduced amino acid sequence of Fi-crustin2 was found to be rich in
amino acid residues glycine (14.5 %) and valine (12.8 %). The ScanProsite
tool predicted a whey-acidic protein (WAP) domain in the C-terminus
region of Fi-crustin2. At the N-terminal of the mature peptide, Fi-crustin2
contained a number of glycine-rich repeats between positions 25 and 49.
Following the repeat region is a cysteine-rich region just like that of other
crustin isoforms from F. indicus, F. chinensis and F. japonicus; though
lack the Pro-rich domain related with those of M. japonicus. Whereas the
C-terminal part was found to be rich in Cys-rich region (10.3 %), with
12 Cys residues engaged in the formation of disulphide bonds and forms the
WAP domain. Disulfide bonds were predicted to be between Cyse1.Cysiia:
Cyses-Cysos; Cyss.Cysio; Cysgs.Cyso; and Cysg.Cysjog by the ScanProsite

tool.

Antimicrobial activity prediction by APD analysis of mature
peptide region predicts it as a potent AMP with cationicity of +1,
hydrophobic ratio of 33 % and Boman index of 1.63 kcal/mol, with an
estimated half-life of 0.8 h (mammalian reticulocytes, in vitro), 10 min
(yeast, in vivo) and 10 h (E. coli, in vivo). Amphipathicity of peptide was
analysed by ProtScale tool and the Kyte-Doolittle plot obtained is given
in Fig. 2.8.
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ProtScale output for user sequence

T T
Hphob. # Kyte & Doclittle

-2

Fig. 2.8 Kyte-Doolittle plot showing hydrophobicity of
Fi-crustin2 (GenBank ID: KX622789). The peaks
above the score (0.0) indicate the hydrophobic

nature of the predicted protein.
Secondary structure prediction using PSIPRED tool exposed the

existence of one a-helix and two B-sheeted regions in Fi-crustin2 (Fig. 2.9).

“one: {ln-nniBREREERE 200000 nanlEnndRRnRRREN!

Pred: CCCHHHHHHHHHHHHI

AR: MLEKFVVLSVVAVAVV

20 30 40

R 1111 11 ERRRRREEG] | FEERENL LI LD PR LT T

Pred: CCCC

= goil AAt target sequence

Fig. 2.9 Secondary structure of Fi-crustin2 (GenBank ID:
KX622789) predicted using PSIPRED server. The
a-helix region is shown in pink coloured cylinders,
B-strand is shown in yellow arrows and the coil
region is shown in black lines.
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Spatial structure prediction was not possible since no similar sequences
were found in SWISS-MODEL tool. Predicted RNA secondary structure
was found to be stable with both paired and non-paired regions (Fig. 2.10).

Fig. 2.10 Predicted secondary structure of Fi-crustin2 (GenBank ID: KX622789)
RNA with minimal free energy prediction.

2.3.1.3 Sequence alignment and phylogenetic analysis

The multiple protein sequence alignment of Fi-crustin2 with
representatives of other crustin isoforms using ClustalW in BioEdit revealed
the existence of preserved sequence features (Fig. 2.11). The phylogenetic tree
topologies revealed the relationships of Fi-crustin2 with other invertebrate

crustins and found to be assembled according to species (Fig. 2.12).

Fig. 2.11 Multiple alignment of amino acid sequence of the Fi-crustin2 (GenBank
ID: KX622789) with other crustacean crustins obtained using BioEdit),
Fenneropenaeus chinensis crustin (GenBank ID AAZ76017.1), P. monodon
crustin (GenBank ID ACT82963.1), Macrobrachium rosengergii crustin
(GenBank ID AGF92153.1), Portunus trituberculatus crustin (GenBank
ID ACO07303.1), Hyas araneus crustin (GenBank ID ACJ06763.1) and
Panulirus argus crustin (GenBank ID AFQ66774.1). The conserved
residues are highlighted with uniform background colours.
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Fig. 2.12 A bootstrapped neighbor-joining tree obtained using MEGA 7 illustrating
relationships between the deduced amino acid sequences of the
Fi-crustin2 (GenBank ID: KX622789) with other crustins of decapod
crustaceans. Values at the node indicate the percentage of times the
particular node occurred in 1000 trees generated by bootstrapping the
original deduced protein sequences. Branches corresponding to partitions
reproduced in less than 75 % bootstrap replicates are collapsed.

2.3.2 Recombinant production and functional characterization of
Fi-crustin2

2.3.2.1 PCR amplification and TA cloning of the target gene with
restriction sites

Selective PCR amplification of mature peptide of Fi-crustin2 was
achieved by primers with Ncol site in the 5’ end of forward primer (pET
Fi-crustin2 F) and HindIIl site in the 3’ end of reverse primer(pET
Fi-crustin2 R) (Table 2.2). Amplicon of size 334 bp was obtained with
pGEMT-Fi-crustin2 as template (Fig. 2.13). Purified amplicons were
cloned using pGEM®™-T Easy cloning vector and transformed to competent

cells of the cloning host E. coli DH5a. Colony PCR was performed with
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gene specific and vector specific primers to confirm the insertion of target
gene. Amplicons of size 334 bp (comprising restriction sites) was obtained
using gene specific (pET Fi-crustin2 F and R) and 475 bp (334 bp + 141 bp)
with vector specific PCR (T7 F and SP6 R) respectively (Fig. 2.13).
Recombinant clones were selected for plasmid extraction and sequencing

of the plasmid was completed to check the existence of restriction site.

Fig. 2.13 Agarose gel electrophoretogram of the PCR amplified
mature peptide region of Fi-crustin2 with restriction
primers, Lane M: 100 bp ladder; Lane 1-2: PCR amplified
product (334 bp).

1000 bp

500 bp

100 bp

Fig. 2.14 Agarose gel clectrophoretogram of Fi-crustin2 colony
PCR, Lane M: 1 kb ladder; Lane 1-2: amplicon (334 bp)
of PCR using insert specific primers; Lane 3-4: amplicon
(475 bp) obtained for PCR with vector specific primers.
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2.3.2.2 Restriction enzyme digestion and cloning into pET 32a+ expression
vector

Plasmids confirmed with Fi-crustin2 mature peptide flanking the
RE sites and the expression vector pET-32a(+) were selected for RE
digestion using Ncol and HindIII. Insert release and vector digestion were
confirmed by AGE and the released insert of size 334 bp (Fig. 2.15a) and
the linearized vector (Fig. 2.15b) is shown. Followed by RE digestion,
the insert and vector were gel eluted using GenJET™ Gel Extraction Kit

(Thermo Scientific, USA).

1500 bp

1000 l}p

500 bp

4mm Released insert

b

a

Fig. 2.15 Agarose gel electrophoretogram of the plasmids digested
with Ncol and HindIIl restriction enzymes (a) Lane
M: 1kb ladder, Lane 1: Un-digested pGEMT-Fi-crustin2
plasmid. Lane 2: Restriction enzyme digested pGEMT-
Fi-crustin2 with released insert (b) Lane 1: Un-digested
pET-32(at) vector, Lane 2: restriction enzyme digested
linearized pET-32(a+) vector.

After RE digestion and gel extraction, the vector and insert were

subjected to ligation and transformed to E. coli DHS5a. Screening for the
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recombinant clones were done by colony PCR and amplicons of size 1084
bp (334 bp + 750 bp) and 334 bp were obtained (Fig. 2.16) for vector
specific primers (T7 F and T7 R) and gene specific primers respectively.
Plasmids were extracted from positive clones and sequenced using T7 F
and R primers to authorize orientation and the expression cassette without
any frame shift. The recombinant vector pET-32a(+)-Fi-crustin2 was
transformed to expression host E. coli Rosettagami'™ B (DE3) pLysS and

colonies were obtained in LB agar plates with ampicillin and kanamycin.

1000 bp

500 bp

100 bp

Fig. 2.16 Agarose gel electrophoretogram of Fi-crustin2 colony
PCR, Lane M: 1 kb ladder; Lane 1, 3, and 5: amplicons
(1084 bp) of PCR performed using vector specific
primers; Lane 2, 4 and 6: amplicons of PCR performed
using insert specific primers (334 bp).

2.3.2.3 Recombinant expression of Fi-crustin2 as fusion protein

The crustin isoform Fi-crustin2 from F. indicus was successfully
produced as a fusion protein containing 6 x His tag and thioredoxin tag.

Single colony of recombinant expression host with pET-32a(+)-Fi-crustin2
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was cultured in LB broth with preferred antibiotics and kept for overnight
incubation. For heterologous production of Fi-crustin2 and thioredoxin
(Trx) with 6 x His-tag (negative control), 1 ml overnight culture was used
as inoculum to 100 ml LB broth supplemented with antibiotics and
incubated further at 37 °C with shaking at 250 rpm. The protein
production was persuaded using the inducer, 1 mM IPTG when ODgoonm
reached 0.8. An un-induced sample was also maintained throughout the
process. After induction, cultures were incubated further up to 8 h at
37 °C with shaking at 250 rpm. In order to analyse the level of protein
expression, at an interval of one hour, 2 ml of culture was collected and
centrifuged; the cell pellet obtained was kept in -20 °C for SDS-PAGE

analysis.

In SDS-PAGE analysis, a prominent band of recombinant Fi-crustin2
(rFi-crustin2) at 29.81 kDa (which is the combined molecular weight of
Fi-crustin2 (10.61 kDa) and the fusion tags (19.2 kDa) including 6XHis tag
and of Trx tag) could be observed from the first hour post induction (Fig.
2.17). The expression level of rFi-crustin2 was found to be higher and
stable from third hour. Thus by giving the same conditions of pilot scale
production, the rFi-crustin2 was produced in 2 Litre of culture medium.
Meanwhile, the transformants with pET-32a(+) vector was induced with
0.1 mM IPTG and a distinct 20.4 kDa expressed product representing Trx
was detected after induction from 1* h itself with under the same growth
conditions and thus induced cells were harvested from 2 1, LB medium at

Ist h only and kept in -20°C.
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Fig. 2.17 Tricine SDS-PAGE analysis of the cells containing
recombinantly expressed F. indicus rFi-crustin2, before
and after IPTG induction on a time-course basis. Lane
M: Mid-range protein ladder; Lane 1: uninduced control
(before IPTG induction); Lane 2-9: IPTG induced cells
after 1-8 hours of induction.

116.25 kDa

66.2 kDa
45 kDa

31kDa

21.5 kDa

14.4 kDa

Fig. 2.18 Tricine SDS-PAGE analysis of the cells containing
recombinantly expressed Thioredoxin, rTrx, before and
after IPTG induction on a time-course basis. Lane M:
Mid-range protein ladder; Lane 1: un-induced control
(before IPTG induction); Lane 2-6: IPTG induced cells
after 0-4 hours of induction.
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2.3.2.4 Purification, refolding and quantification of the recombinant
protein

The rFi-crustin2 and rTrx samples were purified using Ni-NTA spin
columns and the eluted fraction was evaluated by SDS-PAGE (Fig. 2.19a)
and also by western blotting (Fig. 2.19b). Amicon cut off filtration unit
was used for concentrating and refolding the purified rFi-crustin2 from
the eluted fraction. Protein concentration of rFi-crustin2 and rTrx were
quantified using Quant-iT™ protein assay kit and the concentration was

found to be 1.5 mg/ml and 1.42 mg/ml.

40kDa |

23kDa

14k Da

7 kDa

3 kDa

a b

Fig. 2.19a Tricine SDS-PAGE analysis of Ni-NTA purified
rFi-crustin2 (29.81 kDa) Lane M: Low range weight
protein marker; Lane 1: purified recombinant rFi-crustin2
(29.81 kDa); Lane 2: purified recombinant Trx (20.4
kDa); 2.19b Western blot showing the purified
rFi-crustin2, Lane M: Mid-range coloured marker;
Lane 1: purified rFi-crustin2.
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2.3.2.5 In vitro cytotoxicity and haemolytic activity

Cytotoxicity of the peptide, rFi-crustin2 and the control (rTrx)
was tested ranging from 20 uM to 0.625 uM in NCI-H460 cell lines by
using XTT assay. Melliitin, a positive control, was also tested from 20 uM to
0.625 uM and exhibited an ICsy of 16.6 uM. At higher concentration of
rFi-crustin2 and rTrx, the peptide exhibited only a reduction of 9 % and
4 % growth in NCI H460 cells and thus found to be non-cytotoxic to the
cancer cells (Fig. 2.20).

In-vitro cytotoxicity
100
80
g 60
.5 60 48
5 HrFIC2
£ 40 33
£ 26 H Mellitin
s
2 20 13 14 rTrx
e 5 9 4
) oo 2Bo 0 C
0 - =
625 _%.253 2.5 5 10 20
20 =103
Peptide concentration (uM)

Fig. 2.20 [n vitro cytotoxicity of the recombinant Fi-crustin2, rFi-crustin2,
rTrx and Mellitin in NCI-H460 cells at various concentrations

In order to test the cytotoxicity against normal mammalian cells,

human RBCs were used to analyse the haemolytic activity of the peptide.

The recombinant peptide was found to be non-haemolytic at the tested

concentrations (Fig. 2.21).
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Fig. 2.21 Haemolytic activity of the recombinant Fi-crustin2, rFi-crustin2, rTrx
and control peptide Mellitin in human RBCs at various concentrations

2.3.2.6 Antimicrobial activity

Broth microdilution assay was performed to analyse the antimicrobial
activity of recombinant Fi-crustin2, at a concentration ranging from 20 uM
to 0.625 uM. The protein expression control, rTrx was used as the negative
control in the assays. Like the untreated control, rTrx was also found to
favour the bacterial growth. The test peptide rFi-crustin2 demonstrated
substantial antimicrobial activity against Gram-negative E. tarda (99 %;
MIC of 5 uM and MBC of 10 uM) and A. hydrophila (98 %; MIC and MBC
of 10 uM). Though, all the other tested pathogens were found to be sensitive
to rFi-crustin2, the MIC and MBC values were observed to be >20 uM.

The growth inhibition percentage of rFi-crustin2 at 20 pM, were
B. cereus - 70 %, S. aureus - 82 %, V. proteolyticus - 89 %, V. alginolyticus -
83 %, V. parahaemolyticus - 92 %, V. vulnificus - 75 %, V. cholera -
93%, P. aeruginosa - 91 % and E. coli - 86 % (Fig. 2.22).
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Fig. 2.22 (a-k) Antimicrobial activity of rFi-crustin2 against different bacteria

at various concentrations.
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2.3.2.7 PI staining

In PI staining, majority of the peptide treated E. tarda appeared red
(stained red since PI intercalates with the DNA of dead cells) (Fig. 2.23).
This also confirms that the killing of E. tarda could be by membrane pore

development or by perturbation.

Untreated control E. tarda Peptide treated E.tarda

Fig. 2.23 PI staining image of untreated control E. tarda and rFi-crustin2 treated
E. tarda (magnification 100 x).

2.3.2.8 SEM analysis

Scanning electron microscopy (SEM) was used to perceive the
morphological changes in control and E. tarda cells treated with
rFi-crustin2. It is evident that the rFi-crustin2 disrupts the membrane of
E. tarda, with noticeable blebbing on contrary to the untreated control

(Fig. 2.24).
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Untreated control E. tarda Peptide treated E.tarda

Fig. 2.24 SEM image of untreated control E. tarda and rFi-crustin2 peptide
treated E. tarda.

2.3.2.9 DNA binding assay
The rFi-crustin2 peptide was tested for DNA binding activity
using 50 ng of pUC-18 plasmid vector at a concentration of 20 uM.
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Fig. 2.25 Agarose gel electrophoretogram of DNA binding assay of rFi-
crustin2 using pUC-18 vector with different concentration of peptide.
Lane M: 1 kb ladder, Lane 1: Control untreated plasmid, Lane 2 to 9:
20 uM to 0.1625 uM concentration of peptide with 50 ng of pUC-18.
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The recombinant peptide was found to be non-DNA binding
even at the highest tested concentration of 20 uM. The agarose gel
electrophoretogram showing the non-retarded plasmid DNA in the treated

and untreated group is evident in Fig. 2.25.

2.4 Discussion

Survival of invertebrates especially crustaceans in the microbe-
laden aquatic environment mainly depend on the innate immune system
to combat pathogenic infection. AMPs act at the front line to counter
attack pathogenic incursion with their ability to kill or inhibit
microorganisms. Along with other major crustacean AMPs including
ALFs and penaeidins, the WAP domain-containing, crustin also exerts a
key role in immune mechanisms. Crustins are formed and retained in
haemocyte granules and released into the haemolymph by degranulation
upon microbial stimulation. Crustins are found to be responsive to the
pathogenic bacterial infection and exhibits antimicrobial activity against
Gram-positive bacteria (Supungul et al., 2008; Imjongjirak et al., 2009;
Mu et al., 2010), Gram-negative bacteria (Donpudsa et al., 2014),
antiviral activity (Antony et al., 2011b; Jiang et al., 2015a) and also
exhibits protease-inhibiting activity, which could be involved in
interfering the nutrient attainment and bacterial pathogenicity (Jia et al.,
2008). Thus crustins accentuate their significance in crustacean immunity
with varied role and broad-spectrum antimicrobial activity and thus
further studies are required for investigation of their biological functions.
Emergence of antibiotic resistant pathogen due to the overuse of

antibiotics in fish farming necessitates novel molecules to combat the
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pathogens and thus (Greenlees et al., 1998) studies on the identification

and characterization of potent AMPs is of great importance.

More than one type of crustin has been reported from the same
organism differing from each other by just 1-4 amino acids (Bartlett
et al., 2002). Present study involves the identification, cloning, molecular
and biological characterization of the crustin isoform, Fi-crustin2, from
the Indian white shrimp, F. indicus. This study reports the second crustin
isoform from F. indicus with variation in signal peptide region when
compared with the previously reported crustin (Antony et al., 2010).
Since the previous work only dealt with the molecular and phylogenetic
analysis, we performed the functional characterization using recombinant

peptide.

Fi-crustin2 identified from F. indicus possessed an ORF with 354
bp encoding 117 amino acids with a signal peptide cleavage site between
Si7and Q. The Fi-crustin2 exhibited an expected MW of 12.32 kDa, net
charge of +2 and pl of 7.97 and, for 100 mer mature peptide above-
mentioned constraints were found to be 10.61 kDa, +1 and 7.59
respectively. PROSITE analysis revealed the presence of WAP domain in
the C-terminus and Gly-rich region in the N-terminus of the mature

peptide region.

Structural analysis of Fi-crustin2 by PSI-PRED tool revealed the
existence of one o-helix and two B-sheeted regions in the WAP domain
(Fig. 2.9). Cysteine residues existing in the WAP domain of the crustin
were described to have functions in upholding the tertiary structure of

crustins (Gross et al., 2001). According to the previous reports on crustin-
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like proteins, the 4DSC domain played important roles in the biological
function (Zhang et al., 2007). Structural models of the WAP domain from
three types of crustins proposed that the tertiary structure of WAP domain

is well maintained between decapod species (Smith et al., 2008).

According to Smith et al. (2008) crustins are classified into three;
Type I crustins possessing a Cys-rich region and a WAP domain; Type 11
crustins with an additional Gly-rich region before a Cys-rich region and
Type III crustins, the Gly-rich and Cys-rich regions are replaced by a Pro-
Arg-rich region. Thus, the amino acid sequence of Fi-crustin2 shows that
they belong to Type II. Also, the ClustalW alignment of Fi-crustin2
amino acid sequence with other crustin representatives exposed a
conserved primary structure with a signal peptide, a glycine-rich region
and 12 conserved cysteine residues containing a single WAP domain at
the C-terminus (Fig. 2.11). These 12 Cys residues are believed to be
significant in the establishment and preservation of tertiary structure (Relf
et al., 1999). Clustal W multiple sequence alignment and the phylogenetic
analysis by NJ tree of Fi-crustin2 with other crustin isoforms showed
more similarity to Type-II crustin, especially to penaeid crustins
(Fig. 2.12). Also it revealed that Fi-crustin2 hold the same ancestral
origin and an analogous evolutionary status like other crustins, which has
later diverged at diverse phases of evolution. Phylogenetic tree analysis of
crustins further revealed that crustin sequences were grouped according to

species.

Functional characterization of Fi-crustin2 was done using the

recombinant peptide. The recombinant Fi-crustin2 (rFi-crustin2) was
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produced in an E. coli expression system. The PCR product of the
Fi-crustin2 encoding the mature peptide was cloned into a pET-32a(+)
vector (Li et al., 2012) and expressed in E. coli Rosettagami' "B (DE3)
pLysS (Donpudsa et al. 2014). After over-expression of the rFi-crustin2
by adding IPTG, the bacterial cells were collected, lysed and analyzed
on a 16 % SDS-PAGE. As shown in Fig. 2.17, rFi-crustin2 could be
successfully over-expressed as soluble protein from the first hour itself.
The rFi-crustin2 was purified through the Ni-NTA agarose columns and
eluted protein was found as one major band on 16 % SDS-PAGE
(Fig. 2.19a) and was confirmed by western blotting using Anti-His
antibody (Fig. 2.19b). The rFi-crustin2 was purified, concentrated and
refolded, and characterized for antimicrobial, DNA binding, cytotoxic and

haemolytic activity.

To study the antimicrobial activity of rFi-crustin2, 11 bacterial
strains including two Gram-positive strains viz. B. cereus and S. aureus
and nine Gram-negative bacterial strains including E. tarda, P. aeruginosa,
A. hydrophila, E. coli, V. cholera, V. vulnificus, V. proteolyticus,
V. alginolticus and V. parahaemolyticus were screened by broth
microdilution assay from 20 pM to 0.625 uM to calculate the MIC. The
bactericidal activity was confirmed by plating the peptide treated
pathogens on to MH agar plates and thus MBC was calculated for each
pathogen. Even though the recombinant peptide, rFi-crustin2 was found
to be active against both Gram-positive and Gram-negative pathogens the
degree of growth inhibition was found to be varied. Among the tested
pathogens rFi-crustin2 exhibited an increased activity towards Gram-

negative, E. tarda with an MIC of 5 pM and MBC of 10 puM, and
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A. hydrophila with MIC and MBC of 10 uM. E. tarda is a fish pathogen
and is of significance to aquaculture, specifically to commercial fish
farms. A. hydrophila is also capable of affecting disease in fish and
amphibians as well as in humans. Previous studies regarding crustin
isoforms showed that bactericidal activity is mainly by disrupting the
integrity of the bacterial cell wall (Liu et al., 2016). In addition, protease
inhibition property also might contribute to the inhibition of bacterial
growth. Further research is needed to reveal how rFi-crustin2 retains such

broad-spectrum antimicrobial activity.

As in the case of other recombinant crustins already reported,
rFi-crustin2 also exhibited activity against both Gram-positive and Gram-
negative bacterial pathogens, but the MIC and MBC values were found to
be greater than 20 uM. Further, the result indicated that the recombinant
Fi-crustin2 exhibited antimicrobial activity as a bactericidal agent.
Among the controls, the thioredoxin showed more number of surviving
bacteria than the PBS control group. Similar results were observed for
other crustins such as CruFc (Zhang et al., 2007), crustin-likePm
(Amparyup et al., 2008b), crustinPm7 (Krusong et al., 2012), MrCrs
(Arockiaraj et al., 2013a), crustinPm4-1 (Donpudsa et al., 2014), rCrustin
(Banerjee et al., 2015) and PcCru (Liu et al., 2016). According to the
prior reports on the crustin-like proteins, the four-disulfide core domain

could play an imperative role in the biological function of rFi-crustin2.

Morphological changes induced in E. tarda followed by rFi-crustin2
treatment was analysed by SEM and observed significant blebbing of

membrane (Fig. 2.24). After the outer membrane disruption, rFi-crustin2
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may enter bacterial cells and interact with the inner membrane. Inner
membrane permeabilization can cause loss of cell content and eventually
leads to the lysis of the bacterial cell. Similar kinds of changes were also
observed with rcrustinPm1 and rcrustinPm7 treated E. coli and S. aureus
(Krusong et al., 2012). The recombinant peptide was found to be non-
cytotoxic to NCI-H460 cancer cell lines at the tested concentrations
(Fig. 2.20). Cytotoxicity of rFi-crustin2 to human erythrocytes was tested
from 20 uM and found to be non-haemolytic (Fig. 2.21).

In conclusion, a novel isoform of AMP, Type-II crustin from the
Indian white shrimp, F. indicus named, Fi-crustin2 was cloned and
characterized. The peptide Fi-crustin2 encodes for a 17 mer signal peptide
and a 100 mer mature peptide encompassing a WAP domain. Recombinant
expression was done in E. coli Rosettagami' “B (DE3) pLysS and the
purified and refolded rFi-crustin2 was found to be active against both
Gram-positive and Gram-negative pathogens and also found to be non-
haemolytic and non-cytotoxic at the tested concentrations. Nonetheless,
advance research is desired to elucidate the antimicrobial mechanism of
rFi-crustin2 in detail. The antimicrobial activity against environmental as
well as clinical isolates displayed in this study is also remarkable and
reveals the antibacterial potential of this recombinant peptide. Hence,
rFi-crustin2 is particularly significant as a prospective candidate in
pre-clinical studies as an antimicrobial agent in aquaculture and human

medicine.
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MOLECULAR AND FUNCTIONAL
CHARACTERIZATION OF
ANTI-LIPOPOLYSACCHARIDE FACTORS FROM
THE CRUCIFIX CRAB, CHARYBDIS FERIATUS

3.1 Introduction

3.2 Materials and methods
3.3 Results

3.4 Discussion

3.1 Introduction

Crustaceans including crabs do not possess the adaptive immunity
and thus mainly depend on the innate immunity including antimicrobial
peptides (AMPs), prophenoloxidase (proPO)-activating system, phagocytosis,
encapsulation, nodule formation etc. to protect against extraneous
invasions (Soderhdll and Cerenius, 1992). Cationic AMPs act as the
critical immune effectors which are keenly engaged in exclusion of
pathogens and usually non-cytotoxic to the host at concentrations of
killing microorganisms (Hoffmann et al., 1999). So far, many AMPs have
been identified and characterized from crab species, which includes the
Pro-rich peptide (6.5 kDa ) (Schnapp et al., 1996) and a Cys-rich peptide
carcinin, (11.5 kDa) from shore crab Carcinus maenas (Relf et al., 1999),

callinectin (3.7 kDa) from the blue crab Callinectes sapidus (Khoo et al.,
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1999), scygonadin from the mud crab S. paramamosain (Wang et al.,
2007), arasin (proline-arginine-rich peptide) and hyastatin (glycine-rich
multi-domain peptide) from the spider crab Hyas araneus (Sperstad et al.,

2009a) and crustins from mud crab (Imjongjirak et al., 2009).

