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General Introduction

1.1 Introduction

Most living organisms are constantly exposed to potentially harmful
pathogens. It is the immune system of the organism that enables it to
survive in an environment loaded with dangerous pathogenic
microorganisms. The innate immunity provides organisms with a rapid
and non-specific first line of defense against pathogens. It includes
physical barriers such as skin and mucous membranes and chemical
barriers including the high acidity of gastric juice, and specialized soluble
molecules that possess antimicrobial activity. One of the well-known
innate immune defense mechanisms is the production of antimicrobial
substances by specific cells or tissues of the organisms. Antimicrobial
peptides (AMPs) are such natural substances that possess the capacity to

directly kill or inhibit the growth of microbes.

Antimicrobial peptides, also designated as host defense peptides, are
small sized amphipathic molecules that play a crucial role in the innate
immune response of all living organisms ranging from prokaryotes to
multi-cellular eukaryotes including humans. AMPs are typically relatively
short (12 to 100 amino acids), positively charged (net charge of +2 to +9),
hydrophobic peptides with molecular mass less than 10 kDa, and are

membrane active (Bowman, 2003; Yeaman and Yount, 2003). AMPs are
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gene encoded, ribosomally synthesized and therefore evolutionarily
conserved biomolecules, which serve as natural first-line of defense
system in majority of living organisms against variety of pathogens
(Hancock and Lehrer, 1998; Zasloff, 2002; Brogden et al., 2003; Gallo and
Nizet, 2003). AMPs are better known as “natural antibiotics” due to their
rapid and efficient antimicrobial action against a broad range of
microorganisms, including Gram-positive and Gram-negative bacteria,
yeast, filamentous fungi and, to a lesser extent, protozoans and enveloped
viruses (Bulet et al., 2004; Yount et al., 2006; Guani-Guerra et al., 2010). In
addition to their antimicrobial activity, AMPs were proved to encompass a
number of other diverse biological roles and are, indeed, multifunctional
molecules. It was demonstrated that these peptides have antitumor
effects, mitogenic activity and, most importantly, participate in immune
regulatory mechanisms by modulating signal transduction and cytokine
production and/or release (Bowdish et al., 2005; Brown and Hancock,
2006; Yount et al., 2006; Lai and Gallo, 2009; Guani-Guerra et al., 2010).
AMPs are promptly synthesized at low metabolic cost, easily stored in
large amounts and readily available shortly after an infection, to rapidly
neutralize a broad range of microbes. Some AMPs are produced
constitutively whilst others are synthesized in response to microbial
attack (Gallo et al., 2002) at rates, which are up to one hundred fold faster
than those used for protein synthesis by the adaptive immune system
(Boman, 2003). This ready availability of AMPs form a crucial component
of innate immune systems making it a highly effective first line of defense
in animals (Ganz, 2003). Based on the unique mode of action, broad

spectrum of activity, non-cytotoxicity to eukaryotic cells and lower
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chances of resistance development, AMPs are considered as potent

molecules for therapeutic applications.

AMPs have been recognized in prokaryotic cells since 1939 when
antimicrobial substances, named gramicidins, were isolated from Bacillus
brevis, and were found to exhibit activity both in vitro and in vivo against a
wide range of Gram-positive bacteria (Dubos, 1939). In case of
eukaryotes, AMPs were initially found in invertebrates (Boman, 1991),
and later also in vertebrates, including humans (Gudmundsson et al.,
1996). Eukaryotic AMPs first became a research focus in the middle
decades of the twentieth century with the description of cecropins from
moths and magainins from frogs (Boman et al, 1985; Boman, 1995;
Hancock and Lehrer, 1998). Since then, the number of reported AMPs has
burgeoned to over 2300 with representatives in virtually almost all
organisms, according to the online updated Antimicrobial Peptide
Database (APD) (http://aps.unmc.edu/AP/main.php). Interestingly,
irrespective of their origin, spectrum of activity and structure, most of

these peptides share several common properties.
1.2 Characteristics of AMPs

For all conventional AMPSs, characteristics such as size, charge, molecular
weight, isoelectric point, hydrophobicity and amphipathicity are critical in
determining antibacterial activity and modes of killing and have been well

reviewed previously (Brogden, 2005).

Size: Basically AMPs are relatively short polypeptides with fewer than
100 amino acid residues, usually within a range between 12 and 50. The
smaller size of AMPs facilitates the rapid diffusion and secretion of

peptide outside the cells, which is required for eliciting immediate
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defense response against pathogenic microbes (Nissen-Meyer and Nes,
1997). The size of an AMP may vary from six amino acid residues in case
of anionic peptides to greater than 59 amino acid residues as in the case
of Bac7. Even di- and tri-peptides with antimicrobial activity have been
reported. It has been observed that AMPs active against Gram-negative
bacteria exhibited the narrowest range of sequence lengths, 19 to 27
amino acids, and molecular masses, 1.7 to 2.5 kDa; whilst those AMPs that
were active against both Gram-positive and Gram-negative bacteria,
exhibited the widest variation in these parameter with sequence lengths
between 10 and 68 residues and molecular masses between 1.1 and 7.4

kDa respectively (Dennison et al., 2003).

Charge: Many of the AMPs characterized to date display a net positive
charge, ranging from +2 to +9 (Giangasper et al., 2001; Yeaman and Yount,
2003), due to the presence of few or no acidic residues, such as glutamate
or aspartate and a high number of cationic amino acids such as lysine or
arginine and/or histidine (Hancock and Diamond, 2000). Hence the term
‘cationic’ AMPs is used to describe these molecules, with at least two
excess positive charges due to lysine and arginine residues and around 50
% hydrophobic amino acids. More than 500 such peptides have been
discovered. They fit into at least four structural classes, namely a- helices,
B-strands stabilized by disulphide bridges, extended structures, and loop
structures. The cationicity of AMPs enables them to bind with
phospholipid bilayers in negatively charged bacterial surfaces and
membranes through electrostatic interactions (Matsuzaki et al., 1997,
Huang, 2000; van 't Hof et al., 2001; Yeaman and Yount, 2003). These
interactions can then lead to a range of effects, including membrane

permeabilization, depolarization, leakage or lysis, resulting in cell death
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(Wiesner and Vilcinskas, 2010; Fjell et al., 2012). It has been proved that
anionic peptides that are complexed with zinc, or highly cationic peptides,

are often more active than neutral peptides or those with a lower charge.

Molecular weight: The molecular weight is the sum of the masses of each
atom constituting a molecule. The molecular weight is directly related to
the length of the amino acid sequence and is expressed in units called
daltons (Da). AMPs due to its short length are characterized by a
molecular weight <10 kDa. It has been suggested that both sequence
length and molecular weight, per se, are not important to either the
antimicrobial efficacy or specificity of AMPs analyzed. However, the vast
majority of AMPs possess a molecular weight of <10 kDa and <100
residues in length (Dennison et al., 2003) and the relative invariance of
these factors across a diverse range of species implies biological relevance
to the role of these peptides as defense agents. This importance may
derive from the fact that short, low molecular weight peptides are
metabolically economical to the host and can be more easily stored in
large amounts (Gallo et al., 2002), thereby increasing the efficiency of host

response to microbial attack.

Isoelectric point: The isoelectric point (pl) is the pH at which the net
charge of the protein is equal to zero. It is a variable that affects the
solubility of the peptides under certain conditions of pH. When the pH of
the solvent is equal to the pl of the protein, it tends to precipitate and lose
its biological function. AMPs exhibit a wide range in isoelectric points,
varying from 12.7, shown by horse myeloid cathelicidin (Scocchi et al.,
1999), to 4.2 shown by enkelytin (Goumon et al., 1996) and the Amoeba
pore forming peptide isoform A (Leippe et al,, 1991). Most of the AMPs

described till date possess an isoelectric point close to 10 (Torrent et al.,,

5



Chapter 1

2011), which is consistent with the proposed mechanisms of action for
these peptides. However, it has been proposed that there exhibit no
discernable correlation between pl values and MICs of AMPs (Dennison et
al., 2003)

Hydrophobicity: A hydrophobicity of a chemical compound is related to
its transfer free energy from a polar medium (phase) to non-polar
medium (phase). Hydrophobicity of a peptide, defined as the percentage
of hydrophobic residues within a peptide, is usually evaluated as a sum of
particular amino acid transfer free energies. The AMPs often possess
nearly 50 % hydrophobic residues. Hydrophobicity describes how
polypeptide chain forms and stabilizes their 3D structure in polar or non-
polar environment. The hydrophobicity is an important stabilization force
in protein folding; this force changes depending on the solvent in which
the protein is found. It is considered as an essential feature for AMP-
membrane interactions, as it governs the extent to which a peptide can
partition into the lipid bilayer. Many AMPs are moderately hydrophobic,

such that they optimize the activity against microbial cell membranes.