Anti-lipopolysaccharide factor (ALF) represents one of the
evolutionarily conserved cationic AMPs distributed among horseshoe
crabs and crustaceans which can bind against LPS by neutralizing lipid-A
moiety of LPS (Ried et al., 1996). ALFs are single domain amphipathic
peptides encompassing 114—124 amino acid residues with a 16-26 amino
acid residue containing short signal peptide sequence at the N-terminal
region followed by a mature peptide with conserved LPS-binding domain
(Rosa et al., 2010). The first ALF was isolated from the amebocytes of
the horseshoe crab Tachypleus tridentatus and Limulus polyphemus
(Tanaka et al., 1982) and later numerous ALF homologs have been
identified and characterized from decapod crustaceans including Penaeid
shrimps (Gross et al., 2001; Supungul et al., 2004; Liu et al., 2005; de la
Vega et al., 2008); non-penaeid shrimps (Lu et al., 2009); lobsters (Beale
et al., 2008; Zhang et al., 2010); crabs (Imjongjirak et al., 2007; Afsal
etal., 2011; Afsal et al., 2012) and cray fishes (Sun et al., 2011). Different
ALF isoforms and variants are either encoded by distinct genes or formed
as a consequence of alternative mRNA splicing (Tharntada et al., 2008).
As per the previous studies, the structure of ALF was elucidated using
NMR and found that it comprises of three a-helices packed against a four-

stranded B-sheet (Hoess et al., 1993; Yang et al., 2009).
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From diverse group of crustaceans various isoforms of ALFs have
been identified and characterized. In penaeid shrimps, four groups of
ALFs were identified based on the sequence similarity and the range of
theoretical isoelectric points (pl). Group A consists of both anionic and
cationic ALF peptides; group B consists of highly cationic ALF peptides;
group C includes cationic ALF peptides and group D contains highly
anionic ALF peptides (Rosa et al., 2013; Tassanakajon et al., 2014). Two
isoforms of ALF from Marsupenaeus japonicus, MjALF-E1 and MjALF-
E2 comes under a new group of shrimp ALFs, group E with cationic
mature peptide and anionic LPS binding domain. While considering the
gene expression of any particular ALF isoform, it is found to be tissue
specific; however, sometimes ALF transcripts are found in many tissues.
ALFs are mainly expressed in the hemocytes, which are the major
immune tissues of crustaceans (Nagoshi et al., 2006; Liu et al., 2012a;

Ponprateep et al., 2012; Arockiaraj et al., 2013b).

The LPS-binding domain is the functional unit of ALFs and is
composed of conserved cluster of cationic amino acids and forms a
disulfide loop between two cysteine residues (Hoess et al., 1993;
Somboonwiwat et al., 2008; Yang et al., 2009). These typical structures are
closely associated with the biological activities of ALFs. Functional
characterization of ALFs was done by means of chemically synthesized
LPS domain (Vallespi et al., 2000; Nagoshi et al., 2006; Pan et al., 2007;
Ren et al., 2010; Imjongjirak et al., 2011; Arockiaraj et al., 2013b; Li et al.,
2014) and by recombinant expression of mature peptides as fusion protein
in prokaryotic E. coli system (Somboonwiwat et al., 2005; Yedery et al.,

2009; Zhang et al., 2010; Sun et al., 2011; Liu et al., 2012a; Zhu et al.,
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2014; Sun et al., 2015;) and eukaryotic yeast expression system
(Somboonwiwat et al., 2005; Liu et al.,, 2012b; Yang et al., 2016a).
Biological activity reported so far for ALFs include anti-bacterial activity
(Pan et al., 2007; de la Vega et al., 2008; Zhang et al., 2010), anti-fungal
(de la Vega et al., 2008; Yedery et al., 2009), anti-viral (Liu et al., 2006;
Antony et al., 2011c; Yang et al., 2016b), immunomodulatory (Montero
et al., 2003), anti-protozoan (Pan et al., 2009), antitumour and anti-

inflammatory (Lin et al., 2013) activities.

For the first time, in order to characterize the properties and
biological activities of the most abundant isoform of ALF found in
P. monodon, ALFPm3 was expressed in the yeast Pichia pastoris by
Somboonwiwat et al. in 2005. Large-scale production in fermentor
provided 262 mg/l of recombinant ALFPm3 which was purified to
homogeneity by single chromatography step on expanded-bed Streamline
SP6XL. The rALFPm3 was further characterized in terms of N-terminal
sequencing and mass spectrometry. Antimicrobial assays demonstrated
that rALFPm3 has a broad spectrum of anti-fungal properties against
filamentous fungi and anti-bacterial activities against both Gram-positive

and Gram-negative bacteria, associated with a bactericidal effect.

Yedery and Reddy (2009) identified, characterized and cloned the
gene coding for Scylla serrata anti-lipopolysaccharide factor (SSALF) by
following a combined approach of degenerate and RACE PCR. The
recombinant form of SSALF protein (rSsALF) was expressed with a His-
tag, in Escherichia coli Rosetta B (DE3) pLacl, using the pTriEx-4
Ek/LIC vector. The purified rSSALF protein demonstrated antimicrobial
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activity against both Gram-positive and Gram-negative bacteria. The
recombinant protein was able to neutralize LPS-induced expression on
SsALF in vivo as demonstrated by real-time PCR. The rSsALF was able
to permeabilize artificial phospholipid membranes as demonstrated by

calcein enclosed liposome model.

From Eriocher sinensis, Zhang et al. (2010) identified, cloned and
recombinantly expressed the second ALF isoform (EsALF-2). Recombinant
expression was carried out with a His-tag, in Escherichia coli BL21
(DE3)-pLysS, using the pET-32a(+) vector. The recombinant EsALF-2
protein (rEsALF-2) was purified by nickel affinity chromatography Mag
Extractor His-TagNPK-700. The purified and refolded rEsALF-2 showed
antimicrobial activity against L. anguillarum (75 ng/ml) and P. pastoris

(18.75 pg/ml).

Sun et al. (2011) identified, an ALF ¢cDNA sequence (PcALF1) from
red swamp crayfish, Procambarus clarki. PcALF1 was heterologously
expressed as inclusion bodies in E. coli BL21-DE3 cells using pET30a(+)
and thus purified under denaturing conditions using high-affinity Ni-IDA
Resin (Gen-Script). Purified and refolded recombinant protein of PCALF1
(rPcALF1) revealed multiple biological activities. In vitro, the antimicrobial
activity assay was demonstrated as broad spectrum against Gram-positive
and Gram-negative bacteria and a fungus. The rPcALF1 also exhibited a
clearance activity on Vibrio anguillarum in a dose-dependent manner
in vivo and it could bind microbial polysaccharides (LPS, LTA, and

B-glucan) as well.
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Liu et al. (2012a) reported the characterization of two isoforms of
the mud crab ALF (Scylla paramamosain) Sp-ALF1 and Sp-ALF2 and
the recombinant proteins obtained by expression in P. pastoris, using
Pichia expression vector pPICIK (rSp-ALFs: designated as rSp-ALF1
and rSp-ALF2, respectively) and the synthetic peptide fragments
(sSp- ALFs: designated as sSp-ALF1 and sSp-ALF2, respectively) including
the putative LPS binding loop were also prepared for antimicrobial test.
Both rSp-ALFs and sSp-ALFs were highly effective against most of the
Gram-positive bacteria and Gram-negative bacteria tested. In the same
year, fifth isoform of ALF was identified from swimming crab Portunus
trituberculatus (PtALF5). PtALFS5 was expressed in inclusion bodies
using pET-32a(+)vector in E. coli BL21 (DE3)-pLysS. The recombinant
PtALFS5 revealed antimicrobial activity only against tested Gram-negative
bacteria V. alginolyticus (MIC value of 3.89-7.78 uM) and a lower
activity against E. tarda (MIC value of 7.78-15.54 uM) and P. aeruginosa
(MIC value of 15.54-31.08 uM).

Later in 2014, Zhu and co-workers identified and characterized
another novel ALF homolog with 126 amino acid residues (SpALF4)
from the mud crab Scylla paramamosain. Recombinant expression was
attained by cloning to pGEX4T1 expression vector. The recombinant
plasmid was transformed into competent E. coli Rosetta (DE3) cells for
overexpression. Purified protein was used for different assays and found
that rSpALF4 could inhibit the growth with an MIC ranging from 1.66
uM-12.18 uM for Gram-negative bacteria (V. harveyi, V. anguillarum,
V. alginolyticus, A. hydrophila, P. putida), Gram-positive bacteria

(S. aureus and Bacillus megaterium), and a yeast, C. albicans to varying
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degrees. Bacterial binding disclosed that it could also bind to all the

aforementioned microorganisms except S. aureus.

In 2015, Sun et al. reported fifth isoform of ALF (SpALFS) from
the hemocytes of mud crab, S. paramamosain. Recombinant pET 32a+
with SpALF5 was transformed to E. coli Rosetta-gamiTM?2 (DE3) pLysS
competent cells. The recombinant SpALFS5 protein showed varying
degrees of binding activity towards bacteria and yeast. Moreover, in vitro,
the recombinant SpALFS5 revealed a strong antimicrobial activity against
Gram-negative bacteria (V. parahaemolyticus, V. alginolyticus, E. coli,
A. hydrophila) and yeast (S. cerevisiae), but could only inhibit the growth of
some Gram-positive bacteria like S. aureus. Recombinant expression of
modified FCALF2 gene (mFcALF2) from the Chinese shrimp F. chinensis
was performed in yeast P. pastoris GS115 eukaryotic expression system
(Yang et al., 2016a). The mFcALF2 gene was synthesized with a modified
LBD, compared to the FCALF2. The recombinant mFcALF2 exhibited
both antimicrobial and antiviral activity (WSSV). The peptide showed
activity against E. coli, V. alginolyticus, V. harveyi, V. parahaemolyticus,

B. licheniformis and S. epidermidis.

Thus far there are quite several studies concerning the molecular
and phylogenetic characterization, gene expression analysis, structural
and functional analysis of ALFs from decapod crustaceans and chelicerates.
Hardly there is any report of AMPs from Crucifix crab, Charybdis
feriatus, belonging to the family Portunidae. C. feriatus (Linnaeus,
1758), forms one of the important commercial crabs in markets of East

Asia where it commands substantially higher premium prices than
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Portunus spp., being sold for US$8 to US$15 per kg. Also it is a potential
candidate species for aquaculture because of its meat quality, taste and
size. The present chapter is focussed on identifying AMPs from Crucifix
crab, C. feriatus. This chapter includes molecular cloning, bioinformatics
analysis and phylogenetic study of ALFs identified from C. feriatus
as well as its heterologous production, purification and functional

characterization.

3.2 Materials and Methods
3.2.1 Experimental organism

Live and healthy adult Crucifix crab, C. feriatus was collected from
Cochin estuary along Vypeen, Kerala, India. Samples were transported to

the laboratory in live condition by providing aeration.

Fig. 3.1 Experimental organism used
for the study Crucifix crab,
Charybdis feriatus

3.2.2 Precautions for RNA preparation

Precautionary measures were taken while working with RNA as

explained in section 2.2.2 of Chapter 2.

Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSATH



Molecular and Functional Characterization of Anti-Lipopolysaccharide Factors from the ...

3.2.3 Haemolymph collection

Live and healthy crab, C. feriatus (Fig. 3.1) was washed with DEPC
treated water to remove dirt and other organic matter and wiped using a
tissue paper to remove excess water. Haemolymph was collected from the
base of abdominal appendages of crab carefully using DEPC treated
RNase-free capillary tubes rinsed using pre-cooled anticoagulant solution
(RNase free 10 % sodium citrate, pH 7.0 in DEPC treated water).
Haemolymph was homogenised in TRI reagent (Sigma) using RNase free
micro-pestle and kept at -20°C for total RNA isolation.

3.2.4 Total RNA isolation

Total RNA was isolated from haemocytes using TRI reagent (Sigma)
following manufacturer’s instructions as given in section 2.2.4 of Chapter 2.
RNA pellet obtained was dissolved by adding 30 ul of RNase free water,
followed by incubation at 55 °C for 5 min in a water bath for complete

dissolution.

3.2.5 Quality assessment and quantification of RNA

Quality checking and quantification of total RNA obtained was
done as specified in section 2.2.5 of Chapter 2.

3.2.6 Reverse transcription

Single stranded cDNA was synthesized from total RNA using specific
oligo-d(T20) primers targeting the mRNA as described previously in section
2.2.6 of Chapter 2.
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3.2.7 PCR amplification

PCR amplification of cDNA was done using gene-specific primers
of the constitutively expressed gene beta-actin and antimicrobial peptide
ALF primers (Tharantada et al., 2008). Primer sequences used for both
the genes are given in the Table 3.1. Amplification of cDNA with gene
specific primers were performed in a 25 pl reaction volume as explained
in the section 2.2.7 of Chapter 2. The thermal profile used was 95 "C for
2 min followed by 35 cycles of 94 °C for 15 s, 57 °C for 30 s and 72 °C

for 30 s and a final extension at 72 °C for 10 min.

3.2.8 Agarose gel electrophoresis

Amplicons were visualized and analysed using agarose gel

electrophoresis as described in the section 2.2.8 of Chapter 2.

3.2.9 TA cloning of PCR products

Amplicons from PCR reaction using ALF F and R primers was

chosen for TA cloning as explained in section 2.2.9 of Chapter 2.

PCR product with A-tail was cloned into pGEM®-T Easy cloning
vector (Promega) and transformed to E. coli DH5a. Recombinant clones
were confirmed by colony PCR using vector specific (T7 F & SP6 R)
and gene specific primers (Table 3.1) and selected for plasmid isolation.
Cloned plasmid with insert was sent for sequencing at SciGenom
Labs Pvt. Ltd, Cochin, India. For details please refer section 2.2.10 of
Chapter 2.
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Table 3.1 List of primers used in the present chapter.

Target Sequence (5’-3°) Product Annealing MgClL,
gene Size Temp. (°C) Conc.
(bp) (mM)
ALF F: CAAGGGTGGGAGGCTGTGG 300 60 1.5
R: TGAGCTGAGCCACTGGTTGG
B- F: 520 60 1.5
actin  CTTGTGGTTGACAATGGCTCCG
R:
TGGTGAAGGAGTAGCCACGCTC
T7 F: -- 57 1.5

TGTAATACGACTCACTATAGGG
R: CTAGTTATTGCTCAGCGGTG

SP6 R: GATTTAGGTGACACTATAG -- 57 1.5

3.2.10 Sequence characterization and phylogenetic analysis

Analysis of the sequence was performed in silico using various
softwares / programmes as described in section 2.2.11 of Chapter 2.
Phylogenetic analysis was done by comparison with other ALF encoding

sequences reported from crustaceans.

3.2.11 Selection of active peptide region for recombinant expression

In order to characterize the biological activities, among the two
isoforms of ALFs identified from C. feriatus, the active mature peptide
region of Cf~ALF1 was found to be 100% similar to recombinant Scylla
serrata ALF (Yedery and Reddy, 2009). Thus the putative Cf~-ALF2
which possesses only the mature peptide region and showing a high
degree of wvariation from other crustacean ALFs was selected for

recombinant expression and further functional characterization. Physico-
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chemical features and phylogenetic analysis of the peptide have already

been studied in the previous section (3.2.10).

3.2.12 Details of expression vector: pET-32a(+)

Specifications and features regarding the expression vector were

already discussed in the section 2.2.13 of Chapter 2.

3.2.13 Primer designing for restriction cloning into expression vector

Active peptide region of Cf~ALF2 without signal peptide region
was selectively amplified using the primers with added RE site, based on
the MCS of pET-32a+ and gene sequence. Sequence and details of
primer designed is given in the Table 3.2.

Table 3.2 Restriction primers designed for Cf~ALF2

Target gene Sequence (5°-3°)

pET CLALF2F  TAAGCACCATGGGCCAAGGGTGGGAGGCTGTG
pET CLALF2R  TAAGCAGAATTCHIIGAGCTGAGCCACTGGTTG

* Colour definitions

Nucleotide bases included to ensure enzyme digestion.
Nucleotide bases added to make the frame correct
Restriction enzyme site Ncol in F and EcoRI in R primer

Target gene sequence

3.2.14 PCR amplification of mature peptide

Mature peptide region was selectively amplified with pET-Cf-ALF2
F and R primers using pGEMT-Cf-ALF2 as template. PCR was done as
explained in section 2.2.7 of Chapter 2.
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3.2.15 Restriction digestion

Amplicons with restriction site and pET-32a(+) expression vector
were subjected to restriction digestion using the restriction enzymes Ncol
and EcoRI (FastDigest restriction enzymes, Thermo). Double digestion of
insert and vector, pET-32a(+) was done in separate reactions. For
performing restriction digestion, 50 pl of PCR product and pET-32a(+)
plasmid were incubated with 5 pul of reaction buffer and 0.5 unit each of
Ncol and EcoRI for 1 h at 37 °C followed by an inactivation at 65 °C for

20 min. Restriction digestion was confirmed by agarose gel electrophoresis.

3.2.16 Purification of restriction digested insert and expression
vector by gel elution

Restriction enzyme digested insert and vector, pET-32a+ (Novagen,
UK) were gel purified using GenJET™ Gel Extraction Kit (Thermo
Scientific, USA) as explained in section 2.2.17 of Chapter 2.

3.2.17 Construction of recombinant expression vector pET-32a(+)
and transformation into E. coli DHSa

Directional cloning of RE treated insert and vector was ligated
using T4 DNA ligase following manufacturer’s instruction. Ligation mix
was prepared as given earlier in section 2.2.18 of Chapter 2 and the
ligated vector was transformed to E. coli DHS5a competent cells as

discussed in section 2.2.9.3 of Chapter 2.

Positive recombinant colonies were selected on LB/ampicillin
(50 pg/ul) plates to confirm the presence of vector with insert.
Confirmation of clones were done by colony PCR using insert specific

restriction primers (Table 3.2) and vector specific T7 F and T7 R primers
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(Table 3.1) as discussed earlier in section 2.2.7 of Chapter 2. Positive
clones were propagated for plasmid isolation and for that a single colony was
inoculated in 10 ml LB broth supplemented with ampicillin (50 pg/ml) and
incubated at 37 °C, with shaking at 250 rpm for 16 hours.

3.2.18 Plasmid extraction and sequencing

Plasmid extraction of pET-Cf~-ALF2 was carried out from the
overnight culture of recombinant clone as discussed in section 2.2.9.5 of
Chapter 2. Recombinant plasmids were sequenced using vector specific
primers with an ABI Prism Sequencing kit (Big-Dye Terminator Cycle) at
SciGenom, Kochi, India and the sequences obtained were analyzed using
GeneTool software to confirm whether the insert is in-frame with the start
codon ATG of the pET-32a(+) system and to ensure the presence of stop

codon TAA in insert for proper expression of fusion protein.

3.2.19 Expression host transformation

Recombinant plasmid pET-Cf~ALF2 was introduced to E. coli
Rosettagami'B (DE3) pLysS strain by transformation and was confirmed

by colony PCR as described in the section 2.2.20 of Chapter 2.

3.2.20 Induction and optimization of target protein expression

Confirmed recombinant colony was inoculated to 100 ml LB broth
supplemented with antibiotics viz., ampicillin (50 pg /ul), kanamycin
(15 pg/pl) chloramphenicol (12.5 pg/ul) and tetracycline (34 pg/ pl) and
incubated at 37 °C with shaking at 250 rpm till ODggonm attained 0.5-0.7.
In order to induce the expression of Cf-ALF2 as fusion protein the

inducer for transcription, IPTG was added to the medium to a final
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concentration of 1 mM. Expression vector without insert, Thioredoxin

was used as the negative control (See section 2.2.21 of Chapter 2).

As explained in section 2.2.21 of Chapter 2 un-induced culture was
maintained and both the cultures were incubated further for 5-7 h at 37 °C
with shaking at 250 rpm. At an interval of 1 h, the cell pellet was collected
from 2 ml of broth cultures and stored at -20 °C for SDS-PAGE analysis.

3.2.21 Target protein detection by Sodium Dodecyl Sulphate
Polyacrylamide Gel Electrophoresis (SDS- PAGE)

Production of recombinant C/~ALF2 (rCf-ALF2 as a fusion protein
was detected using SDS-PAGE analysis as described previously in section

2.2.22 of Chapter 2.

3.2.22 Western blotting

SDS-PAGE of recombinant peptide, rCf~ALF2 was done as explained
in the previous section. Western blotting of rCf-ALF2 was done as described

previously in section 2.2.23 of Chapter 2.

3.2.23 Scale-up production of recombinant Cf~ALF2

Recombinant ALF, Cf-ALF2 production was done in Rosetta-
gami™ B (DE3) pLysS cells as described in section 3.2.20. A total of 2L
culture was produced in four 1L conical flasks. The culture was induced
with ImM IPTG when ODggonm reached 0.8. Cells were harvested by
centrifugation at 12000 x g for 2-5 min at room temperature after 4 hr
incubation at 37 °C and shaking at 250 rpm. The cell pellets were stored
at -20 °C for further analysis.
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3.2.24 Extraction and affinity purification of recombinant Cf~ALF2

Recombinant Cf~ALF2 (rCf~-ALF2) was selectively purified from
the crude cell proteins by using Ni-NTA spin column (Qiagen®) as described
previously in the section 2.2.25 of Chapter 2.

3.2.25 In vitro refolding of the recombinant protein

The recombinant C/~ALF2 was refolded in refolding buffer using
Amicon ultra centrifugal filters with 3 kDa cut-off membranes (Millipore)

as defined in the section 2.2.26 of Chapter 2.

3.2.26 Protein quantification of recombinant Cf~-ALF2

Purified and concentrated rCf~ALF2 was quantified using Quant-
iT™ protein assay kit using Qubit fluorometer (Invitrogen, UK) as described

in section 2.2.27 of Chapter 2.

3.2.27 Haemolytic activity

Haemolytic activity of rCf~ALF2 was determined using human red
blood cells (hRBCs) and percentage haemolysis was calculated and plotted
as explained in the section 2.2.28 of Chapter 2.

3.2.28 In vitro cytotoxicity assay

Toxicity of rCf~ALF2 to eukaryotic cells and its effect on cellular
metabolic process was tested using NCI-H460, human cancer cells. Cells
were treated with desired concentration of the peptide (double dilution)
and assayed for the cellular metabolism by XTT assay as described earlier

in the section 2.2.29 of Chapter 2.
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3.2.29 Antimicrobial activity

Screening for antimicrobial activity of rCf~ALF2 was done against
bacterial pathogens by microdilution assay and bactericidal activity was
also confirmed. Microscopic observation of peptide treated pathogens was
carried out employing epi-fluorescence microscopy (Propidium Iodide
staining) and scanning electron microscopy (SEM) as described in section

2.2.30 of Chapter 2.

3.2.30 DNA binding assay
DNA binding activity of rCf~ALF2 was performed as explained in
the section 2.2.31 of Chapter 2.

3.3 Results
3.3.1 Molecular characterization of ALF isoforms in C. feriatus
In the present study, two AMPs belonging to ALF family was

identified and characterized from the haemocytes of C. feriatus, herein

after denoted to as C/~ALF1 and Cf~-ALF2.

3.3.1.1 PCR amplification, TA cloning and sequencing of ALF isoforms

Amplicons of 524 bp and 297 bp encoding an ORF of 123 and 98
amino acids were obtained from the haemocytes cDNA of C. feriatus
(Fig. 3.2a and b). Amplicons were cloned into pGEM®-T Easy cloning
vector and transformed into E. coli DH5a competent cells. Using gene
specific and vector-specific primers colony PCR was performed to confirm
the presence of insert within the plasmid (Fig. 3.3a and b). Plasmids with
Cf-ALF1 and Cf~-ALF2 were extracted from the positive recombinant clones,
purity was analysed by agarose gel electrophoresis (Fig. 3.3c and d) and

sequenced.
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Fig. 3.2 Agarose gel electrophoretogram of PCR amplification of (a) Cf~ALF1, Lane M:
100 bp marker Lane 1: Cf~ALF1 amplicons of 524 bp (b) Cf~ALF2. Lane M:

100 bp marker Lane 1: Cf~ALF2 amplicons of 297 bp
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Fig. 3.3 Agarose gel electrophoretogram of (a) Cf~ALF1 colony PCR, Lane M: 100 bp
ladder; Lane 1: 524 bp amplicon obtained for PCR with gene specific primers
and Lane 2: 665 bp amplicon obtained for PCR performed using vector specific
primers; (b) Cf~ALF2 colony PCR, Lane M: 100 bp ladder; Lane 1, 2: 438 bp
amplicon obtained for PCR with vector specific primers and Lane 3, 4: 297 bp
amplicon obtained for PCR performed using vector specific primers. (c)
Plasmid extracted from positive clones of pGEMT-Cf~-ALF1 vector constructs.
Lane M shows 1 kb marker, Lane 1 plasmid with Cf~ALF1 insert; (d) Plasmid
extracted from positive clones of pGEMT-Cf-ALF2 vector constructs. Lane M
shows 1 kb ladder, Lane 1 plasmid with Cf~ALF2 insert.
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The Cf-ALF1 and Cf~ALF2 nucleotide and deduced amino acid
sequences are shown in Fig. 3.4a and b, and the sequence data has been
deposited in the GenBank under the accession number of KP688577 and
KT224347.

ggacagaagaaacattgaggacgacgcaaccaaactteccctecaagatgeggaccagggtg
M R T R V
atggeceggectgtgegtggegecggtggtgatgtgectgtacatgececcageecgtgegag
M A G L €C VA PV V M CULYMUZPOQUP CE
gctcagtatgaagectectggtagettecattettggaaagetgtegggactgtggecacage
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aagtgatgcccactctcatgtacgaggaggacgataggecatgagggtgaaaacaacgagg
aagtgactcgtgtctgacctgtaatggatgtttttgatttee

a

caagggtgggaggctgtggcagcggccgtcgeccagcaagattgttgggetgtggaggaac
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gagacaactgaactcctgggccacgagtgcaagttcaccgtcaageccttacattaagagg
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ttccagttgaactacaagggtgggaggctgtggtgccaggctggacggccatcagaggag
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aagctttccagaaaggtctcatctctcaacaggaggccaaccagtggctcagcttaa
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Fig. 3.4 Nucleic acid and deduced amino acid sequence of C. feriatus (a) Cf-
ALF1 and (b) Cf~ALF2. The turquoise coloured highlighted region is
the signal peptide sequence and grey coloured region is the mature
peptide region within which is the putative lipopolysaccharide binding
domain, the underlined sequence. Amino acid ‘Gly’ (G), in Cf~ALF2,
usually absent in other ALFs is highlighted in turquoise colour.
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3.3.1.2 Sequence analysis and characterization using bioinformatics tools

Homology search by BLASTn and BLASTp of the nucleotide
sequence and deduced amino acid sequence of Cf~-ALF1 and Cf-ALf2
revealed that both belong to the DUF3254 superfamily which includes the
family of ALFs. BLASTn analysis of Cf~ALF1 nucleotide sequence
showed that it exhibited 99 % similarity to an ALF isoform from Scylla
serrata (SSALF) (GenBank ID: ACH87655.1), followed by 97 % identity to
Scylla paramamosain ALF (GenBank ID: EF207786.1), 96 % with Portunus
pelagicus ALF (GenBank ID: JQ899452.1), 87 % with Portunus
trituberculatus ALF (GenBank ID: GQ165621.2) and 72 % similarity to
Eriochier sinensis ALF (GenBank ID: HQ850572.1) respectively.

Interestingly, Cf~ALF2 showed more similarity to shrimp ALFs than to
crab ALFs. BLASTp analysis of amino acid sequence of Cf~ALF2 exhibited
identity of 94 % to Fenneropenaeus indicus ALF (GenBank ID
ADK94454.1) and Macrobrachium rosenbergii ALF (GenBank ID
AEP84102.1), 55 % to Procambarus clarki ALF (GenBank ID
ADX60063.1), 52 % to Homarus americanus ALF (GenBank ID
ACC94269.1), 35 % to P. trituberculatus ALF (GenBank ID ADU25042.1)
and 37 % to S. paramamosain ALF (GenBank ID AEI88034.1)

SignalP analysis of 123-mer predicted the existence of 26 amino
acid length signal peptide with an exceedingly hydrophobic core region
and a putative cleavage site after 26" amino acid (CEA,6-Q,7Y) which
demarcates the highly cationic mature peptide of 97 amino acid residues

(Fig. 3.5).
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SignalP-4.1 prediction (euk networks). CfaLF

C-score -
10} S-score
Y-score

Score

MATAVMAGLCYAPY VIS L YMPOPC EAGY BALVAS | LGKLBGLWHSDTVD FUGHTCH | RAKPKFRAKFELYH

Fig. 3.5 Signal peptide anal;zsillslcnof Cf-ALF1 as predicted
by the SignalP 4.1 server.

Cf-ALF1 was found to have an estimated molecular weight of
14.025 kDa, net charge of +11 and a theoretical isoelectric point (pl) of 9.78
and for mature peptide region the aforementioned parameters were 11.172
kDa, +10 and 10.01 respectively based on PROTPARAM tool. Cationicity
of Cf~ALF1 mature peptide was mainly contributed by 18 positive amino
acid residues (Lys (12) + Arg (6)) against 8 negative residues (Asp (4) +
Glu (4)). The calculated molecular weight of the 98-mer Cf~ALF2 was
10.923 kDa. The putative peptide was highly cationic with a net charge of
+9, total hydrophobic ratio of 34 % and an estimated isoelectric point (pI) of
10.09. While considering the composition of Cf~ALF2, the cationicity of +9

was due to the contribution of positively charged amino acids viz., K: 9, R:

8, H: 2 and negatively charged amino acids viz., E: 7 and D: 1.

The estimated half-life of mature peptide of both C/~ALF1 and
Cf-ALf2 was found to be 0.8 h (mammalian reticulocytes, in vitro),
10 min (yeast, in vivo) and 10 h (Escherichia coli, in vivo). Instability

index is computed as 34.37 classifing the protein as stable. A
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transmembrane helical region was predicted in the C/~ALF1 starting
from L4;iSGLWHSDTVDFMGHTSs9 and amino acid residues from
G,GWEAVAAAVASKIVGLW g in Cf~ALF2 could assist in the peptide

and bacterial membrane interaction.

Secondary structure prediction using PSIPRED tool revealed the
existence of 3 a helices and 4 B sheeted regions in C/~ALF1 (Fig. 3.6a)
and 2 a helices and 3 B sheets in C/~ALF2 (Fig. 3.6b). Prediction of
spatial 3D structure of C/~ALF1 (Fig. 3.7a) and Cf~ALF2 (Fig. 3.7b) was
done by homology modelling using the template, rALF-Pm3 (SMTL id:
2job.1) NMR structure, since it shared similarity of 38.61 % and 82.14 %
respectively. Predicted RNA secondary structure of Cf~ALF1 (Fig. 3.8a)
and Cf-ALF2 (Fig. 3.8b) with minimum free energy was found to be

consisting of both double stranded and looped region.
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Fig. 3.6 Secondary structure of (a) C. feriatus Cf~ALF1 (GenBank ID: KP688577)
and (b) Cf~ALF2 (GenBank ID: KT224347) predicted using PSIPRED
server. The ahelix region is shown in pink coloured cylinders, B strand is
shown in yellow arrows and the coil region is shown in black lines.
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a b

Fig. 3.7 Structural model of C. feriatus (a) CfALF1 (GenBank
ID: KP688577) and (b) Cf~ALF2 (GenBank ID: KT224347)
created with the PyMol software using the pdb data
generated by SWISSMODEL server.

Fig. 3.8 Predicted secondary structure of C. feriatus, (a) Cf~ALF1
(GenBank ID: KP688577) and (b) Cf~ALF2 (GenBank
ID: KT224347) RNA with minimal free energy prediction.
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Antimicrobial activity of C/~ALF1 predicted by APD2 revealed it as a
potent AMP with a protein-binding potential (Boman index) and Wimley-
White whole-residue hydrophobicity of 2.1 kcal/mol and 15.8 kcal/mol
respectively. In the case of Cf-ALF2, the aforesaid parameters were
1.92 kcal/mol and 21.86 kcal/mol respectively. In silico analysis of anticipated
LPS binding domain of CffALF1 (CssHIRRKPKFRKFKLYHEGKFWCye)
and Cf-ALF2 (C30KFTVKPYIKRFQLNYKGGRLWCs;) based on
amphipathicity using HeliQuest tool is shown in Fig. 3.9. Hydrophobicity
analysis of mature peptide region by Kyte-Doolittle plot validated the
significant presence of hydrophobic amino acids in the first 30 residues of
CF-ALF1 (Fig. 3.10a) and in first twenty amino acid residues and 65 -70m
amino acid residues of Cf~ALF2 (Fig. 3.10b).

Fig. 3.9 The helical wheel diagram of (a) C. feriatus Cf~ALF1 (GenBank ID:
KP688577) and (b) Cf~ALF2 (GenBank ID: KT224347). LPS domain
predicted using Heliquest online tool. The structure was built to
identify the amphipathicity of the LPS binding domain. The amino and
carboxy terminal ends are mentioned as N and C, respectively. The
expected hydrophobic face is shown in the red circle.
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Wehsh. ¢ Kyte & Doolitile —

Fig. 3.10 Kyte-Doolittle plot showing hydrophobicity of mature peptide region of
C. feriatus Cf-ALF1 (GenBank ID: KP688577) and (b) Cf-ALF2
(GenBank ID: KT224347). The peaks above the score (0.0) indicate the

hydrophobic nature of the predicted protein.

3.3.1.3 Sequence alignment and phylogenetic analysis

The multiple protein sequence alignment of C/~ALF1 and Cf~-ALF2

with representatives of each crustacean ALFs using ClustalW in BioEdit

revealed the existence of conserved sequence features (Fig. 3.11).

(GenBank ID: KP688577) and (b) C/~ALF2 (GenBank ID: KT224347)
with other crustacean and limulid ALFs obtained using BioEdit.,
Fenneropenaeus indicus ALF (GenBank ID ADE27980.1), Homarus
americanus ALF (GenBank ID ACC94268.1), Procambarus clarkii ALF
(GenBank ID ADX60063.1), Scylla serrata ALF (GenBank ID
ACHS87655.1), Tachypleus tridentatus (GenBank ID AAKO00651.1).The

LPS-binding domains are enclosed within

the yellow square. The

conserved residues are highlighted with uniform background colours.
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Analysis of phylogenetic tree of C/~ALF1 and Cf-ALF2 constructed

using Neighbor-Joining method clearly showed that ALF sequences

clustered according to species (Fig. 3.12).

Ee) @ KP68857T CLALF1
{ ACHB7655 1 Scylla serrata
o {AFM?TBGS 1 Scylla_tranquebarica
% AFMTT968.1 Portunus_pelagicus

AF143796.1 Scylla_paramamosain
AFA42356.1 Portunus_trituberculatus

ADZ46233.1 Enocheir_sinensis

AFM22702 1 Portunus_pelagicus

ABQ12866.1 Pacifastacus_leniusculus
BAH22585.1 Marsupenaeus_japonicus

100 |—: AFUB1127 1 Fenneropenaeus_chinensis
w ABPT73291.1 Penaeus_monodon

ADTT1677.1 Scylla_paramamosain

100 |—: ACY25186.1 Eriocheir_sinensis
9% ABGB82027.1 Enocheir_sinensis

AFUG1124.1 Fenneropenaeus_chinensis

ADX60063.1 Procambarus_clarkii

ACC94269.1 Homarus_americanus
BAE92940.1 Marsupenaeus_japonicus

—
83 |—: AFUG1125.1 Fenneropenaeus_chinensis
100 AER45468.1 Penaeus_monodon

ABY20736.1 Macrobrachium_olfersii
W KT224347 CRALF2

{AEPBMGE 1 Macrobrachium_rosenbergii
ADE27980.1 Fenneropenaeus_indicus

«o ————— ACC86067.1 Penaeus_monodon

AAXH3831.1 Fenneropenaeus_chinensis

31 ——————————— ABQ96193 1 Farfantepenaeus_paulensis
7 AGH32549.1 Litopenaeus_stylirostris
—:Amsoass 1 Litopenaeus_schmitt
ACT21197 1 Litopenaeus_vannamei
{ABB‘ZE%Z 1 Litopenaeus_vannamei

ACC94268.1 Homarus_americanus
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Crabs
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All
Crustaceans
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Shrimps

Fig.3.12 A bootstrapped neighbor-joining tree obtained using MEGA 7
illustrating relationships between the deduced amino acid sequences of
the C. feriatus Cf~-ALF1 and Cf~-ALF2 with other crustacean ALFs.
Values at the node indicate the percentage of times the particular
node occurred in 1000 trees generated by bootstrapping the original
deduced protein sequences. Branches corresponding to partitions
reproduced in less than 75 % bootstrap replicates are collapsed.
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3.3.2 Recombinant production and functional characterization of
Cf-ALF2

Among the two isoforms of ALFs from C. feriatus, the mature
peptide region of Cf~ALF1 was found to be 100 % similar to Ss-ALF,
which was already produced to recombinantly in bacterial expression
system. The second isoform, Cf~ALF2 was predicted to be a potent AMP
by in silico analysis and thus selected for recombinant production in bacterial

system.

3.3.2.1 PCR amplification and TA cloning of target gene with restriction
sites

A putative ALF isoform from C. feriatus, Cf~ALF2 was selected for
cloning into expression vector. Details regarding the physicochemical

parameters have been explained in the previous section (3.3.1.2).

PCR mediated amplification of active peptide was done with
forward primer (pET Cf-ALF2 F) having Ncol site in the 5° end and
reverse primer (pET Cf~ALF2 R) with EcoRlI site in the 3’ end (Table 3.2).
Amplicon of size 314 bp (including restriction sites) was obtained after
the PCR with pGEMT-Cf-ALF2 as template (Fig. 3.13). Purified PCR
product was cloned using pGEM®-T Easy cloning vector and transformed
to competent cells of cloning host E. coli DH5a. Colony PCR was
performed with gene specific and vector specific primers to confirm the
insertion of target gene. Amplicons of size 314 bp and 455 bp (314 bp +
141 bp) were obtained from gene specific (pET Cf~ALF2 F and R) and
vector specific PCR (T7 F and Sp6 R) respectively (Fig. 3.14). Positive
colonies were selected for plasmid isolation and sequencing of the

plasmid was done to confirm the presence of restriction site.
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1000 bp

500 bp

100 bp

Fig. 3.13 Agarose gel eclectrophoretogram of the PCR
amplified mature peptide region of Cf~ALF2 with
restriction primers, Lane M: 100 bp ladder; Lane
1-2: PCR amplified product (314 bp).

1000 bp

500 bp

100 bp

Fig. 3.14 Agarose gel electrophoretogram of Cf-ALF2
colony PCR, Lane M: 100 bp ladder; Lane 1-3:
amplicon (455 bp) obtained for PCR with vector
specific primers and Lane 3, 4 amplicon (314 bp)
of PCR performed using insert specific primers

3.3.2.2 Restriction enzyme digestion and cloning into pET-32a(+)
expression vector

Plasmids with inserts having restriction sites and in correct frame

with the expression unit were selected after sequencing for RE digestion
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using Ncol and EcoRI. Expression vector, pET-32a(+) was also digested
with the same enzymes for restriction cloning. RE digestion was confirmed
using agarose gel electrophoresis. In the case of pGEMT vector with
Cf-ALF2, released insert of size 314 bp was observed (Fig. 3.15a). Because
of pET-32a(+) vector linearization due to RE digestion, it was found as a
single band unlike the control vector (uncut) in agarose gel electrophoretogram
(Fig. 3.15b). Restricted insert and vector was gel purified using GenJET™
Gel Extraction Kit (Thermo Scientific, USA).

1500 bp

1000 bp

s00 bp

4= Released insert

a b
Fig. 3.15 Agarose gel electrophoretogram of the plasmids digested with Ncol
and EcoRI restriction enzymes. (a) Lane M: 1kb ladder, Lane 1: Un-
digested pGEMT-Cf~-ALF2 plasmid. Lane 2: Restriction enzyme
digested pGEMT-Cf-ALF2 with released insert; (b) Lane 1: un-
digested pET-32(a+) vector, Lane 2: restriction enzyme digested
linearized pET-32(at) vector.

Purified vector and insert were ligated and transformed into the
cloning host E. coli DH5a. Colonies obtained were screened by colony
PCR using vector specific primers (T7 F and T7 R) and gene specific
primers and visualized amplicons of size 1064 bp (314 bp + 750 bp) and

314 bp respectively (Fig. 3.16). Plasmids were sequenced using T7 F and
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R primers in order to confirm orientation and to check any frame shift
within the expression cassette. Confirmed expression vector with insert,
pET-32a(+)-Cf-ALF2 and control vector pET-32a(+) without insert were
transformed to expression host Rosettagami'” B (DE3) pLysS and

colonies were obtained in LB agar plates with ampicillin and kanamycin.

500 bp

100 bp

Fig. 3.16 Agarose gel electrophoretogram of (a) Cf~ALF2
colony PCR, Lane M: 1 kb ladder; Lane 1-2:
amplicons (314 bp) using insert specific primers;
Lane 3-4 amplicons (1064 bp) using vector specific
primers.
3.3.2.3 Recombinant expression of Cf-ALF2 as fusion protein
The novel isoform of ALF, Cf~ALF2 from C. feriatus was produced
by recombinant expression as a fusion protein containing 6X His tag and
thioredoxin tag. Single colony of expression host with pET-32a(+)-Cf-
ALF2 were grown in LB broth with necessary antibiotics and kept for
overnight incubation. From the overnight culture, 1 ml of inoculum was

added to 100 ml LB broth supplemented with antibiotics and incubated at
37 °C with shaking at 250 rpm. The expression was induced using ImM
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IPTG, when ODgoonm reached 0.8. An un-induced sample was also collected
before induction for comparison of protein expression level. After
induction, cultures were incubated further for 8 h at 37 °C with shaking at
250 rpm and from each flask 2 ml of culture were removed after every
hour, centrifuged and the cell pellet was stored at -20 °C for SDS-PAGE
analysis to check the expression level of recombinant Cf~-ALF2 (rCf-
ALF2). SDS-PAGE analysis of the cell lysates clearly showed a band at
30.1 kDa, which is the combined molecular weight of Cf~ALF2 (10.923
kDa) and the fusion tags (19.2 kDa) including 6 X His tag and Trx tag
(Fig. 3.17). Expression of rCf~ALF2 was found to be induced from the
first hour itself with a maximum from 3" hour and found to be consistent
up to 5 h. The cell pellet was collected 3 h post induction and stored
in -20 °C for further analysis.

116.25 kDa El

66.2kDa =
45 kDa
31kDa
21.5kDa

14.4kDa S

recombinantly expressed C. feriatus ALF, rCf~-ALF2
before and after IPTG induction on a time-course basis.
Lane M: Mid-range protein ladder; Lane 1: un-induced
control (before IPTG induction); Lane 2-7: IPTG
induced cells after 0-5 hours of induction.
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3.3.2.4 Purification, refolding and quantification of recombinant Cf-ALF2
Ni-NTA spin columns were used for the purification of rCf~ALF2

(30.1 kDa) and eluted samples were analysed by SDS-PAGE (Fig. 3.18a)
and western blotting (Fig. 3.18b). Column eluted fusion proteins with 6XHis
tag were collected and stored at -20 °C to avoid the degradation of protein
due to the action of bacterial proteases. Eluted fractions were concentrated
using Amicon cut off filtration unit and get refolded in refolding buffer.
Purified and refolded rCALF2 was quantified using Quant-iT™™ protein

assay kit and the concentration was found to be 1.34 mg/ml.

M 1

-

40 kDa

23 kDa

14kDa

7kDa

a b
Fig. 3.18a Tricine SDS-PAGE analysis of Ni-NTA purified
recombinantly expressed C. feriatus ALF, rCf-
ALF2 (30.1 kDa) Lane M: Low range weight
protein marker; Lane 1: purified recombinant Cf-
ALF2 (30.1 kDa); Lane 2: purified recombinant
Trx (20.4 kDa); 3.18b Western blot showing the
purified rCf~ALF2, Lane M: Mid-range coloured
marker; Lane 1: purified rCf~ALF2.

3.3.2.5 In vitro cytotoxicity and haemolytic activity

While considering the biological activity of an AMP, testing the

toxicity of peptides to eukaryotic cells is of immense significance.
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Cytotoxicity of the peptide, rCf~ALF2was studied in NCI-H460 cell lines
by employing XTT assay. Recombinant peptide, rCf~ALF2 was tested for
cytotoxicity from 20 uM to 0.625 pM. As explained in section 2.3.2.5 of
Chapter 2, Mellitin was used as the positive control and rTrx as negative
control. At 20 uM level, rCf~ALF2 exhibited only a reduction of 6 % and
4 % growth respectively in NCI H460 cells and thus found to be less
cytotoxic (Fig. 3.19).

In-vitro cytotoxicity

80
c
2 60 I
=
2 I
€ 40 . ~  mICFA2
o
:’cf 20 = —  ErTrx
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[ e
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= 0 | T T T T = T -_|
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Fig. 3.19 In vitro cytotoxicity of the recombinant C. feriatus ALF, rCf-
ALF2, rTrx and Mellitin in NCI-H460 cells at wvarious
concentrations

Haemolytic activity of the recombinant peptides was tested using
human RBCs and observed that the rCf~ALF2 and rTrx showed zero
percent haemolysis even at the highest concentration tested (20 uM).
Whereas, the control peptide mellitin exhibited 50 % at 20 uM. Result of
the haemolytic assay is showed in Fig. 3.20
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Haemolytic activity
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Fig. 3.20 Haemolytic activity of the recombinant C. feriatus ALF,
rCf-ALF2, rTrx and control peptide mellitin in human RBCs at
various concentrations

3.3.2.6 Antimicrobial activity

Antimicrobial activity of recombinant ALF, rCf~ALF2 and rTrx
(negative control) was tested using broth microdilution assay from a
concentration of 20 uM to 0.625 uM. Control peptide rTrx did not exhibit
activity against the tested pathogens and growth was almost same as that
of untreated control group. The peptide rCf~ALF2 exhibited significant
activity against Gram positive S. aureus (MIC and MBC of 5 uM) and
Gram negative E. coli (MIC of 10 uM and MBC of 20 uM). Other tested
pathogens were also found to be sensitive to rCf~ALF2, but the MIC and
MBC values were found to be >20 uM. At a concentration of 20 uM, the
peptide was found to inhibit the growth of other pathogens viz., E. tarda
by 78 %, B. cereus by 76 %, V. proteolyticus by 85 %, V. parahaemolyticus
by 72 %, V. vulnificus by 80 %, V. cholerae by 74 %, V. alginolyticus by
89 %, P. aeruginosa by 65 % and A. hydrophila by 83 % (Fig 3.21 (a-k)).
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3.3.2.7 Propidium lodide (PI) staining

In PI staining of peptide treated S. aureus compared to the
untreated control, majority of the bacteria were observed as red (dead
cells stained red) (Fig. 3.22). Since propidium iodide is a DNA
intercalating agent and stains DNA of dead cells. This confirms that the

anti-bacterial activity of peptide is caused by membrane pore formation.

Untreated control S. aureus Peptide treated S. aureus

Fig. 3.22 PI staining image of untreated control S. aureus and rCf-ALF2
treated S. aureus (magnification 100 x).

3.3.2.8 SEM analysis

Scanning electron microscopy (SEM) was used to observe the cells
of Gram-positive bacteria S. aureus and Gram-negative bacteria E. coli
after exposure to rCf~ALF2. Compared with the control, S. aureus cells
treated with rCf-ALF2 was observed to be distorted (Fig. 3.23). Whereas
in the case of E. coli cells incubated with rCf-ALF2, compared to the
untreated control, severe damage to cell membrane and the cytoplasmic

content leakage could be clearly observed (Fig. 3.24).
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Untreated control S. aureus Peptide treated S. aureus

Fig. 3.23 SEM image of untreated control S. aureus and rCf~-ALF2 peptide
treated S. aureus

SEM HV: 10.0 kV W 9.33 mm I 1 VEGAJ TESCAN
View fiedd: 13.8 pm. Det: SE 2 pm
SEM MAG: 10.00 kx  Date{midyk 081816 MAHARAJA'S COLLEGE ERNAKULAM

Untreated control E. coli Peptide treated E. coli

Fig. 3.24 SEM image of untreated control E. coli and rCf-ALF2 peptide treated
E. coli
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3.3.2.9 DNA Binding assay

DNA binding activity of rCf~ALF2 was tested using 50 ng of pUC-
18 plasmid vector and even at the highest tested concentration (20 uM)
the peptides did not exhibit remarkable DNA binding activity. Agarose
gel image showing the non-retarded plasmid DNA in the treated and

untreated group is clearly visible in Fig. 3.25.

'M‘ Comrol 20pM 10jMispM :.gph-'l-';.zg pM 0.625pM 0.3125pM n.iiﬁ;
—

Wy W e — - e g e

Fig. 3.25 Agarose gel electrophoretogram of DNA binding
assay of rCf-ALF2 using pUC-18 vector with
various concentration of peptide. Lane 1: 1 kb
ladder, Lane 2: Control untreated plasmid, Lane 3
to 10: 20 uM to 0.1625 pM concentration of
peptide with 50 ng of pUC-18
3.4 Discussion
Anti-lipopolysaccharide factors (ALFs) in crustaceans display an
imperative role in the innate immune defense mechanisms and demonstrate

an extensive antimicrobial activity against different pathogenic strains of

Gram-positive or Gram-negative bacteria, fungi and viruses (Liu et al.,
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2005). In context of the emergence of antibiotic resistant pathogens and
restrictions in antibiotic therapy in aquaculture, ALFs are becoming a
promising substitutes to traditional antibiotics and as potential candidates
as therapeutic agents for disease management in aquaculture (de la Vega
et al., 2008; Zhang et al., 2010). The occurrence of sequence variation
mainly in mature peptide of ALFs could be an important factor that leads
to the functional divergence of ALF isoforms from limulids to decapod

crustaceans.

Charybdis feriatus is an emerging candidate in aquaculture in order
to compensate the decreasing trend in the catch from wild and to satisfy
the demand in aquaculture. Also, C. feriatus has been scheduled as one of
the appropriate species for stock enhancement and culture in the
international forum on the culture of portunid crabs (Williams and
Primevara, 2001). To date, there is hardly any study regarding the
physiological process involved in the immune system or the host defense
peptides from the portunid crab, C. feriatus. In the existing scenario of
restriction on the usage of antibiotics and emergence of multi-drug
resistant strains, the present study is of great significance; particularly in
the culture system of C. feriatus in order to combat with pathogenic

microorganisms.

In the present study, we presented the cloning, identification and
phylogenetic analysis of two novel homologs of ALF from hemocytes of
crucifix crab, C. feriatus (Cf~ALF1 and Cf~-ALF2). The two isoforms
exhibited a great extent of sequence variation in nucleotide and amino

acid to each other and with other reported ALF isoforms. At the same
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time they share similarity in the conserved characteristic motifs with other
crustacean ALFs. Apparently both isoforms Cf-ALF1 and Cf-ALF2
belonged to the member of ALF family with conserved features, comprising
the LPS-binding domain with a conserved cysteine residue at both ends of
the domain (Somboonwiwat et al., 2008; Yang et al., 2009). Several
homologs of ALFs usually co-occur in single species with miscellaneous
functions and dissimilar expression level in different organs. For example,
six isoforms from P. monodon (ALFPm1-6) (Supungul et al., 2004;
Ponprateep et al., 2012], seven isoforms from P. trituberculatus (PtALF1-7)
(Liu et al., 2011; 2012b; 2013) and seven isoforms from F. chinensis
(ALFFc, FcALF1-6) (Liu et al., 2005; Li et al., 2013) respectively were
identified.

The Cf~ALF1 isoform possessed an ORF of 123 amino acids with a
26 amino acid length signal peptide followed by a 97 mer mature peptide.
Whereas for C/~ALF2, we were able to identify only the cDNA of 297 bp
encoding 98 mer mature peptide region. Considering the active peptide
region, both isoforms exhibited two conserved cysteine residues forming a
disulfide loop, within which the cationic amino acid residues were mainly
clustered. While considering the physico-chemical parameters of the active
peptide region, Cf~ALF1 possess a molecular weight of 11.172 kDa with a
net charge of +10 and a theoretical isoelectric point (pI) of 10.01;
Whereas Cf-ALF2 is a 10.923 kDa cationic peptide with a net charge of
+9 and p/ of 10.09. Hydrophobicity analysis of both peptides showed that
Cf-ALF1 and Cf-ALF2 possess a total hydrophobic ratio of 34 %.
Distribution of hydrophobic residues of Cf~ALF1 and Cf-ALF2 was
identified using Kyte-Doolitle plot (Fig. 3.10). Detailed analysis of
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Cf-ALF1 and Cf-ALF2, LPS binding domain revealed the hydrophobic
face responsible for interaction with LPS, LTA and other bacterial

polysaccharides for antimicrobial activity (Sun et al., 2012).

Amino acid sequence alignment of Cf~ALF1 with other crustacean and
limulid ALFs (Fig. 3.11) revealed the existence of conserved residues and
two cysteines flanking LPS- binding domain i.e., Cys residues (Css — C¢)
establishing a disulfide bridge with a highly conserved sequence embracing 7
positively charged amino acid residue cluster within the disulfide loop
forming the functional LPS domain of ALF, which is mandatory for LPS
binding and neutralization (Hoess et al., 1993). Sequence alignment also
revealed that the amino acid sequence of signal peptide is not conserved
among different groups, but that of mature peptide region showed a
conserved pattern of amino acid motif K;;GR/KM/FWCPGW7y straddling
across the LPS domain that interact with microbial polysaccharides.
Compared to Scylla serrata SSALF, Cf~-ALF1 differs only in a single amino
acid residue in the signal peptide and the mature peptide region was found to

be highly conserved.

The Cf~ALF2 amino acid sequence multiple alignment with other
reported ALFs revealed the existence of conserved region including the
LPS binding domain flanked by Cys residues (C,4 — C47) and connected
by a disulfide bond (Fig. 3.20). LPS binding domain is composed of
6 positively charged amino acid residues (Lys- 4 Nos; Arg- 2 Nos) and
compared to other crustacean ALFs, Cf~ALF2 possess an extra amino
acid within the region; 23 amino acids instead of 22 amino acids.