Also, the arrangement of hydrophobic amino acids is usually observed in
the pattern of i+3 or i+4 (Pasupuleti et al., 2008). This arrangement
ensures that all the hydrophobic and hydrophilic amino acids are on two
different planes when the peptide assumes helical structures resulting in

a perfect amphipathic molecule.

Amphiphathicity: One of the main features of AMPs is their
amphipathicity (Yeaman and Yount, 2003). Amphiphilicity may be defined
as a relative abundance and distribution of hydrophobic and hydrophilic

residues or domains within a peptide (Yount and Yeaman, 2005; Yount et
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al, 2006). It is an essential factor directing protein folding and
polypeptide-membrane association process. Nearly all AMPs often exhibit
spatially separated hydrophobic and hydrophilic regions and show
amphipathic properties upon interaction with target membranes (Splith
and Neundorf, 2011). 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 hemolytic against
zwitter ionic or neutral membranes. Thus, a high degree of helicity and/or
amphipathicity yielding a segregated hydrophobic domain is correlated

with increased toxicity toward cells composed of neutral phospholipids.
1.3 Classification of AMPs

AMPs can be categorized into many subtypes based on different criteria
such as origin, size, charge, length, structure, amino acid sequence,
biological action and mechanism of action. Earlier, AMPs were classified
based on the source organism as this type of classification helped to
correlate its function and its habitat. However due to the discovery of
large number of AMPs showing high degree of sequence dissimilarity,
classification of AMPs became complex. At present, a grouping approach
based on secondary structures and charge is mostly preferred as well as

widely accepted.
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1.3.1 Classification of AMPs based on structure

Based on their secondary structure, AMPs are classified as a-helices, (-
strands with one or more disulphide bridges, loop structures and
extended structures (van't Hof et al., 2001; Jenssen et al., 2006a; Nguyen
et al, 2011; Pushpanathan et al., 2013). The details of various structural
classes of AMPs are shown in Table 1.1 and Figure 1.1. Among these the
first two groups including a-helix and B-sheet are more abundant in
nature (Powers and Hancock, 2003) and a-helical peptides are the most
studied AMPs to date. In addition to the natural peptides, thousands of
synthetic variants have also been produced which can also be grouped
into these structural classes. The fundamental structural principle is the
ability of the AMP to adopt a shape in which clusters of hydrophobic and
cationic amino acids are spatially organized in discrete parts of the
molecule. The existences of such diverse structural forms of AMPs are
highly essential for their broad spectrum antimicrobial activity (Hancock,
2001).

Linear peptides with a-helical structure

One of the largest and deeply studied classes of AMPs are those forming a-
helices, such as magainin, cecropin A and temporins (Zasloff et al., 1987;
Boman, 1995; Mangoni et al.,, 2000). Majority of this group are cationic
and are highly amphipathic thereby promoting selective interaction with
the negatively charged microbial membrane by either absorbing onto the
membrane surface or inserting into the membrane as a cluster of helical
bundles. In aqueous solution, these peptides adopt disordered structures,
and fold into an «-helical conformation upon interaction with

hydrophobic solvents or lipid surfaces. There does exist hydrophobic or
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slightly anionic a-helical peptides. However, peptides that are not cationic
exhibit less selectivity towards microbes compared with mammalian cells.
An example of a well-studied hydrophobic and negatively charged
cytotoxic peptide is alamethicin (Duclohier and Wroblewski, 2001;
Kikukawa and Araiso, 2002). Studies have proved a direct correlation
between a-helical conformation and antibacterial activity of these AMPs
(Park et al., 2000).

Cysteine rich AMPs possessing -pleated structure

B-sheet peptides are cyclic peptides consisting of 17 to 88 amino acid
residues constrained either by disulfide bonds, as in the case of human -
defensin-2 (Hancock, 2001), tachyplesins (Matsuzaki, 1999), protegrins
(Harwig et al, 1995), and lactoferricin (Jones et al, 1994) or by
cyclization of the peptide backbone, as in the case of gramicidin S
(Prenner et al., 1999), polymyxin B (Zaltash et al., 2000), and tyrocidines
(Bu et al, 2002). They largely exist in the B-sheet conformation in
aqueous solution that may be further stabilized upon interactions with
lipid surfaces. Larger peptides within this family may also contain minor
helical segments. The overall structure and activity of this group of AMPs
depend on the number of disulfide bridges. Also, the cyclic structure has
been shown to be essential for its antibacterial activity (Matsuzaki et al.,
1997; Rao, 1999). Defensins and tachyplesins are among the most
characterized B-sheet-forming AMPs (Matsuzaki et al., 1997; Tamamura
etal, 1998; Rao, 1999).

Peptides containing a looped structure

In contrast to other AMPs, this group of AMPs are characterized by their

looped structure because of the presence of a single bond such as
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disulfide or amide or isopeptide bond. Proline-arginine-rich peptides
cannot form amphipathic structures due to the incompatibility of high
concentration of proline residues in such structures and have been
proposed to adopt a polyproline helical type-Il structure (Boman et al.,
1993; Cabiaux et al., 1994). Because of their short size, easy to synthesize
and being proteolytically stable, this class of peptides hold considerable

potential in fighting emerging infectious diseases.
Linear peptides with an extended structure

This group of AMPs include those possessing an unusual amino acid
composition, having a sequence that is rich in one or more specific amino
acids. Most of them are linear in shape and do not possess any secondary
structure either in a-helix or in -sheet. Examples of this group of AMPs
include histatin, which is highly rich in histide residues (Brewer et al.,
1998; Tsai and Bobek, 1998; Helmerhorst et al., 1999); cathelicidin, rich
in proline and arginine or proline and phenylalanine (Zhao et al., 1995;
Linde et al., 2001); tripticin (Lawyer et al.,, 1996) and indolicidin (Selsted
etal.,, 1992), that are rich in tryptophan.

While most AMPs belong to one of the above four classes, some AMPs do
not belong to any of these groups (McManus et al,, 1999). Some AMPs
have shown to possess two different structural components (Uteng et al.,
2003). Whereas, many peptides have shown to form their active structure
only when they interact with the target cell membrane. For example,
indolicin shows globular and amphipathic conformation in aqueous
solutions while it is wedge-shaped in lipid bilayer mimicking
environments (Rozek et al, 2000). This AMP also changes its

conformation during interaction with DNA evidenced with decreased

10
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fluorescence intensity and a slight shift in the wavelength of maximum

emission (Hsu et al., 2005).

Table 1.1 Various classes of AMPs based on its structure

Structure AMP Source organism
a-helix Cecropins, Mellitin Insect
Magainin, LL-37, PGLa, Amphibian
Brevinin-1, Temporin
PMAP-23 Porcine
B-Sheet o and B-Defensin Human, Rabbit
Dermaseptin Frog

Tachyplesin, Polyphemusin

Horseshoe crab

Protegrin Human, Porcine
Androctonin Scorpion
Pn-AMP 1 Plant

Cyclic B-sheet 0-Defensin Primate, Human

B-Turn Lactoferricin Bovine, Human
Linear with Bactenecins 5 and 7, Mammals
repeating motifs PR-39, Indolicidin
Diptericin, Apidaecin Insects
Extended Indolicidin, PR-39 Bovine, Porcine
Extended turn Tenecin-3 Insect
a-helix / extended Buforin Il Toad
Looped peptide Bactenecin 1 Bovine
Ranalexin Frog
Thanatin Insect
Mixed structure Defensins Plants
(possessing both a- | Drosomycin Arthropods
helixand -sheet) 714 3 defensins Mammals
Defensins Arthropods, Molluscs
y-thionins Plants

11
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Fig. 1.1 Structural Classes of Antimicrobial Peptides

1.3.2 Classification of AMPs based on charge

Though majority of AMPs are cationic, amphipathic molecules, possessing
a net positive charge of +2 to +9 (Giangasper et al,, 2001; Yeaman and
Yount, 2003); there does exist smaller groups of AMPs composed of
anionic peptides, aromatic dipeptides, processed forms of oxygen-binding
proteins, and peptides derived from neuropeptide precursors (Stefano et
al., 1998; Brogden et al., 2003). The detailed list of various classes of AMPs

based on charge / nature are as given in Table 1.2.
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Tablel.2 Various Classes of AMPs based on its charge / nature

Nature of AMP AMP \ Source organism
Anionic peptides Maximin H5 Amphibian
Dermcidin Humans
Linear cationic a- Cecropin-A, Andropin, Insects
helical peptides Moricin, Ceratotoxin,
Melittin, Cecropin P1
Magainin, Dermaseptin, Amphibian
Bombinin,
Brevinin-1, Esculentins,
Buforin
Pleurocidin Fish
Cathelicidins, Cattle, Sheep and Pig
Seminalplasmin, ovispirin
Capl8 Rabbit
LI37 Human
Cationic peptides Abaecin, Apidaecins, Insect

enriched for specific
amino acids

Hymenoptaecin, Drosocin,
Pyrrhocoricin,
Coleoptericin, Holotricin

Bactenecins, PR-39,
Prophenin, Indolicidin

Cattle, sheep, goat, pig

Histatins Humans
Anionic and cationic | Brevinins Amphibian
peptides that Protegrin, Pigs, Rabbit, rat, Cattle,

contain cysteine
and form disulphide
bonds

B-defensins, Np-1

goat and poultry

Tachyplesins

Horseshoe crab

HNP-1, -2, B-defensins

Humans

0-defensin

Rhesus monkey

Defensin A, Drosomycin

Insect, plants

Anionic and cationic
peptide fragments
of larger proteins

Casocidin |, Lactoferricin

Human casein, Bovine
milk

Antimicrobial domains

Bovine a-lactalbumin,
Human haemoglobin,
Human lysozyme,
Human ovalbumin
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1.4 Mode of action

The activities of AMPs are generally dependent upon their interaction
with bacterial cell membranes (Shai, 2002; Dawson and Liu, 2008). The
mechanisms of action of AMPs have been widely studied and several
models have been proposed to explain peptide insertion and membrane
permeability. The molecular mechanism of membrane permeation and
disruption by the AMPs depend on several parameters such as the amino
acid sequence, membrane lipids and the concentration of the AMP. As per
the structural model established by Shai-Matzusaki-Huang (Hancock,
1997; Matsuzaki, 1999; Shai 1999; Yang et al., 2000; Zasloff 2002;
Brogden 2005), the cationic AMPs initially binds to the anionic
components on the outer bacterial envelope, such as the phosphate
groups within the lipopolysaccharides (LPS) of Gram-negative bacteria or
the lipoteichoic acids on the surfaces of Gram-positive bacteria. This is
followed by displacement of lipids, alteration of membrane structure, and,
in certain cases, entry of the peptide into the target cell. Once peptides
have reached the cytoplasmic membrane, they can interact with lipid
bilayers. At low peptide / lipids ratios, peptides are bound parallel to the
lipid bilayer. After attaining certain threshold concentration (Melo et al.,
2009), the peptide molecules are oriented perpendicularly to the
membrane and inserted into the lipid bilayer, forming transmembrane
pores. AMP mediated cell killing can be rapid. Some linear o-helical
peptides kill bacteria so quickly that it is technically challenging to
characterize the steps (if there are any) preceding cell death (Boman,
1995). AMPs such as magainin 2 (Zasloff, 1987), cecropin P1 (Boman et
al., 1993), PR-39 (Boman et al., 1993) and SMAP29 (Kalfa et al., 2001) has

been found to kill bacteria in 15-90 min. Regardless of the time required,
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or the specific antimicrobial mechanism, specific steps must occur to
induce bacterial killing (Matsuzaki et al., 1995). Obviously first step is the
attraction of the AMPs to bacterial surfaces which is mainly aided by
electrostatic bonding between anionic or cationic peptides and the
structures on the bacterial surface. Once close to the microbial surface,
the next important step is attachment of the peptides to the bacterial
membrane. Peptides must traverse capsular polysaccharides before they
can interact with the outer membrane, which contains LPS in Gram-
negative bacteria, and traverse capsular polysaccharides, teichoic acids
and lipoteichoic acids before they can interact with the cytoplasmic
membrane in Gram-positive bacteria. Once peptides have gained access to

the cytoplasmic membrane they can interact with lipid bilayers.
Membrane disruptive models

Among the several models describing the mechanism of membrane
disruption by AMPs, the most widely accepted ones are the barrel-stave
model, the carpet model, the toroidal model and the aggregate channel
model (Oren et al., 1999; van 't Hof et al., 2001; Huang et al., 2010). The

pictorial representation of these models are illustrated in Figure 1.2.

Barrel-stave model: According to this model, after initial electrostatic
binding to the outer membrane in bacteria, the helical amphipathic
peptides reorient perpendicularly to the membrane and align like the
staves in a barrel, lining the amphipathic transmembrane pores. The non-
polar side chains associate with the hydrophobic fatty acid tails at the
inside of the phospholipid bilayer, and the hydrophilic side-chains are

pointed inward an aqueous pore or channel (Powers and Hancock 2003;
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Brogden, 2005). These pores thus formed will allow leakage of

cytoplasmic components and also disrupt the membrane potential.

Carpet Model: The carpet model mechanism describes that, peptides are
electrostatically attracted to the anionic phospholipid head groups and
align parallel to the surface of the bilayer, covering the surface in a carpet-
like manner. Once a saturation point is reached, peptides are thought to
disrupt the bilayer in a detergent-like manner, eventually leading to the
formation of micelles. This local disturbance in membrane stability will
cause the formation of cracks, leakage of cytoplasmic components,
disruption of the membrane potential and, ultimately, membrane

disintegration.

Toroidal-pore model: In the toroidal-pore model, peptides at a low
concentration are reoriented parallel to the plane of the bilayer and insert
perpendicularly into the membrane. Then they cluster into unstructured
bundles that induce the lipid monolayers to bend continuously through
the pore so that the water core is lined by the inserted peptides and the
lipid head groups. The pores created will be responsible for leakage of

ions and possibly larger molecules throughout the membrane.

Aggregate channel model: In the aggregate channel model, after binding
to the phospholipid head groups, the peptides insert into the membrane
and then cluster into unstructured daggregates that span the membrane.
These aggregates provide channels for ion leakage through the

membrane.
Non-membrane disruptive model

However, not all AMPs seem to exert their action on membranes. Several

studies have shown that cell killing may also proceed with relatively little
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membrane disruption because of the interaction of AMPs with putative
key intracellular targets. An increasing number of peptides have been
described as acting on intracellular targets in bacteria such as altering
cytoplasm membrane septum formation, and inhibiting protein, cell wall,

or nucleic acid synthesis (Hale and Hancock, 2007).

Certain peptides have been shown to bind with heat- shock protein DNA K
and inhibit the associated ATPase activity (Kragol et al., 2001). Yet others
target DNA gyrase, and interfere with normal DNA function. AMPs such as
apidaecin, alters the cytoplasmic membrane septum formation, inhibit
cell-wall synthesis, inhibit nucleic-acid synthesis, inhibit protein synthesis
or inhibit enzymatic activity (Casteels et al., 1993); PR-39 induces cell
filamentation thereby blocking cell division (Shi et al, 1996;
Subbalakshmi and Sitaram, 1998); Lantibiotics inhibits peptidoglycan
biosynthesis (Brotz et al., 1998); defensins (HNP-1) inhibit DNA, RNA and
protein synthesis in E. coli (Lehrer et al., 1989; Boman et al., 1993;
Subbalakshmi and Sitaram, 1998; Patrzykat et al., 2002); pleurocidin and
dermaseptin inhibit nucleic acid and protein synthesis (Patrzykat et al.,
2002); PR-39 hinders protein synthesis and induces degradation of some
proteins that are required for DNA replication (Boman et al., 1993);
Indolicidin completely inhibits DNA and RNA synthesis (Subbalakshmi
and Sitaram, 1998) and histatins disrupt the cell cycle and lead to the
generation of reactive oxygen species (Andreu and Rivas, 1998). Other
non-membrane external targets such as autolysins and phospholipases
are also activated by AMPs. These alternative mechanisms of action may

act independently or synergistically with membrane permeabilization.
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Fig.1.2 Proposed mechanisms of action of antimicrobial peptides. Antimicrobial
peptides (cylinders) with the charged hydrophilic regions (red) and hydrophobic
regions (blue). (A) The “aggregate” model: (B) The “toroidal pore” model (C) The
“barrel-stave” (D) The “carpet” model. (Adopted from Jenssen et al., 2006a).

1.5 Biological activity of AMPs

AMPs display a broad spectrum of biological activity. They are found to be
active against various microorganisms, including Gram-negative and
Gram-positive bacteria, fungi, protozoa and enveloped viruses such as
HIV, herpes simplex virus, WSSV and vesicular stomatitis virus as well as
malignant cells (Cruciani et al., 1991; Baker et al., 1993; Fehlbaum et al.,
1996; Tamamura et al., 1998; Arrighi et al., 2002; Lindholm et al., 2002;
Kieffer et al., 2003).
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Antibacterial activity: AMPs possess broad-spectrum activity against
Gram-negative bacteria and Gram-positive bacteria (Miyasaki and Lehrer,
1998). To date, antibacterial activities of AMPs are the most studied
among its biological activity. Most of these are cationic, amphipathic
AMPs, which target bacterial cell membranes and cause disintegration of
the lipid bilayer structure (Zhang et al., 2001; Shai, 2002).