Sequence alignment also revealed that the Cf~-ALF2 peptide exhibited
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increased variation in amino acid sequences in contrary to other ALFs, by
maintaining the conserved regions and motifs responsible for biological
activity. The ALFs were verified to bind to the anionic microbial membrane
constituents including the lipid A site of the LPS from Gram-negative
bacteria, the lipo-teichoic acid (LTA) from Gram-positive bacteria
(Somboonwiwat et al., 2008; Yang et al., 2009) and B glucan of fungus
(Sun et al., 2011). In the case of anionic ALFs the absence of a positively
charged amino acid cluster in the anionic LPS binding domain causes the
deficient LPS binding ability leading to the lack of antimicrobial activity
of the ALF (Rosa et al., 2013).

Molecular evolutionary pattern of two novel ALF isoforms
from C. feriatus, Cf~ALF1 and Cf-ALF2 were analysed by employing
phylogenetic tree with other reported ALF amino acid sequences using NJ
method. Phylogenetic tree of Cf~ALFland Cf~ALF2 could be divided into
three groups, group I consist of crab ALFs, group II comprise of all
crustacean ALFs and group III including both penaeid and non-penaeid
shrimp ALFs. Cf~ALF1 grouped along with SsALF and other portunid
crab ALFs in group I. Interestingly C/~ALF2 grouped along with the
shrimp ALFs (group III); similarity of Cf~ALF2 with other shrimp ALFs is
of great significance, while considering the evolution of AMPs, especially
ALF in crustaceans. The results of phylogenetic tree suggest that
compared to Cf-ALF2, Cf~ALF1 is evolutionarily conserved with crab
ALFs than other family members from crustacean groups. Phylogenetic
tree revealed that ALFs including Cf~ALF1 and Cf-ALF2 shared a
common ancestral origin and could be subsequently diverged in the

course of evolution.

Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



Molecular and Functional Characterization of Anti-Lipopolysaccharide Factors from the ...

The HeliQuest analysis of C/~ALF1 (Fig. 3.9a) unveiled that it is
composed of 22 amino acids of which 45.45 % is contributed by polar
residues and the rest by non-polar residues establishing a hydrophobic
face with ‘IWLP’ residues and thus having a hydrophobicity of 0.342 H
with a +7 net charge and pl of 10.31 this could assist in the binding of
LPS domain with the highly negative charged lipid A moiety of LPS
confirming the antimicrobial activity. The Kyte-Doolitle plot (Fig. 3.10a)
shows that the hydrophobic residues falls in the first 30 residues which
could be the part of a-helix and thus involved in the microbial membrane
interaction. Overall Cf~ALF1 demonstrated the presence of amphipathic
regions, a characteristic feature of well-studied AMPs including ALFs
(Yedery and Reddy, 2009). Likewise, Cf~ALF2 LPS binding domain
analysis revealed that the 23 amino acids containing domain has got
47.83 % amphipathicity with a hydrophobic face formed by ‘FLLP’. The
cationic LPS binding domain with cationicity of +6, pI of 10.04 possess a
hydrophobicity of 0.497; all the features could aid, Cf~ALF2 in the
interaction with negatively charged microbial membrane (Fig. 3.9b). Both
the peptides Cf~ALF1 and Cf~-ALF2 exhibited a highly basic pI due to the
presence of cationic amino acids (arginine and lysine) in LPS-binding
domain and this could account for the different antimicrobial activities of

ALFs (Brogden, 2005).

Structural analysis of Cf~-ALF1 demonstrates that this newly
identified crab ALF contains three a-helices packed against four B-sheet
strands (fig. 3.7a) analogous to the 3D structures of LALF and ALFPm3
(Hoess et al., 1993 and Yang et al., 2009). Since we were only able to
identify the mature peptide region of Cf-ALF2, the predicted spatial
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structure by homology modelling includes two a-helices and three
B-sheets (fig. 3.7b). The predicted LPS-binding site is present in C/~ALF1
at B2 and B3 and for Cf-ALF2 at Bl and B2. Usually the number of o-
helices in ALF varies from species to species, but the number of -sheets
were found to be constant i.e., 4 B-sheets (Somboonwiwat et al., 2008). The
structural differences along with other features such as net charge,
hydrophobicity and pl also contribute to the biological activity of peptide
(Arockiaraj et al., 2013Db).

Elucidation of bioactivity potential of ALF was mainly done using
synthetic and recombinant production of the LPS binding domain or the
active peptide region. Biological activity of recombinant ALFs characterized
so far, includes bactericidal activity against both Gram positive and Gram
negative bacterial pathogens (Imjongjirak et al., 2007; Somboonwiwat et al.,
2008; Zhang et al., 2010; Liu et al., 2012b; Zhu et al., 2014, Sun et al., 2015;
Jiang et al., 2015b; Yang et al., 2015), antifungal activity (Zhang et al.,
2010; Ren et al., 2012) and antiviral activity (Liu et al., 2012b; Sun et al.,
2015; Yang et al., 2015). Since the mature peptide region of Cf~ALF1
showed 100 % similarity to Ss-ALF from Scylla serrata, which was
recombinantly produced and characterized by Yedery and Reddy, 2009,
Cf-ALF2 was selected for heterologous production and functional

characterization.

Recombinant protein production by prokaryotic expression system
was considered as the most effective large scale method to achieve
functional protein (Hannig and Makrides, 1998). We decided to select the
E. coli expression host Rosettagami' "B (DE3) pLysS along with the
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pET-32a(+) expression vector system for recombinant production of
Cf-ALF2, since it has been used earlier to successfully produce several
recombinant ALFs (Zhu et al., 2014; Sun et al., 2015). Main challenges
faced while producing AMPs in E. coli systems include toxicity of peptide
to host and proteolytic degradation by host proteases (Li, 2011). The features
of pET-32a(+) vector including the solubility increasing fusion tag
Thioredoxin (Trx) and the protease deficient host E. coli Rosettagami' B
(DE3) pLysS (lon protease and ompT outer membrane protease deficient)
could help to overcome the complications of recombinant production of

CLALF2.

Recombinant protein Cf~ALF2 was successfully produced. Protein
production was found to be more after 3 h when induced with ImM IPTG
at ODgoonm of 0.8 (Fig. 3.17). This expression system assisted the
production of Cf~-ALF2 protein with an N-terminal 6 X His tag to aid the
purification using Ni-NTA column and a Trx tag to increase the solubility
and folding of peptide. Thioredoxin (Trx) with 6 X His-tag was also
expressed using parent vector pET-32a(+) in E. coli Rosettagami' "B
(DE3) pLysS and purified. The rTrx was used as the negative control in
the functional assays as done previously in the case of other recombinant
ALFs viz., Es-ALF2 (Zhang et al., 2010); Pt-ALF5 (Liu et al., 2012b);
Sp-ALF5 (Sun et al., 2015) and Mj-ALFE2 (Jiang et al., 2015b).

The purified rCf~ALF2 peptide exhibited inhibition to both Gram-
positive and Gram-negative bacteria, but the specific antibacterial activities
to different bacteria were dissimilar. The recombinant peptide exhibited

noticeable activity against S. aureus and E. coli with an MIC of 5 uM and
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10 uM. Staphylococcus aureus is the most dangerous of all common
staphylococcal bacteria causing infections ranging from minor skin lesions
to life threatening diseases such as pneumonia, meningitis, osteomyelitis,
endocarditis, toxic shock syndrome, bacteraemia, and sepsis. They are also
involved in food spoilage. Likewise E. coli is also pathogenic bacteria
which mainly cause urinary tract infections and diarrhoea. The rCf-ALF2
exhibited a lower MIC (5 uM) against S. aureus when compared with other
recombinant ALFs including rSsSALF with an MIC of 100-200 pg/ml
(Yedery and Reddy, 2009); rPcALF1 with 20 pg (Sun et al., 2011);
rSpALF4 with 5.66 -7.76 uM (Zhu et al., 2014). Compared to other
recombinant ALFs produced in E. coli system such as Pt-ALF4 (Liu et al.,
2012b) and Fc-ALFS5 (Yang et al., 2015), rCf-ALf2 exhibited significant

inhibition against E. coli.

Effect of peptide treatment on the bacterial morphology  was
analysed by SEM. Morphological changes including membrane damage,
bleb formation, pore formation and cytoplasmic content leakage was
evidently detected in the SEM images of S. aureus and E. coli treated
with rCf~ALF2 (Fig. 3.23 and Fig. 3.24). Similar morphological changes
in SEM analysis was also reported previously by Jaree et al. (2012) in
rALF-Pm3 treated V. harveyii and by Yang et al. (2016) in mFcALF2
peptide treated E. coli, S. epidermidis and V. alginolyticus. Absence of
cytotoxicity in NCI-H460 cell lines and haemolytic activity against
hRBCs has been observed with rCf-ALF2 at the tested concentrations.
This is in agreement with the previous works showing that T-ALF from
T. tridentatus (Ohashi et al., 1984) was able to lyse only RBCs sensitised
with Gram-negative bacterial LPS but not untreated RBCs and, rALFPm3
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was also found to be non-haemolytic even at 100 uM (Somboonwiwat

et al., 2005).

In conclusion, two novel ALF isoforms, Cf~ALF1 and Cf-ALF2
were identified and characterized by in silico analysis. The recombinant
Cf-ALF2 exhibited strong bactericidal activity against tested Gram-
negative bacteria and Gram-positive bacteria. In the existing scenario of
emergence of drug resistance by bacteria, antimicrobial activity against
aquatic and human pathogens and, lack of toxicity towards hRBCs
suggests that rCf~ALF2 could find application as a potential therapeutic

agent in aquaculture and medicine.
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MOLECULAR CHARACTERIZATION OF AN ALF
ISOFORM FROM THE MANTIS SHRIMP,
MIYAKEA NEPA AND FUNCTIONAL

ANALYSIS OF THE SYNTHETIC PEPTIDE

4.1 Introduction

4.2 Materials and methods
4.3 Results

4.4 Discussion

4.1 Introduction

Crustaceans are widespread and comprise diverse invertebrate groups
with a highly efficient innate immune system. They are persistently
exposed to the microbial challenges in the marine environment and
therefore would be a potent source of antimicrobial compounds. Anti-
lipopolysaccharide factor (ALF) is a cationic AMP which constitutes one of
the key effector molecules in the innate immune system of crustaceans
and is capable of binding and neutralizing lipopolysaccharides (LPS).
Also ALF represents the humoral defense system and exhibits a diverse
spectrum of activity against microbial pathogens, including Gram-
negative and Gram-positive bacteria, fungi, parasites and viruses. The
first ALF was identified from the amoebocytes of the horseshoe crab,
Limulus polyphemus (Tanaka et al., 1982) and later numerous ALFs

were identified and characterized from decapod crustaceans including

Antimicrobial Peptides from Marine Crustaceans: Molecular Characterization and Fvalvation of Bioactive Potentiol



Chapter 4

Penaeid shrimps (Gross et al., 2001; Supungul et al. 2004; Liu et al.,
2005; de la Vega et al., 2009), non-penaeid shrimps (Lu et al., 2009),
lobsters (Beale et al., 2008), crabs (Imjongjirak et al., 2007; Zhang et al.,
2010; Afsal et al., 2011; Afsal et al., 2012) and cray fishes (Sun et al.,
2011). Structure of ALF was elucidated using NMR and found that it
consists of three a-helices packed against a four-stranded B-sheet (Hoess
et al., 1993; Yang et al., 2009). Genomic organization analysis of most
of the ALFs showed that it consists of three exons and two introns and
the LPS-binding domain is included in the second exon. In case of Pt-ALF
(from Portunus trituberculatus), there is only one intron in between two
exons and in ALFPm3 (P. monodon), there are four exons and two
introns (Beale et al., 2008; Li et al., 2008b; Tharntada et al., 2008;
Imjongjirak et al., 2011).

ALF possess the ability to bind with microbial polysaccharides
including LPS, lipoteichoic acid (LTA) and B-glucan, an evidence for its
antimicrobial activity (Sun et al., 2011). In vivo and in vitro activity of
synthetic LPS domain and recombinant ALFs were tested against
different pathogens (Liu et al., 2006; de la Vega et al., 2008; Pan et al.,
2009; Zhang et al., 2010). In addition to anti-microbial activity, ALFs also
exhibit anti-fungal (de la Vega et al., 2008), anti-viral (Lin et al. 2010;
Antony et al., 2011b), immunomodulatory (Montero et al. 2003; Ren et al.
2010), antitumour (Lin et al., 2013) anti-inflammatory (Montero et al.
2003) and anti-protozoan activity (Pan et al., 2009). ALF is a constitutively
expressed AMP in haemocytes and found up-regulated followed by
viral and bacterial challenge (Nagoshi et al., 2006). The transcription

elements in the promoter of ALF gene was also studied which will be
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useful to know about the gene regulation mechanism involved in its

expression (Tang et al., 2014).

In order to unveil the potential of an AMP, it should be either produced
by chemical synthesis or recombinant production. Chemical synthesis of
peptides can be used for applications demanding peptides labelled with
fluorescent tags, incorporation of unnatural amino acids and production of
peptides that are toxic to biological expression systems. Nowadays chemical
synthesis is getting cheaper and thus can rely for synthesis of short peptides
with minor modifications. Functional characterization of ALFs was also

done by chemical synthesis of functional domain, LPS binding domain.

Pioneer works regarding the functional study of ALF from crustaceans
using synthetic LPS binding domains was started by Alpert et al. (1992). His
work was mainly about the in vivo neutralization effect of synthetic limulus
LALF (LALF3;s: CHYRIKPTFRRLKWKYKGKFWC). Later Vallespi
et al. in 2000 characterized the anti-inflammatory property of synthetic
LALF. In 2002, Hirakura et al. studied about the specific interactions of
the synthetic cyclic B-sheeted AMP tachyplesin I from Tachypleus
tridentatus with lipopolysaccharides. They found that recognition site for
interaction by cyclic peptide was the lipid A moiety and also exposed that
the cyclic structure is required for outer membrane permeabilization.
Vallespi and co-workers in 2003 observed the effects of the LALF;; s,
peptide (CHYRIKPTFRRLKWKYKGKFWC) in an experimental model of
P. aeruginosa peritoneal sepsis and evaluated the cytokine gene expression
in the spleen and liver of peptide-treated mice. They found that peptide

exhibits immunomodulatory activity by reducing the TNF-a level and
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upregulating the IL-2, IL-12 and IL-13, level and finally endorsing a

significant increase in mice survival.

Later in 2007, Imura et al. performed a comparative study on the
mechanism of action of synthetic tachyplesin and PEGylated peptide. They
found that both peptides induced a toroidal pore in lipid bilayer and found
no difference in biological activity compared to parent peptide. Also found
that PEGylation reduces the cytotoxicity of peptides. Imjongjirak et al.
2007, for the first time studied about crab ALFs functional aspect using the
synthetic ALFSp peptide containing putative LPS binding domain
(TCHIRRRPKFRKFKLYHEGKFWCP) and revealed that the peptide
exhibited a strong antimicrobial activity against Gram-positive bacteria,
Micrococcus luteus and Gram-negative bacteria, Vibrio harveyi. LPS binding
domain of a shrimp ALF, was synthesized for the first time by Pan et al.
(2007). Synthetic linear and cyclic peptide forms of P. monodon, SALFss.6
(ECKFTVKPYLKRFQVYYKGRMWCP) were tested against clinical
bacterial isolates and found them as potent peptides that can be applied as
a prophylactic tool as well as a therapeutant for bacterial infectious diseases,

as well as for septic shock.

In 2008, Ren et al. investigated synthetic peptides based on
Limulus ALF (LALF), named CLP-19 (CRKPTFRRLKWKIKFKFKC)
and alternative peptide equivalent to an essential part of the LPS-binding
domain in the LALF, LALF;,_5;. Both peptides were found to be non-
cytotoxic, inhibited the cytokines, and provided a survival benefit to the
mice. Later in 2010, Pan and co-workers investigated the activity of synthetic

peptides derived from epinecidin-1 and SALF against Propionibacterium
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acnes, Candida albicans, and Trichomonas vaginalis and found that both
linear and cyclic forms exhibited activity against the tested pathogens

with an MIC between 6-25 uM.

In 2010, Pan and coworkers studied the antibacterial activity of
SALF against Riemerella anatipestifer, a Gram-negative bacterium which
infect ducks. The minimum inhibitory concentrations (MICs) of SALF
cyclic peptide ranged between 12.5-25 pg/ml and those of SALFss-76
linear peptide ranged between 6.25— 25 pg /ml. Later in 2011, Imjongjirak
and co-workers studied about antimicrobial activity of the synthetic LPS-
binding domain (VCNYRVMPRFKDWELYFRGDVWCP) of ALFSp2
from crab Scylla paramamosain and exposed antimicrobial activity
against Gram-positive (4. viridans and M. luteus) and Gram-negative
(V. harveyi and V. anguillarum) bacteria. Arockiaraj et al. (2013b) reported
the antimicrobial activity of the LPS binding domain of an ALF isoform
(MrALF: TCQYSVNPKIKRFELYFKGRMWCP) from the freshwater
prawn, Macrobrachium rosenbergii. The synthetic peptide showed
antimicrobial activity against both Gram-negative and Gram-positive
bacteria recognizing the LPS of bacterial cell wall and binding on its

domain and thereby efficiently distinguishing the pathogens.

Also in the present decade, the number of people suffering from
cancer-related diseases is increasing each day and conventional cancer
therapies, especially chemotherapy impose lot of problems. Novel
therapeutics is of great demand for the suppression of cancer cells. In
this circumstance, AMPs exhibiting anticancer activity (anticancer

peptides, ACPs) have been demonstrated to be a potential approach in
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directed cancer drug discovery and development process (Gaspar et al.,
2013). The anticancer property of the synthetic SALF cyclic peptide
(Ac-ECKFTVKPYLKRFQVYYKGRMWCP-NH2) was tested in HeLa
cell lines by Lin et al. (2010). Peptide induced apoptosis of HeLa cell
lines via activation of caspases-6, -7, and -9, and down-regulation of Bcl-
2 and nuclear factor (NF)-KB was reported in this study. /n vivo analysis
also exposed that the SALF revealed tumor suppressing activity in mice

with tumor xenografts.

In 2014, Li et al. characterized one isoform of ALF from the
Chinese shrimp, Fenneropenaeus chinensis (FcALF2). A peptide
corresponding to the LPS-binding domain of FCALF2 (FcALF2-LBD:
CSFNVTPKFKRWQLYFRGRMWC) and the modified LBD peptides
(FcALF2-LBDb, FcALF2-LBDv) were also synthesized by solid phase
peptide synthesis (SPPS) to analyze its antimicrobial activities. Data
demonstrated that FCALF2-LBD possessed strong antibacterial activity
against Gram-positive bacteria M. luteus and M. lysodeikticus and white
spot syndrome virus (WSSV). In the same year, Guo et al. (2014) studied
the antimicrobial activity of the synthetic FCALF LPS binding domain with
modifications such as flanking amino acid residue in both N and C terminal

end and a disulfide bond between two cysteine residues (FCALF-LBDc).

They also studied about linear peptide with same amino acid
sequence (FcALF- LBDI), peptide containing Lys/Arg replaced with
neutral amino acids (FCALF-LBDk and FcALF-LBDr) and peptide with
neutral amino acids replaced with other neutral amino acids (FcALF-

LBDn). The cyclic form exhibited improved antimicrobial activities
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against Gram-negative bacteria such as E. coli and V. anguillarum and
also Gram-positive bacteria such as M. luteus and M. lysodeikticus with
an MIC ranging from 32-64, 24, 1-2, and 32-64 uM, respectively. Wang
et al. (2015) studied about the antimicrobial activity of synthetic LPS binding
domain of Macrobrachium nipponense ALF, MnALF2, and the cyclic
peptide exhibited broad-spectrum antibacterial activity against Gram-positive

and Gram-negative bacteria with a weak haemolytic activity.

Recently Yang et al. (2016) studied about the bioactivity of a modified
peptide based on the LPS binding domain of FCALF2. The synthetic peptide
was named as LBDv (Ac-YCKFKVKPKFKRWKLKFKGRMWCP-NH2).
The parent peptide was LBD-2(Ac-TTGKLPVPWPTLVTTFSYGVQCEFS-
NH2), and in the synthetic form (LBDv), the basic amino acids number
was increased by replacing six residues (S, N, T, Q, Y and R) with lysine
(K). The peptide, LBDv showed higher antimicrobial and bactericidal
activities compared with LBD-2. LBD-v also exhibited in vivo antimicrobial
activity to V. harveyi. While comparing the bioactivity of two peptides, it
was found that the net positive charge and amphipathicity were speculated

as two important properties for their antimicrobial activity.

Even though there are quite a lot studies regarding the molecular
characterization, structural and functional analysis of ALFs from decapod
crustaceans and chelicerates (Tanaka et al., 1982; Alpert et al., 1992;
Gross et al., 2001; Supungul et al., 2002; Liu et al., 2006; Imjongjirak
et al., 2007; Li et al., 2008b; Beale et al., 2008; Rosa et al., 2008; Yedery
and Reddy, 2009a; Tassanakajon et al., 2010;), hardly there is any report

on AMPs from stomatopod crustaceans. Combined with their wide
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occurrence in crustaceans and their reported diverse biological activity,
this specifies the prospective prominence of the ALF group of peptides in
the innate immune system. Molecular analysis of immune effectors from
animals lacking economic importance is less understood. Stomatopods are
predatory crustaceans distributed in tropical or subtropical regions, with
few species in cool temperate regions and found to be highest in the Indo-
West Pacific region (Ahyong, 2001). The present chapter mainly focuses
on molecular characterization and phylogenetic analysis of ALF from a
stomatopod crustacean, Mantis shrimp, Miyakea nepa and its functional
characterization using the synthetic peptide corresponding to the LPS
binding domain of the putative peptide. Present study is of great
significance, since it will serve as a connecting link in the evaluation of
sequence divergence, mode of evolution of innate immune effectors and

its functional role from chelicerates to decapod crustaceans.

4.2 Materials and Methods

4.2.1 Experimental organism

Live and healthy adult Mantis shrimp, Miyakea nepa was collected
from Cochin estuary along Vallarpadam, Kerala, India. Samples were

transported to the laboratory in live condition by providing aeration.

Fig. 4.1 Experimental organism used for
the study Mantis shrimp,
Miyakea nepa.
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4.2.2 Molecular identification by DNA Barcoding

Identification of the experimental organism by examining only the
morphological characters was difficult; thus identity was confirmed with
the aid of DNA barcoding. An approximate of 650 base pair (bp)
fragment of the cytochrome c oxidase subunit 1 (CO1) was selected as
DNA barcode which represents a very successful mtDNA-based approach
for the identification. In order to perform DNA barcoding, the genomic
DNA was isolated from the gills of squilla, M. nepa using TRI reagent

(Sigma) according to manufacturer’s instruction with minor modifications.

Concisely, about 100 mg of tissue was homogenized in 0.3 ml of
TRI reagent in a DNase free 1.5 ml MCT using sterile micro pestle and
finally 0.7 ml of TRI reagent was added and mixed well by vortexing.
The homogenate was transferred to 1.5 ml MCTs. Followed by
homogenization, the homogenate was centrifuged at 12000 x g for 10 min
at 2—8 °C to remove the insoluble material (extracellular membranes and
polysaccharides). The supernatant was then transferred to fresh MCT for
phase separation using 0.2 ml chloroform. After vigorous shaking for 15 sec,
the samples were allowed to stand at room temperature for 15 min.
Homogenate was then centrifuged at 12000 x g for 15 min at 4 °C so as to
separate the mixture into three phases: a red organic phase (containing
protein), an interphase (containing DNA) and a colourless upper aqueous

phase (containing RNA).

The aqueous phase containing RNA overlaying the interphase was
carefully removed and DNA was precipitated from the interphase and

organic phase by adding 0.3 ml of 100 % ethanol per 1 ml of TRI reagent
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used in sample preparation. Gently mixed by inversion to avoid DNA
shearing and allowed to stand for 5 min at room temperature. Precipitated
DNA pellets were collected by centrifugation at 2000 x g for 5 min. DNA
pellet was then washed twice in 1 ml of 0.1 M Tri-sodium citrate in 10 %
ethanol solution. During each washing step, the DNA pellet was allowed
to stand for at least 30 min with occasional mixing to remove phenol
completely from DNA. Subsequently centrifuged at 2000 x g for 5 min at
4° C and DNA pellet was re-suspended in 75 % ethanol (1 ml), allowed to
stand for 1020 min at room temperature followed by centrifugation at
2000 x g for 5 min at 4° C. The DNA pellet was air dried for about 30 min at
room temperature and dissolved in DNase free water with repeated slow
pipetting to avoid shearing of DNA and stored at -20 °C for further use.
The quality of the DNA was analysed by agarose gel electrophoresis
using 0.8 % gel. Quantity and purity of DNA was determined using a UV
Spectrophotometer (U-2900, Hitachi) by measuring the optical density
(OD) at 260 and 280 nm. Only the DNA preparations having an absorbance
ratio (A260: A280) >1.8 were used for molecular barcoding.

1 OD at 260 nm is equivalent to about 50 pg/ml of DNA
= DNA concentration (png/ml) = OD at 260 nm x Dilution factor x 50

Amplification of the cytochrome oxidase-I (COl) gene was
performed in a 25 pl reaction mix using 1 pl of genomic DNA as template
with a concentration of 50 ng / ul. The sequence details of primers used
for the amplification of CO1 gene is given in Table 4.1. (Folmer et al.,
1994). The thermal regime consisted of an initial denaturation at 95 °C for

5 min followed by 35 cycles of 95 “C for 45 sec, 50 °C for 45 sec, and
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72 °C for 45 sec and a final extension at 72 “C for 10 min. Amplicons
obtained were purified and sequenced using ABI Prism Sequencing kit

(BigDye Terminator Cycle) at SciGenom, India.

Table 4.1 Primer sequence and details of COI primer used.

Target Sequence (5’-3’) Product Annealing MgCl,
gene Size (bp)  Temp. Conc.
O  (mM)
Col F: 650 50 1.5
GGTCAACAAATCATAAAGATATTGG
R.

TAAACTTCAGGGTGACCAAAAAATCA

4.2.3 Precautions for RNA preparation

Haemolymph and tissue collection for total RNA isolation and the
sample processing were done with necessary cautionary measures. Basic
precautions taken during and before RNA isolation have been explained

in section 2.2.2 of Chapter 2.

4.2.4 Haemolymph collection

Haemolymph was extracted from the ventral sinus using DEPC treated
capillary tubes (RNase-free) rinsed using pre-cooled anticoagulant solution
(RNase free 10 % sodium citrate, pH 7.0). Haemolymph was homogenised
in TRI reagent (Sigma) and kept at -20 °C for total RNA isolation.

4.2.5 Total RNA isolation

As per manufacturer’s instructions with slight modification, total
RNA was isolated from M. nepa haemocytes using TRI reagent (Sigma)
as explained in section 2.2.4 of Chapter 2. RNA pellet obtained was
dissolved by adding 30 ul of DEPC treated RNase free water and for
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complete dissolution of RNA pellet was incubated further at 55 °C for

5 min.

4.2.6 Quality assessment and quantification of RNA

Quality of total RNA was analysed by agarose gel electrophoresis
and quantified by using UV-Vis spectroscopy as described in section

2.2.5 of Chapter 2.

4.2.7 Reverse transcription

Single stranded cDNA was synthesised using specific oligo-d(T20)
primers targeting the poly-A tail of mRNA from total RNA as explained
previously in section 2.2.6 of Chapter 2.

4.2.8 PCR amplification

In order to confirm the reverse transcription reaction, PCR with
primers for house-keeping gene, beta-actin was performed using cDNA as
the template. Followed by confirmation, cDNA was used for PCR
amplification using the primers, ALF-F and ALF-R (Table 4.2)
(Tharntada et al. 2008). The thermal profile used was 95 °C for 2 min
followed by 35 cycles of 94 °C for 15's, 57 °C for 30 s and 72 °C for 30 s

and a final extension at 72 °C for 10 min.

Table 4.2 Primer sequence and details of ALF primer used.

Target Sequence (5°-3°) Product Annealing MgCl,
gene Size (bp) Temp. (°C) Conc.
(mM)
ALF F: CAAGGGTGGGAGGCTGTGG 350 57 1.5
R: TGAGCTGAGCCACTGGTTGG
B-actin  F:CTTGTGGTTGACAATGGCTCCG 520 60 1.5

R: TGGTGAAGGAGTAGCCACGCTC
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4.2.9 Agarose gel electrophoresis

PCR product was analysed by AGE as explained in the section 2.2.8
of Chapter 2.

4.2.10 TA cloning of amplicons and sequencing

PCR product obtained from the amplification with ALF-F and ALF-R
primers were cloned into pGEM®-T Easy cloning vector as described in
section 2.2.9 of Chapter 2. Recombinant plasmid was isolated and sequenced

as described in detail in the section 2.2.9.5 and 2.2.10 of Chapter 2.

4.2.11 Sequence characterization and phylogenetic analysis

Various biological computational tools were used for the molecular
characterization including physicochemical properties and in silico
analysis of antimicrobial activity as described in section 2.2.11 of Chapter
2. Phylogenetic analysis of nucleotide and deduced amino acid sequences
were done by multiple sequence alignment and phylogenetic tree analysis

by comparison with other ALF isoforms from crustaceans.

4.2.12 Peptide synthesis and characterization

In order to study the biological activity of the peptide, the functional
domain of the peptide i.e. the putative LPS binding domain was selected
for peptide synthesis. Physicochemical characteristics of the synthetic
peptide were also studied using different bioinformatics tools as explained

in the section 2.2.11.

The peptide was synthesized at M/s Zhejiang Ontores Biotechnologies
Co., Ltd China by Solid phase procedure of Fmoc chemistry with >95 %
final purity.
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4.2.13 Mass spectrometry analysis of the synthetic peptide

Mass spectrometry was performed at Zhejiang Ontores Biotechnologies
Co., Ltd, China to verify the molecular mass and quality of peptide. The
spectra analysis was performed with a Thermo Finnigan LCQ Duo mass
spectrometer with an electrospray source and Xcaliber software. Synthetic
peptide was reconstituted in 50 % (v/v) acetonitrile and 50 % 0.1 %
trifluoracetic acid (v/v) and analyzed using Electrospray lonization (ESI)
probe with a probe bias of -3.5kv and the nebulizer gas flow was
maintained at 1.5 L/min. The spectra were obtained by scanning from 400

to 2000 m/z at a scan time of 5 s.

4.2.14 Purity determination of synthetic peptide using HPLC

The homogeneity of the synthetic peptide was determined using
HPLC (at Zhejiang Ontores Biotechnologies Co., Ltd, China). Synthetic
peptide was dissolved in 50 ul of 0.1 % trifluoroacetic acid (TFA) and 10 pl
of the sample was injected to the Inertsil ODS-SP column of dimensions
4.6 mm x 250 mm. Solvent system comprised of Solvent A (0.1 % TFA
in 100 % acetonitrile) and Solvent B (0.1 % TFA in 100 % H,0).
Purification was performed with a step gradient system. During
purification, a solvent gradient of 23 % Solvent A and 77 % solvent B
was maintained for 0.01 min in the beginning, followed by a gradient of
48 % solvent A and 52 % solvent B for 25 min. Finally a flow of 100 %
solvent A was maintained for 25 min. Flow rate was adjusted and
maintained at 1 ml/min throughout the purification and eluent was

monitored at 220 nm.
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4.2.15 Haemolytic activity

Synthetic peptide was tested for its haemolytic activity using
hRBCs. Haemolytic activity of the peptide was tested for eight different
concentrations, ranging from 400 uM to 3.125 uM and the activity was
represented as percentage haemolysis, calculated as described in the section

2.2.28 of Chapter 2.

4.2.16 Antimicrobial activity

Antimicrobial activity of the synthetic peptide (cyclic) was performed
against bacterial pathogens by broth microdilution assay. Bactericidal
activity confirmed by plating the pathogens treated with peptide after 12 h
incubation. Along with that microscopic observation of pathogens sensitive
to the peptide were accomplished using epi-fluorescence microscopy and
SEM. The experimental procedure of all the above mentioned tests are

same as explained in the section 2.2.30 of Chapter 2.

4.2.17 DNA binding assay

DNA binding activity of the synthetic peptide was tested as
described in section 2.2.31 of Chapter 2.

4.2.18 Anticancer activity
4.2.18.1 In vitro cytotoxicity assay

Cell lines for toxicity studies, human non-small cell lung carcinoma
cell lines NCI-H460 and human laryngeal carcinoma derived human

epithelial type 2 cell lines, HEp-2 were purchased from NCCS, Pune. The
cells were sustained in DMEM/F-12 augmented with 10 % fetal bovine
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serum (FBS), penicillin and streptomycin at 37 °C in a humidified

atmosphere containing 5 % COa.

Cell viability was determined using XTT assay in NCI-H460 and
HEp2 cell lines. Cells were treated with eight different concentrations of
synthetic peptide (double dilution ranging from 200 uM to 0.78 uM) and
assayed for the cellular metabolism by XTT assay as described earlier in
the section 2.2.28 of Chapter 2. Experiments were done in triplicate.
Results are expressed as a percentage inhibition rate of viable cells.
Synthetic Mellitin with FITC label was used as the positive control. ICs
values for each cell line were evaluated, representing the concentration at
which cell viability were determined for each assay. ICsy value was

calculated by probit analysis using SPSS 21.0 for Windows.

4.2.18.2 Gene expression analysis using real-time reverse-transcription
polymerase chain reaction (RT-PCR)

To evaluate the anticancer activity of the synthetic peptide, the NCI-
H460 cell lines and HEp2 cell lines were incubated in DMEM supplemented
with 10 % FBS and antibiotic mixture containing 1% penicillin-streptomycin
and co-treated with 25 uM and 50 uM of the peptide for 24 h. Cells
incubated without peptide was treated as the control. After incubation
cells were suspended in TRI reagent (Sigma) for RNA isolation as

explained in section 2.2.4 of Chapter 2.

Single stranded cDNA was synthesised from total RNA as described in
the section 2.2.4 and 2.2.6 of Chapter 2. Confirmation of cDNA conversion
was done by PCR amplification with primers for house-keeping gene,

GAPDH (Table 4.1). A real-time RT-PCR analysis was used to understand
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the effect of peptide on the cell function by analysing the gene expression
pattern of twenty three different genes viz., Bcl-2, Bax, Caspase-3,
Caspase-9, Cathepsin-G, Calpain-5, Rbl, p-53, Aktl, MAPK-1, JNK,
IL-1pB, IL-2, IL-6, IL-10, IL-12, IFN-B, IFN-y, TNF-a, viperin, MXI1,
ISG15 and IFITM3 (Table 4.2) by NCI-H460 and HEp2 cell lines

following the treatment with and without peptide.

The SYBR® Green PCR Master Mix (ABI, USA) and specific
primer pairs were used for selected genes, and the primer pair for
GAPDH was used as the reference gene. Quantitative real time PCR
(qQRT-PCR) was performed in StepOnePlus real-time PCR system
(Applied Biosystems) according to the following conditions: 2 min at
50 °C, 10 min at 95 °C, and 40 cycles of 15 s at 95 °C and 1 min at
60 °C using 0.5 pg of cDNA, 2X SYBR Green PCR Master Mix, and
500 nM of the forward and reverse primers. The threshold cycle
number (Ct) was calculated with ABI software. Relative transcript
quantities were calculated using the AACt method (Livak and
Schmittgen, 2001) with GAPDH as the reference gene amplified from
the same samples. The results were expressed as the ratio of reference
gene to target gene by using the following formula: ACr = Cr (Target
genes) - Ct (GAPDH). To determine the relative expression levels, the
following formula was used: AACt = ACt (Treated) - ACr (Control).
The qPCR was performed in triplicate for each experimental group.
Normalized fold difference in gene expression is presented graphically

to compare the level of transcription.
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Table 4.3 List of primers of the various genes used for real time qPCR analysis

SIl. No.  Primer Name Sequence (5°-3°)
1 GAPDH - F CGGAGTCAACGGATTTGGTC
GAPDH -R AGCCTTCTCCATGGTCGTGA
2 Bel2 - F ACCTGCACACCTGGATCCA
Bel2 -R AGAGACAGCCAGGAGAAATCAAA
3 Bax—F AAGCTGAGCGAGTGTCTCCGGCG
Bax—-R CAGATGCCGGTTCAGGTACTCAGTC
4 Caspase 3 —F ATACCAGTGGAGGCCGACTTC
Caspase 3 —R CAAAGCGACTGGATGAACCA
5 Caspase 9 — F TGTCCTACTCTACTTTCCCAGGTTTT
Caspase 9 —R GTGAGCCCACTGCTCAAAGAT
6 Cathepsin G — F TCAAGTTTCCTGCCCTGGAT
Cathepsin G — R CCTGTGTCCCCGAGAAGAAG
7 Calpain5—F CAGGTCCTCTCAGAGGCAGATAC
Calpain5—R ACCTCTCCAGGGACCTTAACG
8 Rbl -F GAACATCGAATCATGGAATCCCT
Rbl -R AGAGGACAAGCAGATTCAAGGTGAT
9 p-53-F GGGTTAGTTTACAATCAGCCACATT
p-53-R GGGCCTTGAAGTTAGAGAAAATTCA
10 Akt1-F GCACAAACGAGGGGAGTACAT
Akt1-R CCTCACGTTGGTCCACATC
11 MAPK - F CAATGGCGGTGTGGTGTTC
MAPK - R AGCTCCCTTATGATCTGGTTCC
12 JNK-F TGGACTTGGAGGAGAGAACCA
JNK - R CGACGATGATGATGGATGCT
13 IL-13—F GCAGCCATGGCAGAAGTACCTGA
IL-13-R CCAGAGGGCAGAGGTCCAGGTC
14 IL-2-F CTGCTGGATTTACAGATGATTTGA
IL-2-R TGGCCTTCTTGGGCATGT
15 IL-6 - F CCTGACCCAACCACAAATGC
IL-6 -R CCTTAAAGCTGCGCAGAATGA
16 IL-10-F CTGGGTTGCCAAGCCTTGT
IL-10-R AGTTCACATGCGCCTTGATG
17 IL-12-F CCTGGACCACCTCAGTTTGG
IL-12-R ACGGCCCTCAGCAGGTT
18 IFN-B—F CTCCTGTTGTGCTTCTCCACT
IFN-3 - R GGCAGTATTCAAGCCTCCCA
19 IFN-y - F CTTTAAAGATGACCAGAGCATCCA
IFN-y - R ATCTCGTTTCTTTTTGTTGCTATTGA
20 TNF-a—F CCCAGGGACCTCTCTCTAATC
TNF-0— R ATGGCTACAGGCTTGTCACT
21 Viperin— F CGTGAGCATCGTGAGCAATG
Viperin— R GCTGTCACAGGAGATAGCGA
22 Mx1-F CCAGCTGCTGCATCCCACCC
Mx1-R AGGGGCGCACCTTCTCCTCA
23 ISGI5- F TGGCGGGCAACGAATT
ISG15 -R GGGTGATCTGCGCCTTCA
24 IFITM3 - F TCCCACGTACTCCAACTTCCA
IFITM3 - R AGCACCAGAAACACGTGCACT
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4.3 Results

In the present study, a novel isoform of ALF was identified and
characterized from the haemocytes of M. nepa, herein after denoted as

Mn-ALF

4.3.1 PCR amplification, TA cloning and sequencing of Mn-ALF

Taxonomic identification based on amplification of a region of the
mitochondrial gene, cytochrome oxidase subunit-I (GenBank ID: KM034808)
and homology analysis by BLASTn confirmed it as Miyakea nepa, with
99 % similarity to Miyakea nepa (GenBank ID: J229778).

The RT-PCR of ¢cDNA from the haemocytes of the Mantis shrimp,
M. nepa using the ALF specific primers yielded a 372 bp amplicon
(Fig. 4.2). Amplicons obtained were cloned into pGEM"-T Easy cloning
vector and further transformed into E. coli DH5a competent cells. Insert
presence was ensured by colony PCR using gene specific and vector
specific primers. Approximately 513 bp (372 bp+141bp) length amplicon
was obtained with vector specific primers and 372 bp with gene specific
primers (Fig. 4.3a). The pGEMT-Mn-ALF plasmids were isolated from

positive clones and confirmed by agarose gel electrophoresis (Fig. 4.3b).

The nucleotide and deduced amino acid sequences obtained by
translation tool of ExPASY (Fig. 4.4) were deposited in GenBank
database (GenBank ID: KJ995817). BLAST analysis of the 372 bp of
cDNA sequence and its deduced amino acid sequence revealed that it

belongs to the DUF3254 superfamily which includes the family of ALFs.
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Fig. 4.2 Agarose gel electrophoretogram of PCR amplification of
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Fig. 4.3 Agarose gel electrophoretogram (a) of Mn-ALF colony PCR, Lane

M: 100 bp ladder; Lane 1-3: amplicon (513 bp) obtained for PCR with
vector specific primers and Lane 4-6: amplicon (372 bp) of PCR
performed using gene specific primers. (b) Plasmid extracted from
positive clones of pGEMT-Mn-ALF vector constructs. Lane M: 1 kb
marker, Lane 1: PGEM® T Easy plasmids with Mn-ALF insert.
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atgcgtgtgtggctgtggctacagagectggtgaaccatggagctaatgttaaccagecca
g S B B T B E & X L 3 § 9

Fig. 4.4 Nucleotide and deduced amino acid sequence of the ALF isoform from
the haemocyte mRNA transcripts of M. nepa — Mn-ALF (GenBank ID:
KJ995817). Red underlined portion specifies the 25 amino acid signal
peptide within which, SeC encoding TGA and its amino acid single
letter code ‘U’ is highlighted in yellow. The bioactive mature peptide
is highlighted in grey, and dashed underlined region within the mature
peptide is the LPS binding domain.

4.3.2 Sequence analysis and characterization using bioinformatics
tools

Evaluation of amino acid sequence homology to different crustacean
ALFs and limulid ALFs showed that Mn-ALF possess 80 % identity to
M. rosenbergii ALF (GenBank ID AEP84102.1) and F. indicus ALF
(GenBank ID ADE27980.1) followed by 69 %, 62 %, 45 %, 40 % and
36 % identity to Homarus americanus ALF (GenBank ID ACC94268.1),
Procambarus clarkii ALF (GenBank ID ADX60063.1), Portunus
trituberculatus ALF (GenBank ID ADU25083.1), Tachypleus tridentatus
(GenBank ID AAKO00651.1)and Limulus polyphemus (GenBank ID
1307201A ) respectively.

SignalP analysis of 123-mer predicted the existence of 25 amino

acid length SP with a highly hydrophobic core region and a putative
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cleavage site after 25" amino acid (SA2s-QG) which delineates the

highly cationic mature peptide of 98 amino acid residues (Fig. 4.5).

SignalP-4.1 prediction (euk networks). Sequence
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Position

Fig.4.5 Signal peptide analysis of Mn-ALF as predicted by
the SignalP 4.1 server.

The Mn-ALF was found to have a predicted molecular weight of
13.942 kDa, net charge of +7 and a theoretical isoelectric point (pI) of 9.93.
For mature peptide region, the aforesaid parameters were 10.998 kDa, +7
and 9.93 respectively (PROTPARAM tool). Cationicity of the mature
peptide was mainly contributed by 14 positive amino acid residues (Lys +
Arg) against 7 negative residues (Asp + Glu). Antimicrobial activity
prediction using APD envisages this peptide as a potent AMP with a protein-
binding potential (Boman index) and Wimley-White whole-residue
hydrophobicity as 1.69 kcal/mol and 15.56 kcal/mol respectively. The
estimated half-life of Mn-ALF was anticipated to be 30 h (mammalian

reticulocytes, in vitro), >20 h (yeast, in vivo) and >10 h (E. coli, in vivo).

Simultaneously the instability index (II) of Mn-ALF was computed to
be 38.45 which categorize the protein as stable. Analysis of proposed LPS
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binding domain of Mn-ALF (CssKFTVKPYIKRFQLNYKGRMWCye)
based on amphipathicity using HeliQuest tool disclosed that it is
composed of 22 amino acids of which 45.45 % is contributed by polar
residues and the rest by non-polar residues establishing a hydrophobic
face with ‘FVYT’ residues and thus having a hydrophobicity of 0.498 H

with a +6 net charge confirming the antimicrobial activity (Fig. 4.6).

Fig. 4.6 The helical wheel diagram of M. nepa — Mn-ALF
(GenBank ID: KJ995817) LPS domain predicted
using Heliquest online tool. The structure was built
to identify the amphipathicity of the LPS binding
domain. The Amino and Carboxy terminal ends are
mentioned as N and C, respectively. The expected
hydrophobic face FVYI is shown in the red circle.

Secondary structure prediction of mature peptide of Mn-ALF using
PSIPRED tool found that it consists of one a-helix in the hydrophobic
N-terminal region and the other two o-helices towards C-terminus
(Fig. 4.7). Spatial structure of Mn-ALF was constructed based on

homology modelling using NMR structure of P. monodon rALF-Pm3 as
template since it shared 89.9 % similarity with Mn-ALF (Fig. 4.8). Peptide
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structure predicted in PyMOL using the pdb file (SMTL id: 2job.1) as

template consisted of three a-helices packed against four strands of B-sheets.

cont : JlaiBBEBs222-00002:0BER0E0:-0RNNNRNNNNREE|
Pred: b o3 g

Pred: CEEEEEEECCCCEEEEEECCCCCCCCCHHHHHHHHHHHHH
AA: MRVWLWLOSWXTMELMLTSPTSGSAQGWEAVARAVASKIV

10 20 30 40
Conf : JnanaBEanan-ianniiissExnnniiNNNRENIRsREEs!
Pred: > N —

Pred: CHHCC crrrr}crrrrr EECCEEEEEEEE rrrrr'rccccc
AA: GLWGNETTELLGHECKF TVKPY IKRFQLNYKGRMWCPGWT

50 60 70 80
Cont : JnBNEnonnanEiEan-o-NNNRNERNRENRRRREEDE:!
Pred: S——f] —=C)

Pred: EEEEEEECCCCCCCCCCHHHHHHHHHHHCCCCCHHHHHHH
AA: AIRGEARTRSHSGVAGRTAQDEVRKAFQKGLISQQEANOW

20 100 110 120

Conf: 3]!'[
Pred: :_

Pred: HHC
AAR: LSS

Lagend:

D - 5-tix contr Lallll - confidence of prediction

+

/\ = strand Pred: predicted smecondary structure

= coil AAr target sequence

Fig 4.7 Secondary structure of M. nepa, Mn-ALF (GenBank
ID: KJ995817) predicted using PSIPRED server. The a-
helix region is shown in pink coloured cylinders,
B-strand is shown in yellow arrows and the coil region is
shown in black lines.

2

Fig.4.8 Spatial structure of M. nepa, Mn-ALF (GenBank ID:
KJ995817) created with the PyMol software using the pdb
data generated by SWISSMODEL server.
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Fig. 4.9 Predicted secondary structure of M. nepa, Mn-ALF
(GenBank ID: KJ995817) RNA with minimal free energy

prediction.
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Fig. 4.10 Kyte-Doolittle plot showing hydrophobicity of M. nepa,
Mn-ALF (GenBank ID: KJ995817). The peaks above
the score (0.0) indicate the hydrophobic nature of the
predicted protein.
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4.3.3 Phylogenetic analysis of Mn-ALF

Multiple alignment performed for Mn-ALF with representatives of
ALF from limulids and decapod crustaceans revealed the existence of
conserved regions within the sequence (Fig. 4.11). Detailed analysis of
aligned sequences displayed that the amino acid sequences in SP region

are not conserved when compared to that of mature peptide.
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Fig. 4.11 Multiple alignment of amino acid sequence of the M. nepa, Mn-ALF
(KJ995817) with other crustacean and limulid ALFs obtained using
BioEdit. Macrobrachium rosenbergii ALF (GenBank ID AEP84102.1),
Fenneropenaeus indicus ALF (GenBank ID ADE27980), Homarus
americanus ALF (GenBank ID ACC94268.1), Procambarus clarkii ALF
(GenBank ID ADX60063.1), Portunus trituberculatus ALF (GenBank
ID ADU25060.1), Tachypleus tridentatus (GenBank ID AAK00651.1)
and Limulus polyphemus (GenBank ID P07086.1) The LPS-binding
domains are enclosed within a blue bracket. The conserved residues are
highlighted with background colours.
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Evolutionary history of Mn-ALF with other 38 ALF amino acid

sequences of decapod crustaceans were inferred by constructing

phylogenetic tree using NJ-method (Fig. 4.12).
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Fig. 4.12 A bootstrapped neighbor-joining tree obtained using MEGA 6

acid sequences of

the Mn-ALF (KJ9958170) with other ALFs of decapod crustaceans.
Values at the node indicate the percentage of times the particular node
occurred in 1000 trees generated by bootstrapping the original deduced
protein sequences. Branches corresponding to partitions reproduced in

less than 75 % bootstrap replicates are collapsed.
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4.3.4 Peptide synthesis and molecular characterization

The putative LPS binding domain of Mn-ALF with extra amino acid
residue (ECKFTVKPYIKRFQLNYKGRMWCP), was identified by
multiple sequence alignment with other crustacean ALFs (Fig. 4.11)
and selected for chemical synthesis. The peptide was synthesized from
C-terminus to N-terminus of the peptide sequence with a Fluorescein
isothiocynate (FITC) labeling. The N-terminal residue of peptide was
blocked by acetylation, and the C-terminal residue was amidated to
increase the peptide stability. Also a disulfide bond was incorporated
between the cysteine residues of peptide for cyclization. The synthetic
peptide was supplied at >95 % purity in lyophilized form and was dissolved
in sterile water to minimize the LPS contamination (Somboonwiwat et al.,
2005) and stored at -20 °C. Herein after the synthetic peptide will be
mentioned as MNA-LBD

The synthetic MNA-LBD is a cationic peptide with a net charge of
+5 and consists of 24 amino acids with a theoretical mass and pl of
3.036 kDa and 9.79, respectively. Cationicity was contributed by six
positively charged residues (Arg + Lys) and one negatively charged
residue (Asp + Glu). In silico analysis of antimicrobial activity using the
APD3 reveals that MNA-LBD is a potent AMP with a hydrophobic ratio
of 37 %; boman index of 1.91 kcal/mol and the Wimley-White whole-
residue hydrophobicity of 2.15 kcal/mol. The helical property prediction
and amphipathicity analysis was done using Heliquest tool (Fig. 4.13)
and the synthetic MNA-LBD was found to be alpha helical peptide with
a hydrophobicity of 0.460, and the FVPYT region of the helix forming the

hydrophobic face involved in the microbial membrane interaction.
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Fig. 4.13 The helical wheel diagram of synthetic peptide MNA-LBD
predicted using Heliquest online tool. The structure
was built to identify the amphipathicity of the LPS
binding domain. The amino and carboxy terminal ends
are mentioned as N and C respectively. The expected
hydrophobic face FVPYT1 is shown in the red circle.

4.3.5 Determination of molecular mass and purity of synthetic
MNA-LBD

The molecular weight of the synthetic peptide MNA-LBD (3592.31
Da) was confirmed by ESI mass spectroscopy. The ESI mass spectrum
of MNA-LBD is shown in Fig. 4.14. The mass spectrum depicts the
mass to charge ratio (m/z) from 400 to 1800 of all the ionized molecules
present in the sample. The most abundant ion in the spectrum is seen at
a mass to charge ratio of 898.98. This m/z matches the MNA-LBD
ionized to +4 (rounded off MW = 3592.31 Da + 4H+ = 3596.31). The
mass to charge ratio is thus 3596.31/4 = 899.07. The other comparatively
abundant ion recognised to MNA-LBD was m/z of 1198.13 ionized to +3
(round off MW = 3592.31 Da + 3H+ = 3595.31) and thus the m/z is
2450/5=1198.43.
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Fig. 4.14 ESI Mass Spectrum of Synthetic MNA-LBD, Most abundant ion in the

spectrum is seen at m/z of 898.98 [M+4H]4+ followed by 1198.13
[M+3H]3+.
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Fig. 4.15 HPLC chromatogram of synthetic MNA-LBD showing a major peak at
retention time of 10.582 min.
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Since the synthetic peptide had the correct molecular mass, the
peptide was checked for purity by HPLC. The HPLC chromatogram
obtained for synthetic MNA-LBD is shown in Fig. 4.14. The peptide was
found to be >95 % pure by the percent area of the main peak at retention

time 10.582 min as seen in Fig. 4.15.

4.3.6 Haemolytic activity

Synthetic MNA-LBD peptide at different concentrations (400 uM
to 3.125 uM) was tested for haemolytic activity towards human RBCs.
After incubation for 1 h, weak haemolysis (around 9 % to 15 %) was
observed from a concentration of 200 uM — 400 uM peptide. The
reference peptide Mellitin, exhibited about 71 % and 85 % haemolytic
activity at 200 uM and 400 pM. Thus the peptide showed only weak

haemolysis in hRBCs even at a higher concentration (Fig. 4.16).

Haemolytic activity

100
90
80 71
70 60
60 49 50

2 %
.~ = MNA-LBD
30 20 1
20 - 9 ® Mellitin
10 - 0 0 0 0 0
0 |
Q
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Fig. 4.16 Haemolytic activity of the synthetic MNA-LBD and Mellitin in human
RBC:s at various concentrations.
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4.3.7 Antimicrobial activity

Antimicrobial activity of the synthetic peptide, MNA-LBD was
tested against two Gram-positive and nine Gram-negative bacteria by
broth microdilution assay from a concentration of 50 uM to 1.562 uM.
The antibacterial activity of synthetic MNA-LBD against the tested bacteria
is shown in Fig. 4.17 (a-k). Synthetic peptide, MNA-LBD exhibited
antibacterial activity against all tested pathogens. The peptide displayed
significant activity against Gram-negative E. coli (MIC and MBC of 25uM).
In case of B. cereus, P. aeruginosa, E. tarda, V. parahaemolyticus and
V. alginolyticus, the MIC value was found to be 50 uM, but the MBC value
was found to be greater than the highest concentration tested. Other
pathogens were also found to be sensitive to MNA-LBD, but the MIC and
MBC values were found to be >50 uM.