In some cases, certain AMPs show activity against the several multi drug
resistant bacteria such as Staphyloccocus aureus, Pseudomonas aeruginosa
and Escherichia coli (van’t Hof et al., 2001; Mygind et al, 2005; Marr et al.,
2006). For example, both nisin (an AMP) and vancomycin (an antibiotic),
possess the ability to block cell wall synthesis. However, S. aureus strain
was reported to be resistant to vancomycin, while it is still sensitive to
nisin (Brumfitt et al,, 2002). The most active AMPs present a minimum
inhibitory concentration (MIC) of 1 to 4 ug/ml, corresponding to the
minimum concentration of AMPs that completely prevents bacterial
growth (Hancock, 2001). Magainins 1 and 2 present a broad antimicrobial
activity spectrum against both Gram-positive and Gram-negative bacteria
(Zasloff, 1987). Whereas, AMPs such as andropin (Samakovlis et al., 1991)
and insect defensins (Meister et al, 1997) preferentially kill Gram-
positive bacteria, while apidaecin (Casteels and Tempst, 1994), drosocin
(Bulet et al., 1996), and cecropin P1 (Boman et al.,, 1991) are known to be
active against Gram-negative bacteria. Binding of AMPs to anionic
lipopolysaccharides and teichoic acids, is crucial for their activity, since
modification of the bacterial envelope leading to charge reduction is a
common mechanism of bacterial resistance against cationic AMPs.
Recently, researchers have demonstrated that some AMPs can Kill

bacteria even at low concentrations without changing the membrane
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integrity. Instead of directly interacting with the membrane, these AMPs
kill bacteria by inhibiting some important pathways inside the cell such as
DNA replication and protein synthesis (Brogden, 2005). Drosocin,
pyrrhocoricin, apidaecin and buforin Il are examples of AMPs with an
active site for their intracellular target (Park et al., 1998; Otvos et al.,
2000; Kragol et al., 2001).

Antifungal activity: Several AMPs belonging to different structural
classes such as a-helical, extended and B-sheet have been proved to
possess antifungal properties which kill fungi by targeting either the cell
wall or intracellular components (De Lucca and Walsh, 1999; Barbault et
al., 2003; Lee et al., 2003, 2004; Jiang et al., 2008). Cell wall targeting
AMPs kill the target cells by disrupting the integrity of fungal membranes,
by increasing permeabilization of the plasma membrane, or by forming
pores directly (Lehrer, et al.,, 1985; Terras, et al., 1992; Moerman, et al.,
2002; Van der Weerden et al., 2010). AMPs such as drosomycin possess
the ability to preferentially kill fungi (Meister et al, 1997). As per the
database till 2010, 483 of the ‘Antimicrobial Peptide Database’ (APD)
peptides and 570 of the ‘Collection of Antimicrobial Peptides’ (CAMP)
peptides were listed as having antifungal activity. These peptides range
from large molecules such as histone H2A of the rainbow trout,
Oncorhynchus mykiss (13.6 kDa) (Fernandes et al., 2002), to much smaller
peptides such as the jelleines (8-9 amino acids) found in honeybee (Apis
melliferia) royal jelly (Fontana et al., 2004). Some AMPs such as penaeidin
has shown to possess chitin binding ability. Chitin is one of the major
components of fungal cell walls and the chitin-binding ability is most
often related to an anti-fungal activity (Fujimura et al., 2004; Cuthbertson
et al., 2006; Yokoyama,et al, 2009; Pushpanathan et al., 2012). Such
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binding ability helps AMPs to target fungal cells efficiently. The fungal
mammalian outer membrane is enriched largely with neutral
phospholipids making the surface less negatively charged and hence the
basis of selective targeting of peptides for fungal over mammalian
membranes is much less well understood (Yeaman and Yount, 2003). The
presence of ergosterol in fungal membranes and differences in
electrochemical gradients across the outer membrane could play
important roles in the initial selection of fungal cells (Yeaman and Yount,
2003). Although the majority of antifungal AMPs have polar and neutral
amino acids in their structures, there does not appear to be a clear
correlation between the structure of an AMP and the type of cells that it
targets (Jenssen et al., 2006a, 2006b).

Antiparasitic activity: A very small number of AMPs have been shown to
possess activity against parasites. Some examples of AMPs possessing
antiparasitic activity include magainin, which is able to kill Paramecium
caudatum (Zasloff, 1987); a synthetic AMP possessing activity against
Leishmania parasite (Alberola et al., 2004) and cathelicidin, which is able
to kill Caernohabditis elegans by forming pores in the cell membrane
(Park, et al., 2004). Even though some parasitic microorganisms are
multicellular, the mode of action of antiparasitic peptides is believed to be
the same as other AMPs, i.e. by direct interaction with cell membrane
(Park et al., 2004).

Antiviral activity: Antiviral activities has been proved for several cationic
AMPs such as defensins against herpes simplex virus, vesicular stomatitis
virus and influenza virus (Daher et al.,, 1986; Ganz and Lehrer, 1995);

tachyplesins and polyphemusins against vesicular stomatitis virus,
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influenza A virus and HIV (Tamamura et al, 1996) and melittins,

cecropins and indolicidin against HIV (Wachinger et al., 1998).

Antitumor activity: AMPs have been found to kill malignant cells also. For
example, magainin have been found to lyse haematopoietic tumor and
solid tumor cells with little toxic effect on normal blood lymphocytes by
targeting cell membrane by a non-receptor pathway (Cruciani et al., 1991;
Baker et al, 1993); tachyplesin, has been showed to inhibit the
proliferation of both cultured tumor and endothelia cells by disrupting
their membranes and inducing apoptosis (Hirakura et al., 2002) and
temporin L has been shown to induce necrosis of tumor cells (Rinaldi et
al., 2001, 2002). Other AMPs, such as defensins, cecropin, lactoferricin and
lactoferrin and cyclotides also possess similar antitumor activity (Kagan
et al,, 1990; Moore et al., 1994; Vogel et al., 2002). The activity profile of
cyclotides differed significantly from those of antitumor drugs in clinical
use, which may indicate a new mode of anticancer action (Lindholm et al.,
2002).

Unlike bacterial, fungal or tumor cell membranes, normal mammalian
membranes are rich in sterols and zwitterionic phospholipids with
neutral net charge including phosphatidyl ethanol amine, phosphatidyl
choline, or sphingomyelin. Apart from that, presence of significant
amounts of cholesterol in mammalian membranes reduce the activity of
AMPs by affecting the fluidity and dipole potential of phospholipids, in
addition to stabilizing the lipid bilayers and delaying the binding of
peptides to the membranes (Tytler et al., 1995; Matsuzaki, 1999). Thus, a
higher proportion of negatively charged lipids on the surface monolayer
of the microbial cytoplasmic membrane play an important role in the

selectivity of AMPs for bacterial cells over eukaryotic cells. Though,
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normal human cells are found to be relatively resistant; certain cationic
AMPs, such as melittin from bees, mastoparan from wasps, charybdotoxin
from scorpions and temporin L from frogs are found to be potent toxins
(Perez-Paya et al,, 1994; Tenenholz et al., 2000; Delatorre et al., 2001;
Rinaldi et al., 2002).

1.6 Therapeutic potential of AMPs

The evolution of pathogenic organisms has resulted in increasing
resistance by several against conventional antibiotics. In the present
scenario, there is no question that, with the increasing antibiotic
resistance problem, there is a need to develop new classes of antibiotics
(Bonomo, 2000). AMPs, due their broad spectrum of activity against
several species of bacteria, fungi, protozoa, enveloped virus and
malignant cells, have gained increased attention as a promising
therapeutic alternative against pathogenic microorganisms and are hence
on the brink of a breakthrough. AMPs are found to be efficient towards
multi-resistant bacteria and are not hindered by resistance. The unique
mode of action and therefore the least resistance by pathogenic
organisms might make them potential replacement for conventional
antibiotics. The intriguing idea of developing AMPs as innovative
antibiotics has been followed up by several biotechnological companies.
Compared to conventional antibiotics, AMPs can kill bacteria rapidly even
at low concentrations. Employing solid phase synthesis as well as
recombinant DNA technology, the structures of naturally occurring
peptides serve as starting points for the development of new therapeutic

agents.
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Advantages of AMP as therapeutic agent: As described by Altman et al.
(2006) the important features that make AMPs promising candidates for
clinical applications and potential alternatives to conventional antibiotics

are as follows:

. Activity even in a very low concentration
o Rapid and unique mechanisms of action
o The ability to discriminate between host and microbial cells

(cell selectivity)
. Activity against a broad spectrum of microorganisms,
including resistant and multidrug-resistant strains

o A low propensity for developing microbial resistance

A Dbetter comprehension of AMP’s mode of action and counterpart
resistance mechanisms is fundamental for the design of optimized AMPs

that could be efficiently used as therapeutic drugs.