Inhibition level of other pathogens were 75 % for S. aureus,
55 % for A. hydrophila, 78 % for V. cholera, 85% for V. fluvialis and 82
% for V. vulnificus respectively (Fig. 4.17 (a-k)). Bactericidal activity of
E. coli, B. cereus, P. aeruginosa, E. tarda, V. parahaemolyticus and
V. alginolyticus was assessed by plating cultures and counting the CFUs
after 24 h incubation. The result showed that the peptide exhibited
bactericidal activity against E. coli at 25 pM (MBC) and for others it was
found to be greater than 50 uM. These results proposed that the growth
inhibitory properties of the peptide are due to bactericidal activity.
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Fig. 4.17 (a-k) Antibacterial activity of synthetic MNA-LBD against the bacterial
pathogens at various concentrations
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4.3.8 PI staining

The PI stained image of MNA-LBD peptide treated E. coli were
detected as red cells due to the intercaltion of PI with bacterial DNA in
dead cells (Fig. 4.18). Since the peptide is labelled with FITC tag, the
presence of peptide in the cells could be observed as green. Pictures were
taken at two different filters for PI and FITC on the same field. Most of
the cells in green also appeared red, which confirms that the bacterial
death is due to peptide interaction. Thus the mode of action could be

mainly due to membrane pore formation.

Untreated control

MNA-LBD treated E.coli under FITC filer MNA-LBD treated E.coli under PI filer

Fig. 4.18 PI stained untreated control E. coli and synthetic MNA-LBD treated
E. coli under FITC filter and PI filter (magnification 100 x).
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4.3.9 SEM analysis

Morphological changes in MNA-LBD treated E. coli was analysed
by scanning electron microscopy (SEM). On contrary to untreated
control, E. coli cells treated with MNA-LBD was noticed with blebbing
of membrane and also there was marked extensive damage to bacterial

membrane with cytoplasmic content loss (Fig. 4.18).

UM 100 kY wesmm | | VIGAD TESCAN|

View fedd: 138 jam. Det: 3§ T
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MNA-LBD treated E.coli MNA-LBD treated E.coli

Fig. 4.19 SEM image of untreated control £. coli and synthetic peptide, MNA-
LBD peptide treated E. coli showing the leakage of cytoplasmic
content and blebbing.
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4.3.10 DNA Binding assay

In addition to the membrane disruptive mode of bacterial killing,
the MNA-LBD peptide was tested for its DNA binding activity. DNA
binding activity of synthetic MNA-LBD was tested with 50 ng of pUC-18
plasmid vector from a concentration of 200 uM — 3.125 puM. Peptide
exhibited remarkable DNA binding from a concentration of 200 uM to
25 uM and the retarded plasmid DNA could be clearly seen when compared
to the untreated plasmid control. The agarose gel electrophoretogram
showing the retarded plasmid DNA in the peptide treated and non-
retarded plasmid DNA in untreated group is evident in Fig. 4.20.

M 200pM  1w0opM  s0pM  25uM 12.5 pM  6.25uM 3.125uM Control
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- -
=
R —
—_—
e
D
S —
. -
R e
. -

Fig. 4.20 Agarose gel electrophoretogram of DNA binding assay of
synthetic MNA-LBD using pUC-18 vector with various
concentration of peptide. Lane M: 1 kb ladder, Lane 1-7: 200 uM
to 3.125 uM concentration of peptide with 50 ng of pUC-18,
Lane 8: Control untreated plasmid.
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4.3.11 In vitro cytotoxicity assay

Cell viability of MNA-LBD treated HEp-2 and NCI-H460 cell lines
were tested from 200 uM to 1.625 uM by employing XTT assay. The in
vitro cytotoxic activity displayed by MNA-LBD peptide against HEp2
and NCI-H460 cell lines is represented in Fig. 4.21. The peptide was
found to be cytotoxic to both cell lines at the highest concentration tested.
A growth inhibition of 92 % was observed for NCI-H460 and 86 % for
HEp-2 cell lines at 200 uM. The ICsy of synthetic peptide against HEp2
cells was estimated to be 34.317+43.901 puM and for NCI-H460,
28.018+21.725 uM.

In vitro cytotoxicity
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Fig. 4.21 In vitro cytotoxicity of MNA-LBD in HEp2 and NCI-H460 cells at
various tested concentrations
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4.3.12 Anticancer activity

4.3.12.1 Relative gene expression analysis of cancer related genes in
MNA-LBD treated NCI-H460 lung cancer cells

In vitro anticancer activity of synthetic peptide MNA-LBD was
tested against NCI-H460 non-small cell lung cancer cell lines. Activity
was analysed by treating the cell lines with two concentrations of the
peptide viz., 25 uM and 50 pM. Relative gene expression of peptide
treated NCI-H460 cell lines was studied using quantitative real-time
PCR (RT-PCR or qPCR) and found to be expressed differentially at the
tested concentrations with respect to the untreated control (Fig. 4.22
a-e). Significant up-regulation of Caspase-3, Caspase-9, IK-BA and Rb-
1 could be observed. Noticeable up-regulation of Bax gene expression
and downregulation of Bcl2 was also detected. Compared to the control
group, an increased gene expression was noticed for non-caspase
protease, Calpain-5 and cell cycle associated genes viz., INK, Akt 1 and
MAPK-1. The immune genes (IFN-c, IL-1b, IL-2, IL-6, IL-10, I1-12)
and IFN induced genes (ISIG, IFIT-M3) also showed marked
up-regulation., Down-regulation of Cathepsin-G, Mx1, Viperin, IFN-b
and TNF-a were noteworthy in NCI-H460 cells on peptide treatment.
Thus the peptide, MNA-LBD could exhibit anticancer activity in NCI-
H460 cells.
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Fig. 4.22 (a-e) Relative gene expression profile of different cancer

related genes using real time PCR and the AACt method
in MNA-LBD peptide treated in NCI-H460 cell lines.

4.3.12.2 Relative gene expression of cancer related genes in MNA-LBD
treated HEp-2 pharyngeal cancer cells

The synthetic peptide, MNA-LBD was screened for its in vitro
anticancer activity in HEp-2 cell lines using 25 pM and 100 uM of
peptide. Relative expression of different genes controlling and regulating
cancer was analysed by qPCR. Peptide treatment in HEp-2 cells were

found to be involved in the up-regulation of cancer controlling genes viz.,
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Bax, Caspase-3, Caspase-9, p53, Ik-BA and Rbl1. The gene expression level
of Cathepsin-G, Calpain-5 and the non-caspase proteases were found to be
higher. Enhanced expression of cell cycle associated genes (JNK, Akt-1,
ISG15), immune gens (IFN-c, [Fn-b, TNF-a)) and interleukins (IL-2, IL-6,
IL- 10, IL-12) were also detected. Down-regulation of cancer controlling
Bcl2 and interleukin IL-1b were observed when compared to untreated

control (Fig. 4.23).
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Fig. 4.23 (a-e) Relative gene expression profile of different cancer related genes

using real time PCR and the AACr method in MNA-LBD peptide
treated in HEp-2 cell lines.
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4.4 Discussion

Indiscriminate use of antibiotics has resulted in the emergence of
multi-drug resistant pathogens. Thus, understanding the significance of
biological and biomedical application of antimicrobial peptides (AMPs)
might be promising with respect to resistance-free therapies for contagious
diseases. AMPs are small amphipathic molecules, comprehending cationic
and hydrophobic amino acids in higher proportion and thus through non-
specific interactions with the membrane lipids, the AMPs are capable of
interaction with microbial membranes (Brandenburg et al., 2012; Seo
et al., 2012). The rapid microbial death by membrane interaction decreases

the possibility of resistance development against AMPs (Fernebro, 2011).

Anti-lipopolysaccharide factors (ALFs) are class of AMPs which
possess broad spectrum antimicrobial, anticancer, anti-inflammatory,
immunomodulatory and endotoxin binding activity. ALFs are amphipathic
peptides that comprise of a LPS-binding domain (LPS-BD) within a
conserved disulfide bridge. According to Brandenburg et al. (2016), three
approaches seem to be promising for the advance of AMPs as remedy
against bacteria and their toxins: (i) amino acid sequence variations of the
endogenous AMPs to diminish their inherent toxicity, but sustaining
antibacterial action, (ii) analysis of LPS-binding domains from natural
defense proteins and consequent synthesis of these protein-derived
polypeptides, and (iii) expansion of polypeptides which are not
antibacterial but modulate the immune system. Thus ALFs are promising
candidates for therapy against drug resistant pathogens, sepsis induced

shock and cancer.
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The present study introduces for the first time molecular
characterization and phylogenetic analysis of an isoform of ALF (Mn-
ALF) from a stomatopod crustacean, haemocyte mRNA of mantis shrimp,
M. nepa. Predicted SP cleavage between Ajs-Qyc yields a 98-mer mature
peptide with a net charge of +7, hydrophobicity of 39% and amphipathic
LPS binding domain (LPS-BD) which together with the structural
features confirmed MnALF as an isoform of ALF with potent
antimicrobial activity. The amphipathic loop structure of LPS-BD is
supposed to bind a single fatty acid with the phospho-glucosamine
portion of lipid A (Nagoshi et al.,, 2006). The secondary structure
prediction using PSIPRED tool and PyMOL revealed that the Mn-ALF
possesses three a-helices and four strands of B-sheets (Fig. 4.8). Between
a-helical regions are segments of B-strands and random coil which
includes the amphipathic LPS binding domain. Two of the B-sheets were
linked by a disulphide bond forming the amphipathic, highly cationic LPS
binding domain with net charge +7 and pl of 10.01. Three dimensional
structure of Mn-ALF consists of patches of hydrophobic and charged

residues that permit the peptides to interact strongly with membranes.

The multiple protein sequence alignment of Mn-ALF with other
crustacean ALFs using ClustalW in BioEdit (Fig. 4.11) revealed the
existence of conserved structural features i.e. Cys residues (Css—Cre)
forming a disulfide bridge with a highly conserved sequence comprising
six positively charged amino acid residue cluster within the disulfide loop
forming the functional LPS binding domain of ALF, which is obligatory
for LPS binding and neutralization (Yang et al., 2009). Detailed analysis

of the alignment revealed that mature peptide region Cys residues at 55
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and 76 are responsible for disulphide bond in the LPS binding domain
were found to be highly conserved. In addition to this, residues including
L4z, Wa3, Hsz, Pe1, Res, G2, Wrs, P77, Wao, Gsa, Soo, Soz, Gos, Fio2, Vios,
Aios, Gi1o, Li11 and Aq;7 were also found to be conserved within the
homologous groups. While the sequence homology of Mn-ALF with
limulid and decapod ALFs showed the existence of a conserved amino
acid motif K7,-G-R/K-M/F-W-C-P-G-W79 spanning across the LPS

binding domain that interact with microbial polysaccharides.

The molecular bootstrapped phylogenetic tree revealing the
relationship between M. nepa, Mn-ALF and previously reported ALF
amino acid sequences from other crustaceans and limulids was constructed
(Fig. 4.12). The NJ tree validates that the members of the ALF family are
resultant from a common ancestor by a succession of evolutionary
fluctuations. In the phylogenetic tree, the ALF sequences clustered with
respect to species. The tree could be broadly categorized into three. Mn-
ALF was found to be included in Group I, which includes ALF sequences
from only shrimps. Group II comprised of the ALF sequences from
different groups of crustaceans (lobsters, crayfish, crabs and shrimps)

whereas Group III comprised of ALF sequences from only crabs.

In fact we have tried to produce the peptide Mn-ALF recombinantly,
by cloning into pET-32a(+). Successful transformation of Mn-ALF to E. coli
Rosetta-gamiTM B (DE3) pLysS could be achieved; while induction of
protein expression using IPTG, the host E. coli cells were observed to be
lysed. This may be due to the increased toxicity of the peptide to bacterial

host. Interestingly, it was reported that there were no differences in
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antimicrobial activities between recombinant and synthetic variants of
mud crab ALF (Scylla paramamosain), Sp-ALFs; both showed remarkable
bactericidal activity against Gram-positive and Gram-negative bacteria
(Liu et al., 2012a). Hence, we synthesized the peptide (LPS binding
domain of Mn-ALF) to test the the biological activity. According to Guo
et al. (2014) the incorporation of modifications such as disulfide bond
between cysteine residues of LPS binding domain, N-terminal acetylation,
C-terminal Amidation and modification of amino acid sequence in LBD
has demonstrated crucial roles in its biological activities. Similarly, Pan
et al. (2007) and Guo et al. (2014) found that synthetic linear LBD of
PmALF and FcALF showed a reduced antibacterial potential compared to
the cyclic peptide. Thus in the present study the synthetic cyclic peptide
MNA-LBD corresponding to the LPS binding domain of Mn-ALF was
synthesized with disulfide bond, end modifications (N-terminal
acetylation and the C-terminal amidation) and disulfide bond between the
Cys residues at M/s Zhejiang Ontores Biotechnologies Co., Ltd China
with >95 % purity. The synthetic MNA-LBD possessed the sequence
‘ECKFTVKPYIKRFQLNYKGRMWCP’ with a net charge of +5, rich in
amino acids; 16 % each of Lys, Arg; 8 % of Phe, Cys, Pro, Tyr and 4 %
of Ile, Val, Leu, Met, Trp, Gly, Thr, Gln, Asn and Glu..

The synthetic cyclic peptide, MNA-LBD was further characterized
for its biological activity including antimicrobial activity, DNA binding,
cytotoxicity against cancer cells, gene expression analysis of the peptide
treated cancer cell lines and haemolytic activity against human RBCs.
First of all antimicrobial activity of cyclic peptide, MNA-LBD was

performed against eleven selected bacterial pathogens (2 Gram-positive
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and 9 Gram-negative) by broth microdilution assay and the bactericidal
activity was confirmed by plating the peptide treated bacteria on MH agar
plates. We observed that the synthetic peptide MNA-LBD revealed
antimicrobial activity similar to the earlier reports (Arockiaraj et al.,
(2013b); Wang et al. (2015) and Yang et al. (2016). Peptide was found to
be active against both Gram-positive and Gram-negative bacteria at the
highest tested concentration (50 uM), but the highest activity was shown
against Gram-negative E. coli followed by P. aeruginosa, E. tarda,
V. parahaemolyticus, V. alginolyticus and Gram-positive B. cereus. The
MIC and MBC values obtained for MNA-LBD was compared to be low
with respect to other reported synthetic LBD peptide. The modified LBD,
LBD2 of FcALF exhibited MIC and MBC >64 uM against E. coli;
32 uM-64 uM for V. parahaemolyticus (Yang et al., 2016a).

The microbicidal activity against E. coli was further confirmed by
epifluorescence microscopy of FITC labelled MNA-LBD treatment
followed by staining with permeability indicator stain, PI. Thus the
peptide treated cells were seen as green because of the FITC tag and the
dead cells were observed as red due to the interaction of PI with the DNA
of dead cells, indicating the altered/permeabilized bacterial membrane
(Fig. 4.17). Morphological discrepancies because of bactericidal activity
in MNA-LBD treated E. coli was detected through observation of the
morphology of bacteria by SEM. Bacteria with blebbing, pores and
cytoplasmic content lost was clearly observed in comparison to the
untreated control (Fig. 4.18). Similar kind of surface changes were
observed in scanning electron micrograph of modified LBD of FcALF2,
LBDv treated E. coli with 64 uM of peptide (Yang et al., 2016a). Peptide
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was also tested for its DNA binding activity using pUC-18 plasmid and
found a significant retardation of plasmid DNA from peptide concentration
of 12.5 uM to 200 uM. Thus at a higher concentration, the peptide could
inhibit the bacterial growth by DNA binding mechanism also. Till now
there is no studies regarding the DNA interacting property of ALF, but
Tachyplesin I a cyclic B-sheet AMP from horseshoe crab, Tachypleus
tridentatus exhibited DNA binding activity in gel retardation assay
(Yonezawa et al., 1992).

Currently, a variety of mechanisms have been putforth for
antimicrobial activity of AMPs, including the membrane interactive
carpet, barrel-stave pore, toroidal pore, and aggregate models (Matsuzaki
et al.,, 1998; Wu et al., 1999; Shai, 2002). After translocation into the
cytoplasm, AMPs could bind to cellular polyanions including DNA and
RNA, inhibition of enzymatic activity such as protein synthesis or
chaperone assisted protein folding (Brandenburg et al., 2012). Also it
could be attributed that, as in the case of other cationic non-amphipathic
AMPs, the net positive charge is essential for electrostatic interaction
between peptide residues with anionic phospholipids resulting in
membrane binding and disruption of the membraneand subsequent death
of the microbes (Lamaziere et al., 2007). Also the basic amino acids along
with the LPS-binding domain have been found critical for the
antibacterial activities of ALFs (Guo et al., 2014). Development of an
appropriate model for MNA-LBD needs further research.

Among the AMPs identified so far from bacteria to humans, a few

have anticancer activity (Lin et al., 2010). The electrostatic interactions
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between cationic anticancer peptides (ACPs) and anionic cell membrane
components of malignant cells are supposed to be a key factor in the
selective killing of cancer cells by ACPs (Hoskin et al., 2008). Also alpha
helical AMP, BMAP-28 and beta sheeted AMP tachyplesin favourably
disrupt mitochondrial membranes and evoke the classic complement

pathway to kill tumour cells (Risso et al., 2002; Chen et al., 2005).

AMPs due to their amphipathic and cationic nature aids to disrupt
negatively charged membranes via electrostatic interactions. Compared to
normal mammalian cell membranes with neutral zwitterionic phospholipids
and sterols, the cancer cells carry a net negative charge because of elevated
expressions of phosphatidylserine, O-glycosylated mucins, sialilated
gangliosides and heparin sulfates in plasma membrane and thus AMPs have
a higher selectivity towards malignant cells. Besides, the anticancer
properties of AMPs may include the selective lysis of cancer cell
membranes, permeation and engorgement of mitochondria, resulting in the

release of cytochrome ¢ and induction of apoptosis (Chang et al., 2011).

Regarding the ALF or ALF derived peptides there are only very
few studies about anticancer/antitumour activity. This includes the
antitumour activity of synthetic peptide shrimp ALF (SALF,
Ac-ECKFTVKPYLKRFQVYYKGRMWCP-NH,) using HeLa cells as
the study model. The SEM and transmission electron microscopy (TEM)
analysis showed that the SALF altered the cancer cell membrane structure
similar to a lytic peptide. The qRT-PCR analysis revealed that the peptide
SALF induced apoptosis through the death receptor/NF-KB signalling
pathway (Lin et al., 2010).
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The qRT-PCR analysis of both cell lines after peptide treatment
showed almost similar trend of gene regulation. In both cell lines, the
treatment of cyclic peptide MNA-LBD leads to the marked up-regulation
of mRNA of pro-apoptotic protein Bax and down-regulation of anti-
apoptotic, Bcl2 (Dewson and Kluc, 2010). The ratio of Bax: Bcl-2 protein
was found to increase during apoptosis (Leung and Wang, 1999). While
considering the level of Caspases, the initiator caspase, caspase-9 and
effector caspase, caspase-3 were found to be up-regulated in both cells as a
result of peptide treatment and these are believed to be responsible in the
cleavage of cellular components during apoptosis (Fink and Cookson,
2005). Increased level of caspases also indicates the activation of apoptosis
by intrinsic apoptotic pathway which involves the release of cytochrome-c
from mitochondria. While considering the mRNA level of tumour
suppressor genes (p53 and Rb1), the gene expression level was found to be
up-regulated in both cells after MNA-LBD treatment. Non-caspase
proteases, Cathepsin-G and Calpain-5 were also up-regulated in both cell
lines and thus could be involved in the breakdown of cellular components
leading to apoptosis. Droga-Mazovec et al. (2008) proposed that the
Cathepsin-G is involved in the activation of Bcl-2 family pro-apoptotic

gene Bid, and thus induce the mitochondrial pathway of apoptosis.

The c-Jun N-terminal protein kinase (JNK) is a subfamily of the
mitogen activated protein kinase (MAPK) superfamily which in the
absence of NF-xB activation, contributes to TNF-a induced apoptosis
(Liu and Lin, 2005). TNF-a is an activator of extrinsic pathway of
apoptosis (Wang et al., 2009). In HEp2 cells after peptide treatment an
up-regulation of JNK and TNF-a could be observed and thus the peptide
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could initiate a dual mode of apoptosis induction; one by intrinsic

pathway and the other by extrinsic pathway.

AKT1 is a crucial intermediate of the AKT kinase signalling
pathway and exerts an anti-apoptotic activity by preventing the release of
cytochrome c¢ from the mitochondria and by phosphorylating and
inactivating the pro-apoptotic factors BAD and procaspase-9 (Whang
et al.,, 2004). The mitogen-activated protein kinase 1 (MAPK-1), also
known as extracellular signal-regulated kinases (ERKs), act as a
combination point for multiple biochemical signals, and are engaged in a
wide variety of cellular processes such as proliferation, differentiation,
transcription regulation and development. In both cell lines, followed by
peptide treatment, the expression of MAPK-1 is improved and Akt-1 is

down regulated enhancing the anticancer activity of the peptide.

Cytokines are considered as the chemical communicators of
different parts of the immune system and comprise of interleukins,
interferons and growth factors (Razavi and Allen. 2014). In the present
study on gene expression, the interleukins (IL-1, IL-2, IL-6, IL-10 and
IL-12) and interferons (B and y) were found to be up-regulated in both cell
lines, except IL-1P in HEp-2 and IFN- B in NCI-H460 cell lines. As a
result of enhanced interferon expression, the IFN-inducible proteins, such
as GTPase Mx1 (myxovirus resistance 1), ISG15 (IFN-stimulated protein
of 15 kDa), Viperin (virus inhibitory protein, endoplasmic reticulum-
associated, interferon-inducible) and IFIT (IFN-induced proteins with
tetratricopeptide repeat) were found to be differentially expressed in both

cell lines. All the four genes were observed to be up-regulated in HEp-2
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cell lines, whereas Mx1 and Viperin found to be down-regulated in NCI-
H460. Thus the present observation of anticancer potential screening of
MNA-LBD in NCI-H460 and HEp-2 cells revealed that the peptide
exhibited an immunomodulatory activity in addition to anticancer activity
by regulating the gene expression of cytokines and other immune genes.
Also the cytotoxicity exerted by peptide in the tested cancer cell lines
could be mainly due to the modulation and induction of apoptosis rather

than necrotic cell death.

In summary, we have successfully cloned and characterized a novel
isoform of ALF, Mn-ALF from mantis shrimp, Miyakea nepa. The
synthetic cyclic peptide MNA-LBD corresponding to the LPS binding
domain of Mn-ALF was used for functional characterization. The
synthetic  MNA-LBD exhibited marked activity against both Gram
positive B. cereus and Gram negative pathogens including P. aeruginosa,
E. tarda, V. parahaemolyticus, V. alginolyticus which are important
pathogens of concern in aquaculture and medicine. Broad spectrum
antimicrobial activity, anticancer potential and low toxicity to human
erythrocytes exhibited by synthetic MNA-LBD endorse it as a potential
therapeutic agent for application in aquaculture and medicine. Present
study is only a preliminary one with respect to the biological activity of
MNA-LBD peptide. Further preclinical assays pertaining to the mode of

antibacterial activity and anticancer mechanism need to be performed.
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MOLECULAR CHARACTERIZATION OF A HISTONE
H2A DERIVED AMP FROM THE INDIAN WHITE
SHRIMP, FENNEROPENAEUS INDICUS AND
FUNCTIONAL ANALYSIS OF THE

SYNTHETIC PEPTIDE

5.1 Introduction

5.2 Materials and methods
5.3 Results

5.4 Discussion

5.1 Introduction

In the current scenario of emergence of multidrug resistant pathogens
and cancer cells, antimicrobial peptide (AMP) would be a potential
alternative to conventional antibiotics and cancer therapeutics (Hancock and
Patrzykat, 2002; Nguyen et al., 2011; Conlon, 2015). AMPs are produced in
active form after proteolytic cleavage of a precursor proteins/ peptides which
are pre-arranged by the host genome and ribosomally synthesized. These are
short peptides (10-100 amino acids) and with a net positive charge (in
general, +2 to +9) and a considerable proportion (>30 %) of hydrophobic
residues (Boman, 1995; Hancock and Sahl, 2006). Most of the peptides
either fold into an amphipathic o-helix and/or B- sheet structures upon

contact with anionic microbial membranes.
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Histones are the integral protein part of chromatin which is involved in
various biological activities (Parseghian and Luhrs, 2006). Histone proteins
are primarily engaged in the packing of genomic DNA, fundamentally aiding
the folding of extensive DNA strands to a coin like manner and transcription
regulation (Wyrick and Parra, 2009). Eukaryotic nuclei is mainly comprised
of histone proteins and this includes the nucleosome with core histones
encompassing H2A, H2B, H3 and H4 and the linker histones containing
H1 and HS5 proteins. Histone proteins are also highly alkaline peptides
rich in Lys/Arg residues, which make them potent antimicrobial agents
against negatively-charged cell membranes. Among which, histone H1,
H2A, and H2B are rich in Lys residues whereas H3 and H4 are rich in
Arg residues (Tagai et al., 2011).

For the first time Kim and co-workers identified and characterized a 39
amino acid residue histone derived antimicrobial peptide (HDAP) named,
buforin I from the stomach tissue of Asian toad, Bufo gargarizans (Kim
et al., 1996). Later in the same year Park et al. (1996) identified a 21 amino
acid peptide named buforin II, exhibiting broad spectrum antimicrobial
activity with no haemolytic activity. They also revealed the structure of
peptide by NMR and found that it is composed of amphipathic helix. Using
synthetic buforin I peptide labelled with FITC, the mechanism of
antimicrobial activity was revealed and found to be non-membrane lytic
mode of killing via interaction with nucleic acid (Park et al., 1998a). In the
same year antimicrobial activity of a H2A derived peptide, parasin-I (2 kDa)
from the epithelial mucous layer of Parasilurus asotus was studied in
response to epidermal injury (Park et al., 1998b). Parasin-I also exhibited 8

fold increases in antimicrobial activity than buforin-I with an MIC in the
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range of 1-4 pg/ml without any haemolytic activity. Mechanism of parasin-I
production from Parasilurus asotus histone H2A was studied by Cho et al.
(2002) and established that enzyme cathepsin D cleaves between Serjo-Argy
of histone H2A from N-terminus to yield parasin-1. In 2003, Birkemo et al.
performed the identification, purification and characterization of a 51-
residue containing HDAP from H2A of Atlantic halibut, (Hippoglossus
hippoglossus L.) and named as hipposin. Both synthetic and natural
hipposin exhibited remarkable antimicrobial activity against Gram-
positive and Gram-negative bacteria and the activity could be detected

down to concentrations of 0.3 uM.

Report of HDAPs from invertebrates includes the identification of
histone H2A fragments with antimicrobial activity by employing
biochemical approach from shrimps, Litopenaeus vannamei (Patat et al.,
2004). And in the same year from coelomocyte extract of the starfish,
Asterias rubens a peptide of approximately 2 kDa showing similarity to H2A
with antimicrobial activity was identified (Maltseva et al., 2004). Li et al.
(2007) reported H2A derived AMP from the scallop, Chlamys farreri and
also produced recombinant peptide in Pichia pastoris GS115, and the
antibacterial activity of the recombinant peptide against Gram-positive
bacteria was found to be 2.5 times more than that against Gram-negative

bacteria.

‘Abhisin,” derived from H2A histone was identified and characterized
by De Zoysa et al. (2009) from disk abalone, H. discus. In order to characterize
the antimicrobial activity and anticancer activity, the 40 amino acid length

peptide was synthesized and found that the peptide inhibited the growth of
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Gram-positive Listeria monocytogenes, Gram-negative Vibrio ichthyoenteri,
and fungi Pityrosporum ovale at 250 pg/ml. The peptide exhibited growth
inhibition of THP-1 leukemia cancer cells by 25 %, but there was no

cytotoxicity to the normal vero cells.

In 2012, Sathyan and co-workers identified and characterized a
putative 68 amino acid HDAP Himanturin from H2A N-terminus of Whip
Ray, Himantura pastinacoides (Sathyan et al., 2012a). Later, in the same
year HDAP sequences derived from histone-H2A of back water oyster,
Crassostrea madrasensis; rock oyster, Saccostrea cucullata; grey clam,
Meretrix casta; fig shell, Ficus gracilis and ribbon bullia, Bullia vittata
were identified and characterized in silico. The 75 bp fragment encoding

25 amino acid residues was named as molluskin (Sathyan et al., 2012b).

Molecular characterization and evolutionary divergence of a 52
amino acid residue designated as Harriottin-1, a 40 mer Harriottin-2, and
a 21 mer Harriottin-3 were identified from N-terminus histone H2A of
sickle fin chimaera, Neoharriotta pinnata (Sathyan et al., 2013). Chaithanya
et al. (2013) reported a 52 mer HDAP of H2A from two teleost fishes,
Tachysurus jella and Cynoglossus semifasciatus, and designated as
teleostin. From the mud crab S. paramamosain, Chen et al. (2015)
identified a histone H2A derived peptide and designated it as Sphistin.
The synthetic peptide Sphistin exhibited high antimicrobial activity
against Gram-positive and Gram-negative bacteria and yeast, especially

A. hydrophila, P. fluorescens and P. stutzeri.

In addition to AMPs derived from H2A, there are reports of

antimicrobial activity of other histone proteins against bacteria, fungi,
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viruses and protozoa (Chen et al., 2015). In case of H2B, antimicrobial
activity was first reported from murine macrophage H2B (Hiemstra et al.
1993). Later, Robinette and co-workers reported the same from skin
secretions of Ictalurus punctatus. The secretion was found to inhibit the
growth of fish pathogens A. hydrophilia and Saprolegnia sp. (Robinette
et al., 1998). Antimicrobial activity were also reported from the shrimp,
Litopenaeus vannamei (Patat et al., 2004); skin mucus of Atlantic cod,
Gadus morhua (Bergsson et al., 2005) and H2B derived AMP cv-H2B-1
(Seo et al., 2010) and cv-H2B-2, -3 & -4 (Seo et al., 2011) from the
mollusc, Crassostrea virginica. H3 core histone HDAPs were reported
from the haemocytes of L. vannamei (Patat et al., 2004) and skin mucus

of the hagfish Myxine glutinous (Subramanian et al., 2007).

In terms of antimicrobial activity the role of histone H4 is under
explored. Kai-Larsen et al. (2007) purified a HDAP from H4 of human
meconium. Likewise, Lee et al. (2009) isolated HDAP from H4 of human
sebocyte secretions and exposed its antimicrobial property against S. aureus
and Propionibacterium acnes. Antimicrobial activity of recombinant H4
peptide from Xenopus laevis was observed by Dorrington et al. (2011).
Chaurasia et al. (2015) performed the molecular characterization, gene
expression analysis, and antimicrobial activity of synthetic N and C
terminal peptides from the core histone 4 (H4) of freshwater giant prawn
M. rosenbergii. Linker histone H1 derived AMPs were also identified and
characterized from humans (Kashima, 1991); Salmon, Salmo salar
(Richards et al., 2001); Rainbow trout, Onchorynchus mykiss (Fernandes
et al., 2002); shrimp, L. vannamei (Patat et al., 2004) and Olive flounder,
Paralichthys olivaceous (Nam et al., 2012).
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The histone proteins also function as endotoxin-neutralizing proteins
(Kim et al., 2002), leucocyte stimulatory factor (Pedersen et al., 2003)
homeostatic thymus hormone (Reichhart et al., 1985) as well as apoptotic
signal transmitting factor (Konishi et al, 2003) and activation of

haemolymph to generate the pro-inflammatory cytokine (Chen et al., 2015).

Histone-derived antimicrobial peptides (HDAPs) exhibiting
antimicrobial properties were identified from various vertebrates, such
as mammals (Rose et al., 1998, Howell et al., 2003, Jacobsen et al., 2005),
chicken (Silphaduang et al., 2006), frog (Park et al., 1996) and fish (Park
et al., 1998b, Robinette et al., 1998, Richards et al., 2001, Fernandes et al.,
2002, Birkemo et al., 2003, Fernandes et al., 2004, Bergsson et al., 2005).
In the meantime a few studies regarding antimicrobial activity of HDAPs
have been reported from invertebrates, including histone H2A fragments in
scallop (Chlamys farreri) (Li et al., 2007), abalone (Haliotis discus discus)
(De Zoysa et al., 2009), Pacific white shrimp (L. vannamei) (Patat, et al.,
2004), freshwater prawn (M. rosenbergii) (Arockiaraj et al., 2013,
Chaurasia et al., 2015) and mud crab S. paramamosain (Chen et al.

2015).

In addition to antimicrobial activity, the HDAPs also exhibited
potent anticancer activity (Cho et al. 2009). Among the HDAPs, buforin
IIb, the synthetic analogue of buforin II was found to aim cancer cells
selectively by interacting with the cell-surface gangliosides and was
found to be able to pass through cancer cell membranes without damaging
it effecting mitochondria-dependent apoptosis (Lee et al., 2008). Another
reported HDAP from disk abalone (H. discus discus), abhisin, a potential

Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



Molecular Characterization of a Histone H2A Derived AMP from the Indian white Shrimp ...

AMP derived from histone H2A, also showed antimicrobial and anticancer

activity similar to that of buforin IIb (De Zoysa et al., 2009).

To date only few H2A-derived AMPs are reported from shrimp
species and so far no HDAPs were characterized from F. indicus. In the
present study, based on the obtained nucleotide sequence of histone H2A
of Indian white shrimp, F. indicus, a 28 mer N-terminal peptide was
recognised and named as Fi-Histin. To unveil the biological activity of
Fi-Histin, a synthetic peptide having sequence homology to buforin-II
was custom synthesized as a linear peptide. Antimicrobial activity of the
synthetic peptide was tested against selected Gram-positive and Gram-
negative bacteria. Mechanism behind the antimicrobial activity was
studied using epi-fluorescence microscopy, SEM and DNA binding assay.
Anticancer potential of the peptide was screened in NCI-H460 and HEp-2
cell lines. Finally, toxicity was tested by haemolytic assay using human
RBCs. From the study, the antimicrobial and anticancer activity of the
new HDAP from F. indicus will be assessed and thus would add more

information about the innate immune system of crustaceans.

5.2 Materials and methods
5.2.1 Experimental organism

Live and healthy shrimp, Fenneropenaeus indicus was collected

and maintained as described in section 2.2.1 of Chapter 3.

5.2.2 Precautions for RNA preparation

Basic cautionary measures were followed before and during RNA

isolation as explained in section 2.2.2 of Chapter 2.
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5.2.3 Haemolymph collection

Haemolymph was collected from the rostral sinus of live F. indicus
and stored in TRI reagent (Sigma) for total RNA isolation as defined in
section 2.2.3 of Chapter 2.

5.2.4 Total RNA isolation

As per manufacturer’s instructions, total RNA was isolated from
F. indicus haemocytes using TRI reagent (Sigma) as explained in section
2.2.4 of Chapter 2. RNA pellet was dissolved by adding 25 pl of DEPC
treated RNase free water and incubated at 55 °C for 5 min in a water bath

for complete dissolution.

5.2.5 Quality assessment and quantification of RNA

Total RNA was quantified and analysed for purity and quality as
explained in section 2.2.5 of Chapter 2.

5.2.6 Reverse transcription

First strand of cDNA was synthesized using specific oligo-d(T20)
primers targeting the mRNA from total RNA as explained previously in
section 2.2.6 of Chapter 2.

5.2.7 PCR amplification

Amplification of the house-keeping gene, beta-actin was done using
single stranded cDNA as the template for ensuring the reverse
transcription. After confirmation, the cDNA was used as the template for
amplification using HDAP, Hipposin primers (Birkemo et al., 2003) in a
25 pl reaction volume as explained in the section 2.2.7 of Chapter 2.

Sequences of primers are given in Table 5.1.
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Table 5.1 List of primers used in the present chapter.

Target  Sequence (5°-3°) Product Annealing MgCl,
gene Size (bp) Temp. (°C) Conc.
(mM)
Hipposin F: 354 55 1.5
ATGTCCGGRMGMGGSAARAC
R:
GGGATGATGCGMGTCTTCTTG
TT
p-actin  F:CTTGTGGTTGACAATGGCTC 520 60 1.5
CG
R:
TGGTGAAGGAGTAGCCACGCT
C

5.2.8 Agarose gel electrophoresis

PCR product was visualized and examined using agarose gel

electrophoresis as explained in the section 2.2.8 of Chapter 2.

5.2.9 TA cloning of amplicons and sequencing

Amplicons obtained using Histin primers were cloned into
pGEM®-T Easy cloning vector (Promega) and transformed to E. coli
DH5a. Detailed methodology has already been explained in section 2.2.9
of Chapter 2. Plasmid with insert was selected for sequencing as

described in section 2.2.10 of Chapter 2.

5.2.10 Sequence characterization and phylogenetic analysis

In silico analysis of the sequences were performed using various
bioinformatics tools as mentioned in section 2.2.11 of Chapter 2.
Phylogenetic analysis of nucleotide and deduced amino acid sequences

were compared with other histone derived AMPs from different phylum.
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5.2.11 Peptide synthesis and characterization

Chemical synthesis of peptide with FITC labelling was carried
out at M/s Zhejiang Ontores Biotechnologies Co., Ltd China by Solid
phase procedure of Fmoc chemistry with >95 % final purity. As
explained in the previous chapter in section 4.2.12, synthesis was
performed from N to C terminus with end modifications. Linear synthetic
peptide supplied as lyophilized powder was solubilized in sterile water

and stored at -20 °C for further use.

5.2.12 Mass spectrometry analysis of synthetic peptide

Mass spectra analysis was performed with a Thermo Finnigan LCQ

Duo mass spectrometer as explained in section 4.2.13 of Chapter 4.

5.2.13 Purity determination of synthetic peptide using HPLC

The purity of synthetic peptide was determined using HPLC as
described in section 4.2.14 of Chapter 4. A step gradient system of
solvents were used for purification; beginning with a solvent gradient of
27 % Solvent A (0.1 % TFA in 100 % acetonitrile) and 73 % solvent B
(0.1 % TFA in 100 % H,0) for 0.01 min, followed by a gradient of 52 %
solvent A and 48 % solvent B for 25 min and finally a flow of 100 %

solvent A for 25 min.

5.2.14 Haemolytic activity

Haemolytic activity of the synthetic peptide is an inevitable part
before going to other functional studies including antimicrobial and

anticancer activity. Thus haemolytic assay was performed with using

200 Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



Molecular Characterization of a Histone H2A Derived AMP from the Indian white Shrimp ...

hRBCs from concentration of 400 uM to 3.125 uM (by double dilution)
as described in section 2.2.28 of Chapter 2.

5.2.15 Antimicrobial activity

In order to determine the MIC, six dilutions (50 uM to 3.125 uM
concentrations) of the synthetic peptide were tested for antimicrobial
activity against eleven bacterial strains (Refer section 2.2.30 of Chapter
2). Broth microdilution assay and bactericidal assay were performed to
detect the antimicrobial activity of synthetic peptide against bacterial
pathogens. To confirm the interaction of the peptide with pathogens,
microscopic observation of peptide treated pathogens were done using PI

staining for epi-fluorescence microscopy and by SEM as described in

section 2.2.30.4 and 2.2.30.5 of Chapter 2.

5.2.16 DNA binding assay

DNA binding activity of the synthetic peptide was performed as
explained in the section 2.2.31 of Chapter 2.

5.2.17 Anticancer activity

5.2.17.1 In vitro cytotoxicity assay

Cytotoxicity was determined using XTT assay in NCI-H460, and
HEp2 cell lines. Cells were treated with desired concentration of peptide
(double dilution) and assayed for the cellular metabolism by XTT assay as
described earlier in section 2.2.29 of Chapter 2. Experiments were done in
triplicate. The results are expressed as a percentage inhibition of viable cells.
Synthetic mellitin with FITC label was used as the positive control. The 1Csg

values were calculated as explained in section 4.2.18.1 of Chapter 4.
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5.2.17.2 Real-time reverse-transcription polymerase chain reaction
(RT-PCR)

In order to study the anticancer activity of synthetic Fi-Histin, the
NCI H460 lung cancer cell lines and HEp2 cells were incubated in
DMEM supplemented with 10 % FBS with synthetic peptide for 24 h.
Cells incubated without peptide was treated as the control. After
incubation, cells were suspended in TRI reagent (Sigma) for RNA
isolation as explained in section 2.2.4 of Chapter 2. Gene expression
analysis of cancer controlling genes, immune genes and oncogenes were
analysed by qRT-PCR as explained in section 4.2.18.2 of Chapter 4.

Relative transcript levels were calculated using the AACt method.

5.3 Results

In the current study, a novel histone H2A derived AMP was
identified and characterized from the haemocytes of F. indicus, herein

after designated as Fi-Histin.

5.3.1 PCR amplification, TA cloning and sequencing of Fi-Histin

An 81 bp amplicon encoding 27 amino acids was acquired by RT-
PCR of cDNA using histone H2A specific primer (Fig. 5.1). The PCR
products were cloned into pGEM®-T Easy cloning vector and transformed
into E. coli DH5a competent cells. Presence of insert within the vector
was confirmed by colony PCR with gene specific and vector specific
primers, approximately 81 bp with gene specific primers (Fig. 5.2a) and
222 bp (81bp+141bp) long amplicon (Fig 5.2b) with vector specific
primers. Positive colonies were inoculated and harvested for pPGEMT-Fi-

Histin plasmids and analysed by agarose gel electrophoresis (Fig. 5.2b).
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BLAST analysis of the nucleotide and deduced translated amino acid
sequences of Fi-Histin in pGEM®-T Easy vector revealed that the peptide
belonged to histone H2A family (Fig. 5.3).

1000bp W]

500 bp

100bp

Fig. 5.1 Agarose gel electrophoretogram of PCR
amplification of Fi-Histin using Histone
H2A specific primers. Lane M: 100 bp
marker, Lane 1: Fi-Histin amplicons of 81 bp.

1000bp V|

500 bp

100bp

Fig. 5.2 Agarose gel electrophoretogram of Fi-Histin colony PCR (a) Lane
M: 100 bp ladder; Lane 1-2: amplicon (81 bp) obtained for PCR with
gene specific primers and (b) M: 100 bp ladder; Lane 1-2: amplicons
(222 bp) of PCR performed using vector specific primers.
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1500 bp

1000 l)I)

Fig. 5.3 Plasmid extracted from positive clones of
pGEMT-Fi-Histin. Lane M shows 1 kb
marker, Lane 1 pGEM®-T Easy plasmid
with Fi-Histin insert

The nucleotide and deduced amino acid sequences of Fi-Histin (Fig 5.4)

were deposited in NCBI GenBank database (GenBank ID: KY126319).

tccecgectettectecgegetggacttcagtteccececgtgggtecgtatccaccgtectgeteecgt
s R S S R A G L Q F P V G R I H R L L R
aagggaaactatgcggccgcec
K G N Y A A A

Fig. 5.4 Nucleotide and deduced amino acid sequence of the HDAP from the
haemocyte mRNA transcripts of F. indicus — Fi-Histin (GenBank ID:
KY126319).

5.3.2 Sequence analysis and characterization using bioinformatics
tools.

Homology analysis of Fi-Histin acquired nucleotide sequence and
deduced amino acid sequence by BLASTn and BLASTp showed that it
belongs to the histone H2A sequence of invertebrates. BLASTn analysis of
Fi-Histin nucleotide sequence disclosed that it showed 100 % identity to
F. indicus (GenBank ID: HM243619.1) and Ficus gracilis histone H2A
(GenBank ID: HQ720146.1), followed by 99 % to P. monodon (GenBank

204 Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



Molecular Characterization of a Histone H2A Derived AMP from the Indian white Shrimp ...

ID: HM243620.1) and 94 % to S. scripta histone H2A (GenBank
ID: HQ720149.2).

Sequence analysis of Fi-Histin was done using ProtParam tool and
APD3 and found to have a predicted molecular weight of 2.983 kDa, net
charge of +6 and a theoretical isoelectric point (pI) of 12.18 respectively.
Cationicity of the 27 mer, Fi-Histin was primarily due to six positive amino
acid residues (Lys (1 No) + Arg (5 Nos)). The estimated half-life of the
peptide was found to be 1.9 h (mammalian reticulocytes, in vitro), >20 h
(yeast, in vivo) and >10 h (Escherichia coli, in vivo). Predicted instability
index was computed to be 81.89 categorizing the peptide as unstable.
Fi-Histin was found to be rich in Ala (A) 14.8 %, Arg (R) 18.5 %, 11.1 % each
of Leu (L), Gly (G) and Ser (S) as in the case of other histone derived AMPs
followed by 3.7 % each of Asn (N), GIn (Q), His (H), Ile (I), Lys (K), Phe
(F), Pro (P), Tyr (Y) and Val (V). Of the total weight of Fi-Histin, 55.56 %
was contributed by polar residues + GLY and 44.44 % by nonpolar residues.

Prediction of antimicrobial activity of Fi-Histin by APD3 discovered it
as an effective AMP with a protein-binding potential (boman index) and
wimley-white whole-residue hydrophobicity of 2.85 kcal/mol and 6.37
kcal/mol respectively. In silico analysis based on amphipathicity using
HeliQuest tool revealed a hydrophobicity (H) of 0.221 and hydrophobic
moment (uH) of 0.269. The helical wheel obtained depicting the
distribution of amino acids based on amphipathicity is presented in
Fig. 5.5. Hydrophobicity analysis of Fi-Histin by Kyte-Doolittle plot
(Fig. 5.6) confirmed the substantial occurrence of hydrophobic amino

acids located in the first 15 residues.
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Fig. 5.5 The helical wheel diagram of F. indicus, Fi-Histin
(GenBank ID: KY126319) predicted using Heliquest
online tool. The structure was built to identify the
amphipathicity of the peptide. The amino and carboxy
terminal ends are mentioned as N and C, respectively.
The expected hydrophobic face LP is shown in the red

circle.

FrotScale output for user sequence
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Fig. 5.6 Kyte-Doolittle plot showing hydrophobicity of
F. indicus, Fi-Histin (GenBank ID: KY126319). The
peaks above the score (0.0) indicate the hydrophobic

ze

nature of the predicted protein.
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Secondary structure prediction using PSIPRED tool revealed the
presence of one a-helix in Fi-Histin (Fig. 5.7). Prediction of spatial 3D
structure of Fi-Histin by homology modelling using the SWISSMODEL
sever is given in Fig. 5.8 and validated the occurrence of one extended
a-helix at the N-terminus. Expected RNA sequence and model secondary
structure of Fi-Histin with minimum free energy was found to be comprised

of paired double stranded and unpaired looped region (Fig. 5.9).

cont : JInananlaanalinBaanaoniomall

CCCCCCCCCCHHHHHHHHHCCCCCCC

AA: SRSSRAGLQFPVGRIHRLLRKGNYAARR
10 20
L=gend:
D = helix Conf: ],:lIIE = confidence of prediction
- +

; = gtrand Pred: predicted secondary structure

= = ecoil AAt target sequence

Fig. 5.7 Secondary structure of F. indicus, Fi-Histin (GenBank
ID: KY126319) predicted using PSIPRED server. The
a-helix region is shown in pink coloured cylinders and
the coiled region is shown in black lines.

N\

Proline-hinge

Fig. 5.8 Structural model of F. indicus, Fi-Histin (GenBank ID:
KY126319) created with the PyMol software using the
pdb data generated by SWISSMODEL server.
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Fig. 5.9 Predicted secondary structure of F. indicus, Fi-Histin (GenBank ID:
KY126319) RNA with minimal free energy prediction.

5.3.3 Sequence alignment and phylogenetic analysis of Fi-Histin

The ClustalW multiple protein sequence alignment of Fi-Histin
with representatives of histone H2A derived AMPs in BioEdit revealed

the existence of conserved sequence features (Fig. 5.10).

VAR R R R T R e rrr s prraa o

Fi-Histin
Teleostin
Hipposin
Buforinl
Buforinll
Abhisin
HumanH2A

Litopenaeus vannamei
Himanturin
Sunnettin

Fig. 5.10 Multiple alignment of amino acid sequence of the F. indicus, Fi-Histin
(GenBank ID: KY126319) with other vertebrate and invertebrate H2A
sequences obtained using BioEdit. Teleostin (Tachysurus jella and
Cynoglossus semifasciatus), hipposin (Hippoglossus hippoglossus),
buforin I and Il (Bufo bufo gargarizans), abhisin (Haliotis discus),
human H2A, Litopenaeus vannamei H2A, himanturin (Himantura
pastinacoides) and sunettin (Sunetta scripta).

Bootstrap distance phylogenetic tree constructed using Neighbor-
Joining method confirmed the similarity of Fi-Histin to the previously

reported histone-H2A nucleotide sequences.
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Fig.5.11 A bootstrapped neighbor-joining tree obtained using MEGA 7
illustrating relationships between the deduced amino acid sequences
of the F. indicus, Fi-Histin (GenBank ID: KY126319) with other
histone H2A sequences from vertebrates and invertebrates. Values at
the node indicate the percentage of times the particular node occurred
in 1000 trees generated by bootstrapping the original deduced protein
sequences. Branches corresponding to partitions reproduced in less
than 75 % bootstrap replicates are collapsed.

5.3.4 Peptide synthesis and molecular characterization.

This study represents the first report of a histone, H2A derived
AMP from F. indicus. In order to characterize the bioactivity, a 21 amino
acid length region of the peptide (SRSSRAGLQFPVGRIHRLLRK) sharing
similarity to buforin (histone derived AMP) identified by multiple sequence
alignment was selected for solid phase peptide synthesis. The synthetic
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peptide, Fi-His;.»; is a cationic peptide with a net charge of +6 with a
predicted mass and pl of 2.428 kDa and 12 respectively. Herein after, the

synthetic peptide will be mentioned as Fi-His; ;.

Synthetic peptide predicted to be an effective AMP with total
hydrophobicity of 33 %, boman index of 3.34 kcal/mol and wimley-white
whole residue hydrophobicity of 3.77 kcal/mol. Peptide cationicity was
mainly subsidised by six positively charged residues (Arg (5 Nos)+ Lys
(1 No)). The helical peptide analysis by Heliquest tool revealed that the
hydrophobic and hydrophilic amino acids are clustered on opposite side
and aid in the membrane penetration of peptide with a hydrophobic face

of LP (Fig. 5.12).

Fig. 5.12 The helical wheel diagram of synthetic Fi-His,
predicted using Heliquest online tool. The
structure was built to identify the amphipathicity
of the peptide. The amino and carboxy terminal
ends are mentioned as N and C, respectively. The
expected hydrophobic face LP is shown in the red
circle.
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5.3.5 Determination of molecular mass and purity of synthetic
Fi—HiSl_ZI

ESI mass spectroscopy was employed to confirm the molecular
weight of synthetic peptide Fi-His;,; (2865.28 Da). The ESI mass
spectrum of peptide is shown in Fig. 5.13. The mass spectrum illustrates
the mass to charge ratio (m/z) from 400 to 1800 of all the ionized
molecules existing in the sample. The most abundant ion in the spectrum
is seen at a mass to charge ratio of 955.95. This m/z matches to Fi-His;.o)
ionized to +3 (rounded off MW = 2867.85 Da + 3H+ = 2870.85). The
mass to charge ratio is thus 2870.85/3 = 956.95. The other relatively
abundant ion was m/z of 717.30 ionized to +4 (round off MW = 2869.2
Da + 4H+ = 2873.2) and thus the m/z is 2873.2/4 = 718.3.

Mnzs Spectrura.
Fositie
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n»

1M1

[t
1432 95 1450.40
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19350 155545
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wis

Sample Information Probe: ES] Probe bias:  -3.5kv
Date and Time 12016-3-4 14274 Nebulizer Gas Flow:  1.5L/min  Detector:  L0kv
User :CHAD DL: ~20.0v T. Flow: 0. 2mlmin
Sample : Fi-His SK-21 DL Temg: 2500 B. conc: SOWMHIOHSIMACH
Irj. Voluene i1 Block Temg: 000
MW 2864.34
Lot No. P160224-TL223TXE

Fig. 5.13 ESI mass spectrum of synthetic Fi-His;,;, Most abundant ion in
spectrum is seen at m/z of 955.95 [M+3H]3+ followed by 717.30
[M+4H]4+.
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The peptide was tested for its purity by HPLC and from the
chromatogram, it was found to be 95 % pure by the percent area of the

main peak at retention time 9.183 min as seen in Fig. 5.14.

183"

Fig. 5.14 HPLC chromatogram of synthetic peptide Fi-His; ,; showing a major
peak at retention time of 9.183 min.

5.3.6 Haemolytic activity

Haemolytic activity of synthetic Fi-His;,; peptide was tested
against human RBCs at different concentrations. As shown in Fig. 5.15
only about 18 % of RBCs were lysed even after the treatment with
400 uM of peptide. Also the peptide was found to be non-haemolytic at

the lower concentrations from 100 uM to 3.125 uM compared to mellitin.
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Haemolytic Activity
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Fig. 5.15 Haemolytic activity of the synthetic Fi-His;.;; and Mellitin in human
RBC:s at various concentrations.