Several derivatives of AMPs have been through the pharmaceutical
process, including human phase I-11I studies. The use of human AMPs as
drug is restricted so far because of the unknown biological function of
these molecules and the high cost for the generation of sufficient amount
(Bals, 2000). A number of naturally occurring peptides and their
derivatives have been developed as novel anti-infective therapies for
conditions as diverse as oral mucositis, lung infections associated with
cystic fibrosis, cancer, and topical skin infections. Pexiganan (or MSI-78)
derived from magainin-2 has entered Phase Ill trials and proved to be
effective in wound healings and did not show any notable toxicity or side-
effects (Lamb and Wiseman, 1998). But its efficiency towards infected

diabetic foot ulcers did not offer any improvement over the conventional
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treatment with ofloxacin, a fluoroquinolone antibiotic and hence rejected
by the Food and Drug Administration (FDA) in 1999 (Maloy and Kari,
1995).

Most clinical trials proposed or underway involve topical therapy. Such
treatments are likely to be effective and safe because the more toxic
cationic peptides and lipopeptides, including gramicidin S and polymyxin
B, could be successfully included in skin creams. A more advanced form of
topical treatment would be aerosol therapy into the lung. Oral therapy
may also be possible for gastro intestinal infections; an example is nisin
which is being developed through to clinical trial in Helicobacter pylori
infection (Hancock, 1997).

Many AMPs are currently being tested in clinical trials. MX-226 and MX-
594NA, bovine indolicidin-based AMPs have showed efficiency in Phase
I clinical trials. MX-226 was developed for the prevention of catheter
related infections, whereas MX-594NA was developed for the treatment of
acnea vulgaris. XOMA629, an AMP deriving from the human BPI protein,
which is under preclinical studies has showed promising activities against
skin bacteria. P113, developed by Demegen (USA), derived from histatin
has showed excellent in vitro activities against Gram-positive and Gram-
negative bacteria and is to be used as a mouth rinse product, to fight
gingivitis (Giuliani et al., 2007). Plectasin, a fungal defensin, is currently
under preclinical development and was shown to be active against

Streptococcus pneumonia (Mygind et al., 2005).

Due to the increasing importance and wide acceptance of AMPs as
therapeutic agents, several companies are making efforts to introduce the

AMP products to the market. Natural AMPs have potential application in
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food preservation as they possess the ability to specifically kill microbial
cells by destroying their unique membranes. Example for AMPs that have
already been commercialized include bacteriocins against food-borne
pathogens and spoilage microorganisms (Cleveland et al., 2001); nisin as
a food preservative (Delves-Broughton, 1990) and pediocin PA-1 with
applications in dairy and canned products (Vandenbergh et al., 1989).

The future of AMPs as potential therapeutic agents appear to be great and
as mentioned above. The major considerations that will determine the
therapeutic potential of AMP include toxicity, stability, immunogenicity,
route of application, and formulation. However, very little information on
these questions has been published. There still remain several issues that
remain to be solved. AMPs possess relatively high molecular weights
compared with most antibiotics and need to be produced recombinantly
to keep the prices down (Hancock and Lehrer, 1998). Another important
issue is the toxicity of these AMPs. Though AMPs are generally considered
to be highly selective antimicrobial agents, an absolute discrimination
between eukaryotes and prokaryotes, still remains uncleared.
Furthermore, some cationic AMPs have been proved to be very toxic for
mammalian cells (e.g. bee venom melittin), whereas others show little or
no acute cytotoxicity. Another issue would be their lability to proteases
produced by the human body. In this regard, there are strategies for
protecting the peptides from proteases, including liposomal incorporation

or chemical modification.

Technical difficulties and high production costs have made the
pharmaceutical industry reluctant to invest much effort in the

development of AMPs as therapeutics so far. Hence, the biggest challenge
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of the near future will be to overcome the pharmacological limitations of

these interesting molecules and to develop them into therapeutics.
1.7 Significance of AMPs in crustaceans

Invertebrate animals, with poor adaptive immune systems, possess a well
developed innate immunity system that responds to common antigens on
the cell surfaces of potential pathogens. The major defense molecules of
the innate immune system include phenoloxidases, clotting factors,
complement factors, lectins, protease inhibitors, antimicrobial peptides,
toll receptors, and other humoral factors found mainly in haemolymph
plasma and haemocytes. The innate immune system is the first line of
inducible host defense against bacterial, fungal, and viral pathogens
(Hoebe et al., 2004). This defense system is essential for the survival and
perpetuation of all multi cellular organisms (Hoffmann et al., 1999; Salzet
2001). In invertebrates, toll-like receptor-mediated AMP production
(Lemaitre et al.,, 1996; Krutziket al., 2001; Underhill and Orinsky, 2002),
hemolymph coagulation (Ilwanaga et al, 1978), melanin formation
(Sugumaran, 2002), and lectin mediated complement activation are
prominent immune responses. In addition to these enzyme cascades, a
variety of agglutinin-lectins and reactive oxygen producing and
phagocytic systems cooperate with immune reactions to kill invading
pathogens (Bogdan et al., 2000).

Crustacea is the largest, most conspicuous and, arguably, the most
important group of marine or aquatic arthropods in terms of their
biomass and ecological or economic value. Crustaceans represent one of
the most abundant animals inhabiting both aquatic and terrestrial

habitats. By virtue of their diversity and abundance they have earned
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considerable attention as a potential source of bioactive compounds.
Crustaceans have been popular experimental animals in nearly all aspects
of biology, but it is decapods that attract most attention in relation to their
immune responses because of their huge commercial importance and the

need to control disease outbreaks in shellfish aquaculture.

Crustaceans live in an environment where they are exposed to a large
number of micro-organisms causing health hazards. The hard rigid
exoskeleton present in crustaceans normally acts as a physicochemical
barrier protecting the organism from microbial injury and invading
pathogen. Chitinous membranes of gastro intestinal tracts also functions
as protective barrier (Jiravanichpaisal et al., 2006). During adverse
conditions, sometimes the natural barriers are penetrated by the
pathogens and they enter in to the circulating system of the host. Such
situation triggers the internal immune response of the crustaceans.
Crustaceans lack the highly efficient adaptive immune system as in
vertebrates, and hence solely depend on their innate immune responses
to fend off invading pathogens. To survive in a potentially hostile and
microbe-enriched environment crustaceans have evolved efficient innate
immune system. Crustaceans such as crabs and shrimps possess a simpler
and more basic immune system to protect themselves against disease-

causing microorganisms.

The innate immune system of crustaceans is primarily related to their
blood or haemolymph and is comprised of cellular and humoral responses
(Rosa and Barracco, 2010). The haemolymph plasma of crustaceans
contains many soluble defense molecules, such as hemocyanins, various
lectins, and C-reactive proteins, and thioester bond containing proteins.

Haemocytes, which compose more than 99 % of circulating cells, contain a
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variety of defense molecules, including clotting factors, a clottable protein

coagulogen, proteinase inhibitors, lectins, and antimicrobial proteins.

AMPs are one of the major components of the humoral part of innate
immune defense of crustaceans. In recent years, scientists have
discovered an abundance of AMPs in the body fluids of marine
crustaceans. Due to the natural antibiotic property of these molecules,
substantial research has been carried out on investigating their potential
as therapeutic alternatives to current antibiotics. Also, AMPs are
promising measures for the prevention and cure of diseases that marine
crustaceans are susceptible to. This holds significant importance for
fisheries and aquaculture all around the world, since marine crustaceans

like crabs and shrimps are important resources for these industries.
1.8 AMPs identified from crustaceans

So far less than 10 % of all known animal AMPs are from crustaceans,
with nearly all of these found in decapods (Smith et al., 2008). Different
families of AMPs have been identified and characterized from crustaceans.
In decapods they have been isolated from crabs (Schnapp et al., 1996),
lobsters (Hauton et al.,, 2006), crayfish (Jiravanichpaisal et al., 2007) and
several shrimp species (Destoumieux et al., 1997). From the available
reports, 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). Based on amino acid composition
and structure, Rosa and Barracco (2010) grouped the families of AMPs
found in crustacean species into four main groups: (i) single-domain
linear a-helical AMPs and peptides enriched in certain amino acids, (ii)

single-domain peptides containing cysteine residues engaged in disulfide
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bonds, (iii) multi-domain or chimeric AMPs and (iv) unconventional AMPs
including multifunctional proteins and protein-derived fragments that

exhibit antimicrobial functions.

(1) Single-domain linear a-helical AMPs and peptides enriched in

certain amino acids

In crustaceans five linear AMPs have been described, including homarin
from the haemocytes of the American lobster, Homarus americanus
(Battison et al., 2008), glycine rich armadillidin from the haemocytes of
the non-decapod terrestrial isopod, Armadillidium vulgare (Herbiniére et
al., 2005) and three proline/arginine-rich peptides: Bac-like from the
haemocytes of the shore crab, Carcinus maenas (Schnapp et al,, 1996),
callinectin from the haemocytes of the blue crab, Callinectes sapidus (Khoo
et al., 1999) and astacidin 2 from the haemocytes of the freshwater
crayfish, Pacifastacus leniusculus (Jiravanichpaisal et al., 2007). These
peptides lack cysteine residues engaged in disulfide linkages and some of
them are enriched with a high proportion of arginine, proline, glycine,

tryptophan or histidine (Tossi and Sandri, 2002).

(ii) Single-domain peptides containing cysteine residues engaged in
disulfide bonds

This group is characterized by the presence of 2- 12 cysteine residues that
are capable of forming intramolecular disulfide bridges and result in the
formation of cyclic or open-ended cyclic stabilized peptides. Only three
families of AMPs containing cysteine residues have been characterized
from decapods which comprises of defensins, anti-lipopolysaccharide

factors and scygonadins.
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(i1i) Multi-domain or chimeric AMPs

This group includes AMPs with at least two distinct domains and each
domain may exhibit particular characteristics of classical single-domain
AMPs, such as PRP- or cysteine-rich peptides. The chimeric structure is
essential for establishing cationicity and amphipathicity of AMP. The
structure is also responsible for the multifunctional and/or synergic
properties in addition to its antimicrobial activities. This group includes

multi-domain penaeidins, crustins, hyastatin, arasins and stylicins.
(iv) Unconventional AMPs

According to Smith et al. (2010), unconventional AMPs are
multifunctional proteins that primarily serve other functions and protein
fragments that display antimicrobial activity and are generated by the
processing of larger proteins. It has important molecular elements that
are found in the structure of classical AMPs, such as charge,
hydrophobicity and/or amphipathicity (Brogden, 2005). This group
includes histone-derived AMPs and haemocyanin-derived AMPs. In
crustaceans, antimicrobial activities were reported for histones and
histone fragments and also for peptides derived from the crustacean

oxygen carrier hemocyanin.

Table 1.3 List of reported crustacean AMPs and its first description

Mol. Characteristics Crustacean First description
Wi. order
(kDa)

Bac-like 6.5 Cationic, Decapoda Carcinus maenas-

PRP rich (crab) Schnapp et al.,
1996.

Penaeidin 5.5-6.6 | Cationic, Decapoda Litopenaeus
N-terminal PRP- (penaeid vannamei-
richdomainand a | shrimp) Destoumieux et al.,
C-terminal region 1997
with six cysteine
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Callinectin 3.7 Cationic, Decapoda Callinectes sapidus-
PRP rich (crab) Khoo et al., 1999.
Crustin 7-14 Cationic, Decapoda, C. maenas -
N-terminal WAP Amphipoda Relf et al., 1999
domain
Anti- 7-11 Cationic, Decapoda Litopenaeus
lipopolysacch cysteine (various) setiferus-
aride factor containing Gross et al., 2001
Penaeus monodon-
Supungul et al.,
2002
Hemocyanin- | 1.9-8.3 | Anionic, Decapoda Destoumieux-
derived Cationic (shrimp, Garzon et al.,, 2001
peptides crayfish) Lee et al., 2003
Histone 11-15 | Cationic Decapoda Patat et al.,, 2004
derived (penaeid
peptides shrimp)
Armadillidin 52 Cationic Isopoda Armadillidium
(woodlouse) vulgare-
Herbiniere et al.,
2005
Scygonadin 10.8- Anionic, cysteine Decapoda Scylla serrata-
114 containing (crab) Huang et al., 2006
Astacidin 2 18 Cationic, Decapoda Pacifastacus
PRP rich (crayfish) leniusculus-
Jiravanichpaisal et
al.,, 2007
Arasin 4.3-4.8 | Cationic, Decapoda Hyas araneus-
N-terminal PRP : (crab) Stensvag et al.,
C- terminal 4 2008
cysteine
Homarin 4-6 Cationic, Decapoda Homarus
Glycine rich (lobster) americanus-
Battison et al., 2008
Hyastatin 117 Cationic, Decapoda Hyas araneus-
N- terminal Gly: (crab) Sperstad et al.,
PRP : C terminal- 2009
6Cys
Defensin 6.7-7.1 | Cationic, Decapoda Panulirus japonicus-
cysteine (lobster) Pisuttharachai et
containing al.,, 2009
Stylicin 8.9 Anionic, Decapoda Litopenaeus
N-terminal P rich: | (penaeid stylirostris-
C-terminal 13 shrimp) Rolland et al., 2010

cysteine
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1.9 Relevance of the present study

Aquaculture industry is facing constraints in production due to severe
health problems resulting in large scale mortality. Also, the emergence of
pathogenic bacterial resistance to conventional antibiotics calls for an
increased focus on the isolation of antimicrobials with new mechanisms
of actions. AMPs are promising candidates, because their initial
interaction with microbes is through binding to lipids and the
interference with such a fundamental cell structure is assumed to hamper
resistance development. Marine invertebrates, representing an enormous
genetic and biological diversity, have proven to be a rich source for

discovering potent AMPs with novel and unique structural motifs.

However, despite significant efforts in the identification and
characterization of a large number of pathogens affecting crustacean
aquaculture systems and an increasing number of research groups
studying crustacean immunity, host defense mechanisms in shrimps
remains relatively poorly understood. Crustaceans live in an environment
where they are exposed to a large number of microorganisms causing
health hazards. To survive in such a potentially hostile and microbe-
enriched environment they have evolved efficient immune system and
AMPs are considered as an important component of their innate immune
system. A better understanding of the haemolymph defense system,
especially with respect to AMPs, will facilitate a further development of
health parameters. Therefore, the aim of the present research was to
contribute to the knowledge on the functioning of the haemolymph
defense system of crustaceans in terms of AMPs and its function. The
present study was focused on identification of new AMP isoforms from

crustaceans and to study its physical, chemical and biological
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characteristics. The identification of new AMPs in crustaceans will bring
interesting insight into the crustacean defense mechanisms as well as

disease control in aquaculture systems.
1.10 Objectives of the present study
The present study was undertaken with the following objectives:

o Screening of antimicrobial peptides in crustaceans

0 Molecular characterization and phylogenetic analysis of AMPs in
crustaceans

0 Heterologous expression of an AMP and its functional
characterization

o Structural and functional characterization of a synthetic AMP
1.11 Qutline of the thesis

The thesis is presented in seven chapters. Chapter 1 gives a general
introduction on the topic of research. Chapter 2, 3 and 4 deals with the
molecular characterization and phylogenetic analysis of AMPs belonging
to anti-lipopolysaccharide factor (ALF), crustin and penaeidin family
identified from crustaceans respectively. Chapter 5 deals with the
recombinant expression of an AMP belonging to ALF family viz. SSALF2,
an ALF identified from Scylla serrata in E. coli expression host system and
testing its antimicrobial property. Chapter 6 deals with synthesis of an
ALF identified from Portunus pelagicus viz. PpALF1 and testing the
antibacterial and anticancer activities and cytotoxicity of the synthesized
peptide. The work is summarized in Chapter 7 with special emphasis on
salient findings of the study. This is followed by a list of references,

GenBank accessions and publications.
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Molecular Characterization and
Phylogenetic Analysis of Anti-
lipopolysaccharide Factors (ALFs) in
Crustaceans

2.1 Introduction

Anti-lipopolysaccharide factor (anti-LPS factor or ALF) is one of the major
families of antimicrobial peptides (AMPs), that can bind and neutralize
lipopolysaccharide (LPS), thereby forming a key effector molecule of the
crustacean innate immune system. ALFs were first isolated and
characterized from large granular haemocytes of horseshoe crabs,
Tachypleus tridentatus (TALF) and Limulus polyphemus (LALF) and they
consisted of basic proteins of around 100 amino acids (Tanaka et al.,
1982; Morita et al,, 1985; Aketagawa et al., 1986). In crustaceans, ALFs
were first identified from the haemocytes of the penaeid shrimp,
Litopenaeus setiferus (Gross et al, 2001) based on EST approach.
Thereafter, many ALF isoforms were identified and characterized from
crustaceans including shrimps and prawns viz. Penaeus monodon
(Supungul et al, 2002; Somboonwiwat et al., 2005), Fenneropenaeus
chinensis (Liu et al., 2005), Marsupenaeus japonicus (Nagoshi et al., 2006),
Macrobrachium olfersi, Litopenaeus schmitti and Farfantepenaeus

paulensis (Rosa et al., 2008); crayfishes like Pacifastacus leniusculus (Liu

35



Chapter 2

et al., 2006); crabs including Carcinus maenas, Callinectes sapidus (Towle
and Smith, 2006), Scylla paramamosain (Imjongjirak et al., 2007),
Eriocheir sinensis (Li et al., 2008; Zhang et al., 2010a; Wang et al., 2011),
Scylla serrata (Yedery and Reddy, 2009) and Portunus trituberculatus
(Yue et al,, 2010; Xu and Liu, 2011; 2012a,b; 2013a,b) as well as lobsters

viz. Homarus americanus (Beale et al., 2008).