5.3.7 Antimicrobial activity

To determine the antimicrobial activity of Fi-His ., the peptide
was verified for the capability to inhibit proliferation of microorganisms
using MIC and MBC method. The antibacterial activity of synthetic
Fi-His; ) against the tested bacteria is shown in Fig. 5.16 (a-k). The result
showed that the peptide was highly active in inhibiting the growth of
Gram- negative bacteria V. vulnificus with an MIC and MBC of 25 uM
each. Against P. aeruginosa and V. parahaemolyticus the MIC was found
to be 25 uM; for S. aureus and V. cholera 50 uM was observed to be the
MIC value and the MBC value was found to be greater than the highest
tested concentration. Bacterial pathogens E. coli, B. cereus, A. hydrophila,
E. tarda and V. alginolyticus were found to be sensitive to Fi-His;, but
the MIC and MBC values were found to be >50 uM. At the highest tested
concentration (50 uM), Fi-His;,; inhibited the proliferation of E. coli by
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79 %, B. cereus by 78 %, A. hydrophila by 68 %, E. tarda by 82 %,
V. fluvialis by 85 % and V. alginolyticus by 89 %.
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Fig. 5.16 (a-k) Antimicrobial activity of synthetic Fi-His;,; against different
bacteria at various concentrations.
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5.3.8 PI staining

Dead bacterial cells were observed as red in the PI stained image of
Fi-His;,; peptide treated V. vulnificus (Fig. 5.17). At the same time,
peptide penetrated cells were detected as green because of the presence of
FITC tag in the peptide. Thus the images were captured under PI and
FITC filter on the same field. Green fluorescencence was observed in
bacteria in high numbers showing the internalization of the flourescent

peptide into the bacterial cytoplasm.

Untreated control

Fi-Histin treated V. vulnificus(FITC filter) Fi-Histin treated V. vulnificus(PI filter)

Fig. 5.17 PI stained image of untreated control V. vulnificus and synthetic
Fi-His 5, treated V. vulnificus under FITC filter and PI filter
(magnification 100 x).
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5.3.9 SEM analysis

Morphological alterations of Fi-His;»; treated V. vulnificus were
visualized by scanning electron microscopy (SEM) (Fig. 5.18). On
contrary to smooth surfaced untreated control, V. vulnificus cells treated
with Fi-His;»; was noticed with uneven surface, altered membrane and

loss of cytoplasmic content.

Untreated control of V. vulnificus Fi-His,_,, treated V. vulnificus

Fig. 5.18 SEM image of untreated control V. vulnificus and synthetic peptide,
Fi-Hisy treated V. vulnificus showing the disrupted membrane.

5.3.10 DNA Binding assay

To explore the intracellular targeting mechanisms, the DNA
binding affinity of Fi-His;,; was tested by gel retardation assay.
Retardation assay of synthetic Fi-His;»; was examined by analyzing the
electrophoretic moblity of 50 ng of pUC-18 plasmid vector treated with
different concentrations of peptide (200 uM — 3.125 uM). Peptide
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exhibited notable retardation by DNA binding from a concentration of

200 pM to 12.5 pM. (Fig. 5.19)

200pM 100pM sopM 25puM 12.5 pM 6.25pM 3.025uM 1.625uM

Fig. 5.19 Agarose gel electrophoretogram of DNA binding assay
of synthetic Fi-His;,; using pUC-18 vector with
various concentrations of peptide. Lane M: 1 kb ladder,
Lane 1: Control plasmid, Lane 2-8: 200 uM to 3.125
UM concentration of peptide with 50 ng of pUC-18.

5.3.11 In vitro cytotoxicity assay

Cytotoxicity of Fi-His;»; was tested from 200 uM to 1.625 uM in
HEp-2 and NCI-H460 cell lines by XTT assay and the result is
represented in Fig. 5.20. At the highest tested concentration (200 uM),
growth inhibition of 94 % was exhibited in NCI-H460 and 89 % in HEp-2
cell lines. The ICsy of Fi-His;»; against HEp2 cells was estimated to be
31.274+£24.531 pM and 22.670+13.939 uM for NCI-H460. Fi-His;;
displayed potent cytotoxic activity against HEp2 and NCI-H460 cell lines

and was found to be concentration dependent.
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In vitro cytotoxicity
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Fig. 5.20 In vitro cytotxicity of Fi-His;,; against HEp2 and NCI-H460 cells at
various tested concentrations

5.3.12 Anticancer activity

5.3.12.1 Relative gene expression analysis of cancer related genes in
Fi-His;.,; treated NCI-H460 lung cancer cells

The in vitro gene expression level of cancer related genes in 25 uM
and 100 uM of linear peptide, Fi-His;»; treated NCI-H460 was analyzed
by qRT-PCR. Quantitative RT-PCR analysis showed that the relative
gene expression of most of the genes was differentially expressed in
response to Fi-His;;; treatment. Most of the genes were noticed to be up-
regulated including the cancer controlling genes (Bax, Caspase 3, Caspase
9 and Rbl) and cytokine related immune genes (IFN-b, IFN-c, ISG 15,
IFITM3, IL-1P and IL-6).
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Cytokines related immune genes

M Fi-His1-21 25uM
M Fi-His1-21 50uM

Relative gene expression

Gene of Interest
(d)

Interferon induced immune genes

M Fi-His1-21 25uM
M Fi-His1-21 50uM

Relative gene expression

Gene of Interest
(e)

Fig. 5.21 (a-e) Relative gene expression profile of different cancer related
genes using real time PCR and the AACt method in Fi-His;;
peptide treated in NCI-H460 cell lines.

5.3.12.2 Relative gene expression analysis of cancer related genes in
Fi-His;.,; treated HEp-2 pharyngeal cancer cells

To examine the mode of action underlying the cytotoxic activity of
Fi-His»; against HEp2 cell lines, 25 uM and 50 uM of peptide was treated
with the cells. The gene expression of cancer controlling and immune

related genes in HEp2 cell lines were analysed after peptide treatment by
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qRT-PCR (Fig. 5.22 (a-e)). Fi-His;.»; treatment in HEp-2 cell lines led to
the noticeable up-regulation of Bax, TNF-a, Caspase-3, Caspase-9, INK,
Mx-1, IFN-c , ISG15, IFITM3, IL-6, IL-10 and IL-12 and marked down
regulation of Bcl2 gene and IL-1p.
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Fig. 5.22 (a-e) Relative gene expression profile of different cancer related genes
using real time PCR and the AACt method in Fi-His;,; peptide

treated in HEp-2 cell lines.
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5.4 Discussion

Antimicrobial peptides (AMPs) are multi-functional peptides and
form the integral component of the innate immune system which is
mainly involved in rapid and non-specific exclusion of pathogenic
microorganisms (Diamond et al., 2009). Histone H2A is identified to
contribute in the host immune defense processes through producing
AMPs mainly by proteolytic cleavage and thus it has been an exciting
research application to explore and portray HDAPs in vertebrates and
invertebrates. In eukaryotes, histone proteins play an important role in
chromatin packaging in nucleus and can also turn as antimicrobials by
involving in the host defense processes against pathogen infection
(Patrzykat et al., 2001). The present study has reported a histone derived
AMP, Fi-Histin from the haemocytes of F. indicus. The nucleotide sequence
of Fi-Histin was characterized using biological and bioinformatics tools. The
antimicrobial and anticancer activity was demonstrated using synthesizing

peptide.

Homology search using BLASTn and BLASTp revealed the
similarity of Fi-Histin to the Histone-H2A family of invertebrates. Fi-
Histin is a 27 amino acid cationic peptide having a net positive charge of
+6, molecular weight of 2.983 kDa, pl of 12.18 and hydrophobicity of
0.221. Secondary structure prediction using PSIPRED (Fig. 5.7) and
SWISSMODEL tool (Fig. 5.8) revealed that Fi-Histin is an o-helical
peptide. The amphipathic nature coupled with net positive charge and a-
helical structure gives a strong indication of the antimicrobial nature of

Fi-Histin.
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ClustalW multiple sequence alignment of Fi-Histin with other
reported HDAPs revealed the existence of conserved residues (Fig. 5.10).
While considering the differences, Fi-Histin showed a hydrophilic amino
acid ‘Ser’ residue at N-terminus region when compared to other HDAPs
from vertebrates where, hydrophilic ‘Thr’ is present in that place. Also in
Fi-Histin at 15" amino acid from N-term is a hydrophobic amino acid
‘Ile’, which is same for all other invertebrate HDAPs; but replaced by
hydrophobic ‘Val’ in all other vertebrate HDAPs. Phylogenetic tree of
Fi-Histin constructed based on amino acid sequences of previously
reported histone H2A derived AMPs validates that the HDAPs are
derived from a common ancestor by sequences of evolutionary
modifications (Fig. 5.11). The invertebrate HDAPs and vertebrate HDAPs
formed a separate group. Compared to other AMPs, HDAP genes evolve
very slowly and thus evolutionary studies are of immense importance

(Thatcher and Gorovsky, 1994).

Sequence and structural analysis, revealed Fi-Histin as an amphipathic
and alpha helical cationic AMP with similarity to other known histone H2A
derived AMPs (Park et al., 1998; Sathyan et al., 2012). Antimicrobial action
of a-helical cationic peptides has been anticipated to arise through three
general mechanisms: binding to the cell surface, microbial membrane
permeabilization and secondary effects including DNA/protein binding,
membrane compositional rearrangements, interference with essential cellular
machinery, etc. (Dathe and Wieprecht, 1999; Giangaspero et al., 2001). In
addition to membrane disruption antimicrobial mechanism of HDAPs also
include interactions with nucleic acids (Koo et al., 2008; Bustillo et al.,

2014).
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Based on the multiple sequence alignment data (Fig. 5.10), from Fi-
Histin, a 21 amino acid region was selected based on the similarity to
buforin II and named as Fi-His; ;. Peptide was synthesized as linear
peptide with end modifications and an FITC-tag. Previous study of
anticancer activity of buforin II with FITC labelling showed that FITC-
labeling had no adverse effects on the cytotoxicity of the peptides when

compared to peptide without labelling (Lee et al., 2008).

Fi-His 5 has a net charge of +6 with molecular weight of 2.428 kDa,
hydrophobicity of 33 %, and pl of 12, making it highly positively charged
in physiological media. Artur et al. (2003) and Chen et al. (2007) reported
that increased hydrophobicity of the peptide to a certain extent increases
the antimicrobial activity. Malmsten et al. (2007), Svensson et al. (2010)
and Pasupuleti et al. (2012) found that the net charge above a threshold
maximum may not increase the antimicrobial activity since the robust
interactions with phospholipid head groups, prevents structuring and
further translocation of the peptide. Similar to the buforin II, Fi-His; ;; is
also a cationic a-helical peptide. Main difference in amino acid sequence
to buforin II is two amino acids, ‘Ser’ in first position is replaced by ‘Thr’
and ‘Ile’ at 15" place by ‘Val’ in buforin-II. Yi et al. (1996) elucidated
the structure of buforin II using NMR spectroscopy and found that it
adopts a helix-hinge-helix; with an N-terminal extended a-helix from
Args to Phejo, and the C-terminal a-helix encompassing residues from
Val;; to Lysy;. Fi-Histin also exhibits the same structural features
including the ‘Pro;;’ hinge between the two helices (Fig. 5.8). Kobayashi
et al. (2000) investigated about the role of Pro in interaction with

membrane system and found that Pro;; distorts the helical structure of
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buforin II and forms a hinge like structure, conferring the unique cell
penetrating property. Later in 2004, Kobayashi et al., found that
translocation of peptide, buforin II was by toroidal pore formation.
Microbicidal activity and the anticancer activity of buforin II has been
reported by various scientists due to the intracellular nucleic acid binding
especially with DNA and RNA (Park et al., 1998a; Uyterhoeven et al.,
2008; Cho et al., 2009).

Antimicrobial activity of histone H2A derived AMPs against both
Gram-positive and Gram-negative bacteria especially drug resistant
pathogens and fungi was described by several scientists (Park et al., 1996;
Park et al., 2000; Giacometti et al., 2000; Giacometti et al., 2001; Richards
et al., 2001; Birkemo et al., 2003; Fernandes et al., 2004; Patat et al., 2004;
Li et al., 2007; Koo et al., 2008; Sook et al., 2008; De Zoysa et al., 2009).
The antimicrobial activity showed by synthetic Fi-His;.»; was in agreement
with the previously reported HDAPs such as hipposin, parasin I, buforin I
and buforin II. Like other HDAPs, Fi-His,»; also exhibited broad spectrum
antibacterial activity against Gram-positive and Gram-negative bacteria
which includes both aquatic and human pathogens. Activity of Fi-His;;;
was observed to be dose dependent and antimicrobial activity was detected
down to a concentration of 1.625 pM. At the lowest tested concentration
(1.625 uM), the peptide was found to inhibit the growth of Gram-positive
bacteria S. aureus by 59 % and that of B. cereus by 62 %.

Most of the tested pathogens were found to be sensitive against
Fi-His; ;. Microbicidal activity of the peptide was confirmed by plating
the peptide treated bacteria in the LB agar plates and the MBC was found
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to be 25 uM for V. vulnificus. The bactericidal activity was further analysed
by epifluorescence microscopy after staining using permeability marker, PI
and the dead cells were observed as red indicating that the bacterial
membrane is permeabilized (Fig. 5.17). Morphological variations in
peptide treated V. vulnificus were observed through SEM in order to better
understand the mode of microbicidal activity and membrane perturbed
bacteria without any blebbing or pores compared to untreated control

clearly observed in the SEM image (Fig. 5.18).

Like other reported HDAPs Fi-His ., the cationic nature could
assist in the antimicrobial action via electrostatic interaction with microbial
membranes. Chen et al. (2015) observed the LPS and LTA binding activity
of H2A N-terminus derived AMP, Sphistin from S. paramamosain and
speculated that the electrostatic attraction to negatively charged microbial
surfaces is involved in the initial stage of antimicrobial mechanism. The
o-helical nature of Fi-His;»; could attach to the microbial membrane with
partitioning of hydrophilic and hydrophobic amino acids followed by
interaction with the phospholipid bilayer of microbe. Epifluorescence
microscopy image of V. vulnificus treated with peptide appeared
fluorescent (green) through FITC filter which ensures the entry of
peptide. SEM investigation revealed the cell membrane rupture and cell
content leakage inferring that the killing could be via initial binding

followed by permeabilization and cell damage.

DNA binding activity of buforin-II and buforin-III variants was
studied and found that antimicrobial activity is correlated with DNA
binding affinity of the peptide (Uyterhoeven et al., 2008; Jang et al.,
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2012). Synthetic Fi-His;.;; exhibited a distinguishable DNA binding
activity even at 12.5 uM, which is a lower concentration than the MIC.
Thus along with the o-helical content, cationicity and hydrophobicity the
DNA binding activity of synthetic Fi-His;,; augments the antimicrobial
activity. Previous studies revealed that the synthetic and purified N-terminal
region of histone H2A derived AMPs exhibited antimicrobial and
anticancer activity (Park et al., 1998a; Birkemo et al., 2003; Patat et al.,
2004; Bergsson et al., 2005; De Zoysa et al., 2009; Chen et al., 2015).

In the development of novel antimicrobials as drug, the main
hurdle is the cytotoxicity against host cells. Majority of the HDAPs are
found to be non-cytotoxic to normal eukaryotic cells including Buforin
IIb (Lee et al., 2008) and Sphistin (Chen et al., 2015). Fi-His;,; was also
found to be non-cytotoxic against mammalian erythrocytes through a
haemolytic assay. Synthetic HDAP, abhisin exhibited cytotoxicity against
leukemia cancer (THP-1) cells but not for normal fibroblast vero cells (De
Zoysa et al., 2009), likewise Fi-His;; also displayed anticancer activity
against cancer cell lines including lung cancer (NCI-H460) cells and
pharyngeal cancer (HEp-2) cells without cytotoxicity against human

RBCs in haemolytic assays.

Recently, anticancer peptides (ACPs) gained consideration as a
substitute to chemotherapeutic drugs. ACPs have benefits over currently
used anticancer therapeutics, by virtue of its potential in discriminating
normal and cancer cells and ability to circumvent the multidrug-resistance
mechanism (Papo and Shai, 2005). HDAPs including buforin IIb were

found to be non-cytotoxic to normal cells (Jang et al., 2011). Anticancer
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activity of HDAP, buforin IIb was studied by Lee et al. (2008) and found
that the cytotoxic activity against cancer cells were mainly by directing
cancer cells through interaction with cell surface gangliosides,
phosphatidylserine (PS) and heparin sulfate (HS). Without damaging the
cell membrane, the peptide induced apoptosis via intrinsic pathway

mediated through induction of caspase-3 and caspase-9.

Anticancer mechanism by Fi-His1-21 in NCI-H460 and HEp-2 cell
lines was observed by gene expression analysis using qRT-PCR. Our
results propose that Fi-His;,; up-regulates apoptosis related to caspase-3
and caspase-9 activation in both the tested cell lines. Apparently, this
could be resulted from the release of cytochrome ¢ from mitochondria
which in turn get activated downstream caspase-9 and caspases-3. The
linear peptide Fi-His ., induced the activation of caspase-9 and which
could initiates mitochondrion-dependent apoptosis. In both the cell lines,
the up-regulation of analysed caspases were found to be concentration
dependent (Kaufmann and Earnshaw, 2000). Mitochondria dependent
mode of apoptosis induction is involved in the anticancer activity of
most of the AMPs. The AMPs such as RGD-tachyplesin, buforin IIb,
and DP1 were also observed to persuade apoptosis in tumour cells via

mitochondrion-dependent pathway (Lin et al., 2010).

The up-regulation of mRNA of pro-apoptotic protein Bax and
further down-regulation of anti-apoptotic protein Bcl2 was observed in
both cell lines, and the ratio of Bax : Bcl-2 proteins is believed to get
augmented upon apoptosis induction (Leung and Wang, 1999). The

tumour suppressor genes p5S3 and Rb1 which aid in the regulation of cell
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growth and cell division were also found to be up-regulated followed by
peptide treatment in both cell lines. Similar kind of up-regulation of
p53 mRNA was noticed in epinecidin-1 treated U-937 leukaemia cell
lines (Chen et al., 2009). Expression level of non-caspase proteases,
Cathepsin-G and Calpain-5 were also high in both cell lines. Both the
proteases expressed significantly more in NCI-H460 cells compared to
HEp-2 upon peptide treatment. Thus along with other caspases, these

non-caspase proteases could also assist in the apoptosis.

The pattern of gene expression level of MAPKs, MAPK1 and JNK
were found to be up-regulated after peptide treatment in both cell lines.
Thus the induction could lead to the phosphorylation of substrates
involved in different signalling pathways for apoptosis induction,
augmenting the anticancer activity of Fi-His;.o; peptide. While analysing
the relative mRNA level of cytokine genes in both cell lines after Fi-His;)
treatment, induction of all tested interleukins, TNF-a and that of
interferons, IFN-o and IFN-y have been detected. Similar kind of
induction of cytokines was observed after administration of pardaxin
peptide in HeLa cell lines (Hsu et al., 2011). Up-regulated gene expression
of pro-inflammatory cytokines, such as TNF-a and IL-6 proposed a
possible increase in phagocytosis as in the case of peptide, TH 1-5 treated
HT1080 cell lines (Chang et al., 2011). Interestingly, the peptide exhibited
ant-cancer activity along with immunomodulatory activity in both tested
cell lines identical to other ACPs such as buforin-II, epinecidin-1, S-ALF,
pardaxin and Tilapia hepcidins (TH1-5) (Chen et al., 2009; Lin et al.,
2010; Hsu et al., 2011; Chang et al., 2011).

232 Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



Molecular Characterization of a Histone H2A Derived AMP from the Indian white Shrimp ...

Anticancer activity of Fi-His;.,; was in par with the previous reports
on cytotoxic activity of HDAPs. Further studies are needed to scrutinize
the exact mode of anticancer activity exhibited by synthetic Fi-His;.;
peptide. In conclusion a putative HDAP, Fi-Histin was identified and
cloned from haemocytes of Indian white shrimp, F. indicus. The synthetic
peptide, Fi-His;; exhibited broad spectrum antimicrobial activity and
remarkable anticancer activity along with low toxicity towards human
erythrocytes. Thus the peptide Fi-His;,; is a prospective contender for
preclinical studies for its application as a therapeutic drug against

bacterial infections and in cancer therapy.
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SUMMARY AND CONCLUSION

With the advent of antibiotic-resistant bacteria and the insufficiency
of new classes of expedient antibiotics, there is an instantaneous prerequisite
for effective substitute therapeutants. Oceans are rich with biodiversity and
remain a valuable resource of bioactive molecules unexplored. Of these, the
marine invertebrates are prime candidates of bioactive metabolites
with potential activity which could lead to the development of new
pharmaceutical products. Marine cationic antimicrobial peptides symbolize a
largely untapped resource that can trail the molecular route from the oceans
to the lab. AMPs display several activities that make them promising
candidates as therapeutic agents. AMPs display broad-spectrum antibacterial
activity or selective activity against Gram-negative or Gram-positive
bacteria, or antifungal, antiviral, anti-parasitic and anticancer activity.
Also AMPs exhibit, rapid killing of microbes (99.9% within 20 min), in
synergy with antibiotics, and are active against both antibiotic-susceptible
and antibiotic-resistant strains, and reduce sepsis shock by endotoxin

neutralization.

Crustaceans lack a specific adaptive immune response to thrive in

an environment comprising one million bacteria per mL and present a
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robust non-specific innate immune system that controls pathogenic
invasion. AMPs are short peptides that form part of the innate immune
response and act by compromising microbial membranes. The present study
was intended for bioprospecting of novel AMPs from marine crustaceans
using genomics approach. Bioinformatics tools were employed for the
molecular and phylogenetic analysis of AMPs identified in this study.
Functional characterization was performed using recombinant and synthetic
peptides and screened for antimicrobial, anticancer, DNA binding,

haemolytic and cytotoxic activity.

Salient findings
* In the present study, marine crustaceans were screened for
novel AMP genes using gene based approach. Overall five
AMPs, belonging to the families of ALF, crustin and histone
H2A derived peptides could be identified and characterized.

=  Two novel Anti-lipopolysaccharide factor (ALF) isoforms were
identified from haemocytes of Crucifix crab, C. feriatus, and
named as Cf-ALF1 (GenBank ID: KP688577) and Cf-ALF2
(GenBank ID: KT224347). Molecular and phylogenetic

characterization of ALF isoforms was done in-silico.

*  From Indian white shrimp, Fenneropenaeus indicus an isoform
of crustin, Fi-crustin2 (GenBank ID: KX622789) and a histone
H2A derived AMP, Fi-Histin (GenBank ID: KY126319) were

identified using gene based approach

= A novel isoform of ALF was also identified from stomatopod,

Miyakea nepa and termed as Mn-ALF (GenBank ID: KJ995817).
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= The AMPs, Cf-ALF2 and Fi-crustin2 were produced for
functional characterization by recombinant expression using
pET-32a(+) vector in expression host E. coli Rosetta-gami' ' B

(DE3) pLysS.

=  Two AMPs, Mn-ALF and Fi-Histin were synthesized with
FITC labelling and end modifications (with >95% final purity)
at M/s Zhejiang Ontores Biotechnologies Co., Ltd China by Solid
phase technology (Fmoc chemistry). .

=  The recombinant (2 Nos) and synthetic peptides (2 Nos) were
characterized for antibacterial, anticancer, DNA binding,

haemolytic and cytotoxic activity.

=  Recombinant anti-lipopolysaccharide factor, Cf~ALF2 exhibited
broad spectrum antimicrobial activity with significant activity
against S. aureus (MIC — 5 uM) and E. coli (MIC — 10 uM).
Membrane damages including blebbing due to the action of
peptides was very clear in the Scanning Electron Micrograph

(SEM) analysis.

= The rCf-ALF2 was found to be non-DNA binding, non-
cytotoxic and non-haemolytic at the tested concentrations

(20 uM — 1.25 uM).

= Recombinant peptide, Fi-crustin2 exhibited broad spectrum
activity against Gram positive and Gram negative bacteria
with remarkable activity against E. tarda (MIC 5 puM) and
A. hydrophila (MIC 10 pM) mainly by bacterial membrane
disruption, revealed by SEM analysis.
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The peptide, rFi-crustin2 was non-DNA binding, non-
haemolytic and non-cytotoxic at the tested concentrations (20

UM — 1.25 uM).

In order to characterize Mn-ALF, the putative LPS binding
domain of Mn-ALF (MNA-LBD), (Sequence: ECKFTVKPY
IKRFQLNYKGRMWCP), was synthesized as cyclic peptide
with di-sulphide bond between Cys residues.

Synthetic MNA-LBD revealed that it is a potential AMP with
antimicrobial activity against E. coli (MIC and MBC of 25 uM)
and B. cereus, P. aeruginosa, E. tarda, V. parahaemolyticus and
V. alginolyticus (MIC of 50 uM). SEM analysis of peptide
treated E. coli confirmed the membrane leakage of bacteria

after treatment with peptide.

Synthetic MNA-LBD was found to be DNA binding (from
12.5 uM to 200 uM) and non-haemolytic against hRBCs.

A 21 amino acid length region of Histone derived antimicrobial
peptide from Fenneropenaeus indicus, Fi-Histin (SRSSRAGL
QFPVGRIHRLLRK) sharing similarity to buforin (histone
derived AMP) was synthesized as linear peptide and named as

Fi-HiSl_zl.

Synthetic Fi-Histin exhibited antimicrobial activity against
V. vulnificus, (MIC and MBC of 25 uM), P. aeruginosa and
V. parahaemolyticus (MIC - 25 uM, MBC - > 50 uM),
S. aureus and V. cholera (MIC - 50 uM, MBC - >50 uM). It
was also found to exhibit DNA binding activity and displayed
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membrane destabilization in SEM analysis of peptide treated

V. vulnificus with lower toxicity towards hRBCs.

=  Anticancer activity of synthetic peptides MNA-LBD and Fi-His;.
21 were evaluated through in vitro gene expression analysis using

gRT-PCR on NCI-H460 and HEp-2 cancer cell lines.

=  Gene expression studies revealed that cancer related and immune
related genes were differentially expressed in response to

MNA-LBD and Fi-HiS1_21.

= Genes related to apoptosis and tumor suppression was

upregulated followed by peptide treatment in both cell lines.

= MNA-LBD and Fi-His;,; exhibited immunomodulatory and
anticancer activity in NCI-H460 and HEp2 cell lines mainly
via regulation of cytokine related and intrinsic apoptotic

pathway genes.

Crustaceans represent one of the most abundant animals inhabiting
both aquatic and terrestrial habitats. By virtue of their diversity and
abundance they have earned consideration as a potential source of
bioactive compounds. Crustacean AMPs could be considered as potential
therapeutants to fight against antibiotic resistance which is considered as
a grave threat to public health across India and the globe. The present
study generated new information regarding the innate immune system of
crustacean by identifying and characterizing five novel AMPs. All the
peptides demonstrated significant anti-bacterial activity against the tested
aquatic and clinical pathogens and could be considered for further pre-

clinical assays. Synthetic peptides projected in this study were found to
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inhibit the growth of cancer cell lines including NCI-H460 and HEp-2 via
apoptosis induction and immunomodulation. While considering the
application of AMPs in medicine and/or aquaculture, main hurdles to
overcome include degradation caused by proteases, high production cost,
mode of delivery and stability in vivo. Incorporation of unusual amino
acids or peptido-mimetics to evade proteolytic degradation and design of
short peptides with antimicrobial activities in order to decrease the
production cost are some of the solutions. A comprehensive analysis of
the mechanism of action of antibacterial and anticancer activity of
peptides mentioned in this study will aid in yielding effective therapeutics

in medicine and/or aquaculture.
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