Basically, ALFs are amphipathic peptides comprising of 114-124 amino
acid residues with a short signal peptide sequence ranging between 16—
26 residues at the N-terminal region. Following the signal peptide, within
the mature peptide region, the ALFs possess a conserved LPS-binding
domain, and hence are classified among single domain AMPs. The LPS-
binding domain, the characteristic feature of ALFs are formed between
two conserved cysteine residues which form a disulphide loop, and
contain a cluster of positively charged residues within it (Hoess et al.,
1993). Structure of ALF was elucidated using NMR and found that it
consists of three a-helices packed against a four-stranded -sheet (Hoess
et al, 1993; Yang et al., 2009). The B-hairpin structure linked by a
conserved disulfide bridge is the LPS-binding domain. This typical
structure of ALFs make it capable of binding and neutralizing LPS
(Aketagawa et al., 1986).

The mature peptide of ALF possesses a molecular weight of ~ 11 kDa. The
theoretical isoelectric points (pl) of the mature peptide and LPS domain of
ALFs ranges from 5-11 and 4-11, respectively. According to their pl, ALFs
were thought to be cationic peptides, but growing evidence has revealed
the existence of anionic ALFs also (Zhang et al., 2010; Rosa et al., 2013). In
penaeid shrimps, ALFs have been classified into four groups (A-D)

according to the sequences and range of calculated pl, i.e. anionic and
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cationic (Group A), highly cationic (Group B), cationic (Group C) and very
anionic (Group D) ALFs (Rosa et al., 2013). Cationic LPS-binding domains
have been found in both basic and anionic ALFs, while anionic LPS-

binding domains have been found only in anionic ALFs.

The haemocyte, which is a key cell involved in the innate immune
mechanism of crustaceans, was identified as the production and storage
site of ALFs (Somboonwiwat et al., 2005; Nagoshi et al., 2006; Burge et al.,
2007; Ponprateep et al., 2012; Liu et al.,, 2012; Arockiaraj et al., 2014). But
in some cases, ALF transcripts are found in many tissues and the level of
expression of ALFs is found to vary with the tissues (Mekata et al., 2010;
Ponprateep et al., 2012; Antony et al., 2012). Also, some ALF isoforms are
predominantly expressed in other immune-related tissues, such as the
gills, lymphoid organ, intestine and hepatopancreas (Antony et al., 2012;
Liu et al., 2013). However, the transcriptional levels of most identified
ALFs in crustaceans were usually up-regulated in response to bacterial or
viral infection, suggesting that ALFs might play important roles in the
defense against bacterial and viral pathogens. Expression of ALF
transcripts have been demonstrated to respond rapidly upon pathogen
infections or immune stimulations by LPS, lipoteichoic acid (LTA) and -
glucan injections (Antony et al., 2011). Though ALFs are found to be
constitutively expressed in haemocytes and has been found to be up-
regulated following a viral or bacterial challenge (Agoshi et al., 2006;
Antony et al.,, 2011). It has been reported that the expression of ALFPm3
transcripts were up-regulated by Vibrio harveyi infection (Somboonwiwat
et al.,, 2005). Recently, transcription elements in the promoter of ALF gene
was also studied which will be useful to know about the ALF gene

regulation mechanism involved in the gene expression (Tang et al., 2014).
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Distinct ALF isoforms usually coexist in one species and exhibit different
expression patterns. For instance, six isoforms of ALF (ALFPm1-6) could
be identified from P. monodon which was constitutively expressed in the
haemocytes, heart, gill, intestine and lymphoid organ (Supungul et al.,
2004; Ponprateep et al., 2012). Seven ALF isoforms (PtALF1-7) were
isolated from P. trituberculatus which showed distinct expression profiles.
PtALF1-3, PtALF5, and PtALF7 were mainly expressed in haemocytes,
while PtALF4 and PtALF6 showed high expression levels in eyestalk and
gill (Xu and Liu., 2011; Liu et al., 2012a, 2012b, 2013). Although different
isoforms have been reported in different crustacean species, their
similarities in the same species or among different species were very low
(Lietal., 2013).

ALF possess the ability to bind to microbial polysaccharides including
LPS, LTS and B-glucan, which is an evidence for its antimicrobial activity
(Sun et al,, 2011). Studies on in vivo and in vitro activities of synthetic LPS
domain of ALFs and recombinantly produced ALFs have been carried out
against various pathogens (Liu et al., 2006; de la Vega et al., 2008; Pan et
al.,, 2009; Zhang et al., 2010). The synthetic disulfide loops of ALF isoforms
from P. monodon (ALFPmM3) and S. paramamosain (ALFSp) have been
clearly shown to be active against broad range of microbes
(Somboonwiwat et al., 2005; Imjongjirak et al., 2007). ALFs have the
ability to inhibit the endotoxin or LPS mediated coagulation system, and
thus exhibits strong antibacterial activity against the Gram-negative

bacteria in particular (Morita et al., 1985).
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The antimicrobial activity of highly cationic ALFs against Gram-negative
bacteria was first characterized for the L. polyphemus ALF, (LALF or
LpALF) (Morita et al., 1985). Wang et al. (2002) have proved the strong
antibacterial activity of LALF, especially on the growth of Gram-negative R
type bacteria. Highly cationic ALFs such as ALFPm3 from P. monodon
exhibited a broad spectrum of activities against Gram-negative and Gram-
positive bacteria, fungi and viruses (Somboonwiwat et al., 2005; Liu et al.,
2006; Carriel-Gomes et al., 2007; de la Vega et al., 2008; Tharntada et al.,
2009; Liu et al., 2012a). Cationic ALFs, such as PCALF1 (P. clarkii), SpALF1
and SpALF2 (S. paramamosain), and anionic ALFs, such as ESALF2 (E.
sinensis), PtALF6 (P. trituberculatus), MrALF(M. rosenbergii) and SpALF4
(S. paramamosain), have been shown to exhibit lower antibacterial
activity against Gram-negative and Gram-positive bacteria (Zhang et al.,
2010; Sun et al,, 2011; Liu et al,, 2013, 2014; Zhu et al., 2014). On the
other hand, very anionic ALFs (shrimp ALF group D) have an impaired
LPS binding domain and hence are devoid of antimicrobial activity (Rosa
et al,, 2013). The absence of a positively charged amino acid cluster in the
anionic LPS binding domain is considered as the reason for the deficient
LPS binding ability of this group of ALFs.

In addition to antibacterial activity, ALFs were known to posses antifungal
(de la Vega et al, 2008), antiviral (Antony et al, 2011),
immunomodulatory (Montero et al., 2003), anti-tumour (Lin et al., 2013)
and anti-inflammatory (Pan et al., 2009) activities. Another possible role
of the ALF as an antiviral molecule has been shown in P. leniusculus as it
interferes with the replication of white spot syndrome virus (Liu et al.,
2006). Also, ALFs have been proved to enhance phagocytic activity of
haemocytes. As described by Liu et al. (2014), MrALF in the plasma and
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haemocytes at a lower concentration than the MIC, can function as an
opsonin, thereby enhancing phagocytosis. ALF also has the ability to bind
and neutralize LPS-induced gelation of amebocyte lysate in Limulus
(Alpertetal., 1992).

ALFPm3, one of the most abundantly expressed isoform of ALF identified
from P. monodon, was cloned and expressed in a Pichia pastoris
expression system and its antimicrobial activity was investigated by
Somboonwiwat and co-workers in 2005. It was found to possess broad
spectrum of activity against several classes of microorganisms, including
Gram-positive and Gram-negative bacteria and filamentous fungi.
Moreover, the recombinant ALFPmM3 has also been demonstrated to
possess an antiviral effect against human herpes virus (HSV-1) (Carriel-
Gomes et al., 2007).

In fact, increased resistance of bacteria towards antibiotic drugs has
stimulated intensive effort for discovery and characterization of AMPs as
sources or templates for the design of new therapeutic antibiotics. With
strong and broad spectrum antimicrobial activity, the ALFs and their
derivatives are becoming potential therapeutic agents for prophylactic
treatment of viral and bacterial infectious diseases, as well as for septic
shocks (Vallespi et al., 2000; Pan et al., 2007). As most of the infectious
bacterial pathogens in aquatic organisms are Gram-negative bacteria,
studies on ALFs will be more useful in disease control in the aquaculture
systems. Most of the cultured crustaceans are prone to infection by
microbes at various stages of its growth; the losses due to disease can be
enormous. As a result, a considerable research has been focused in
isolation and characterization of proteins involved in immune regulation.

Hence, the present study was focused on the discovery of new ALF
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isoforms from various crustacean species through molecular approach
and to investigate their characteristics and phylogeny so as to understand
the role of ALFs in the innate immune defense of crustaceans. Since
crustaceans are important from economic point of view, understanding
their innate immunity will go a long way in better exploitation and

management of these organisms.
2.2 Materials and Methods
2.2.1 Experimental animals

The experimental organisms used in the present study include the mud
crab, Scylla serrata and the blue swimmer crab, Portunus pelagicus
belonging to decapod crustaceans of the brachyuran family, Portunidae.
Both of these organisms are edible and demand a high economic value in
the international market. Live specimens of S. serrata and P. pelagicus
were collected from Vypeen and Munambam area in Kochi respectively

and were brought to the laboratory (Fig. 2.1 aand b).
2.2.2 RNase control
Following were the basic precautions taken when working with RNA:

a) Using diethyl pyrocarbonate (DEPC) treated water, glass wares,
homogenizers, scissors, forceps and gloves. DEPC treatment
involved overnight incubation of the utensils and solutions with
0.1 % DEPC at room temperature, to make them RNase free,
followed by autoclaving at 15 Ib pressure for 1 h, to remove
residual DEPC.

b) Wearing gloves throughout the experiments to prevent

contamination from RNases found on human hands
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c) Having a dedicated set of pipettes that are used solely for RNA

work

d) Using filter tips and tubes that are tested and guaranteed to be

RNase-free and
e) Using RNase-free chemicals and reagents

These precautionary measures helped to minimize RNase contamination

problems.
2.2.3 Haemolymph collection

Haemolymph was collected from the base of abdominal appendages of S.
serrata and P. pelagicus using specially designed capillary tubes (RNase-
free) rinsed in pre-cooled anticoagulant solution (RNase free, 10 %
sodium citrate, pH 7.0). Haemolymph was suspended in TRI reagent

(Sigma) for total RNA isolation.
2.2.4 RNA isolation

Total RNA was extracted from the haemolymph of the experimental
organisms using TRI™ reagent (Sigma) following manufacturer’s protocol.
In brief, about 1 ml haemolymph was homogenized in 1 ml TRI Reagent in
a tissue homogenizer. To ensure complete dissociation of the
nucleoprotein complexes, samples were allowed to stand for 5 min at
room temperature. Following that, 0.2 ml chloroform per 1 ml TRI reagent
was added to the homogenate, shaken vigorously for 15 sec and allowed
to stand for 2-15 min at room temperature. The resulting mixture was
centrifuged at 12,000 xg for 15 min at 4 °C. Centrifugation separates the
mixture into three phases: a red organic phase (containing protein), an

interphase (containing DNA) and a colourless upper aqueous phase
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(containing RNA). The aqueous phase was then transferred to a fresh tube
and 0.5 ml isopropanol per ml TRl Reagent was added. The samples were
allowed to stand for 5-10 min at room temperature and was further
centrifuged at 12,000 xg for 10 min at 4 °C. The RNA precipitated out in
the side and bottom of the tube was washed by adding 1 ml 75 % ethanol
per 1 ml of TRI Reagent. The samples were then vortexed and centrifuged
at 7500 xg for 5 min at 4 °C. RNA pellets were dried for 5-10 min and
dissolved in RNase free water by repeated pipetting with a micropipette
at 55-60 °C for 10-15 min.

2.2.5 Determination of the quantity and quality of RNA

RNA was quantified and qualified by measuring optical density (OD) at
260 and 280 nm in a UV spectrophotometer and visualizing RNA by
agarose gel electrophoresis. The ratio of absorbance at 260 nm and 280
nm is an indication of RNA quality. Only RNAs with absorbance ratios
(A2e0:A2g0) greater than 1.8 were used for cDNA synthesis. For
guantification of RNA, the OD at 260 nm was taken and the concentration

of RNA was calculated as follows:

1 OD of RNA =40 pg/ml

RNA concentration (pg/ml) = OD at 260 nm x Dilution factor x 40
2.2.6 cDNA synthesis

Complementary DNA (cDNA) synthesis was performed using good quality
RNA in a reaction catalyzed by the enzyme, reverse transcriptase. First
strand cDNA was produced in a 20 pl reaction volume containing 5 pg
total RNA, 1x RT buffer, 2uM dNTP, 2uM oligo d(T20), 20 U of RNase

inhibitor and 100 U of MMLV reverse transcriptase. The reaction was
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carried out at 42 °C for 1 h followed by an inactivation step at 85 °C for 15

min. The cDNA synthesized was stored at -20 °C until use.
2.2.7 PCR amplification

PCR amplification of cDNA were carried out using gene specific primers,
designed using GeneTool software based on consensus sequences of ALFs
retrieved from GenBank. 3-actin was used as the internal control to verify
reverse transcription reaction. The sequences of the primers used to

amplify B-actin and ALF genes are given in Table. 2.1.

PCR amplification of 1 ul cDNA was performed in a 25 pl reaction volume
containing 1x standard Taqg buffer (10 mM Tris-HCI, 50 mM KCI, pH 8.3),
200 uM dNTPs, 0.4 uM each primer and 1U Taq DNA polymerase. The
thermal profile used was an initial denaturation at 94 °C for 2 min
followed by 35 cycles of denaturation at 94 °C for 15 sec, and extension at
60 °C for 30 sec and a final extension at 68 °C for 10 min, for the target
genes. Annealing temperature varied for the different genes as given in
Table 2.1. The PCR products were visualized by electrophoresis in 1.5 %

agarose gel.
2.2.8 Agarose gel electrophoresis

Electrophoresis was performed in 1.5 % agarose gel prepared in 1 x TBE
buffer (Tris-base- 10.8 g, 0.5 M EDTA- 4ml, Boric acid- 5.5 g, Double
distilled water— 100 ml, pH- 8.0). To the melted agarose, 2 pl ethidium
bromide (1 mg/ml stock stored in dark) was added. After cooling to 45 °C,
the agarose was poured on to gel tray and was allowed to solidify. The gel
tray with solidified agarose was then submerged in 1x TBE buffer, filled in
a buffer tank. PCR product (10 pl) was mixed with 2 ul of 6x gel loading
buffer (1 % bromophenol blue- 250 ul, 1 % xylene cyanol- 250 pl,
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glycerol- 300 pl, double distilled water— 200 pl) and loaded onto the well.
Electrophoresis was done at a voltage of 3-5 volt/cm till the bromophenol
blue dye front migrate to the middle of the gel. The gel was visualized on a
UV transilluminator using the Gel Doc XR system and documented using

Quantity One software (Bio-Rad Hercules, Ca).
2.2.9 Cloning of the PCR product
2.2.9.1 Ligation

The PCR products were cloned onto the pGEM-T Easy vector (Promega,
USA). The ligation mix (10 pl) consisted of 5 pl ligation buffer (2x), 0.5 ul
of the vector (50 ng/ pl), 3.5 ul PCR product (600 ng/ ul) and 1 pl of T4
DNA ligase (3 U/ ul). The ligation mix was incubated at 22 °C for 1 h.

2.2.9.2 Preparation of competent cells

E. coli DH5a cells were used as the cloning host for transformation of
pPGEM-T Easy vector with the insert. Competent cells of E. coli DH5a were
prepared as follows. Briefly, a single colony of E. coli DH5a was inoculated
to 10 ml LB media and grown overnight at 37 °C at 150 rpm. An aliquot of
5 ml of overnight culture was inoculated into 50 ml LB and incubated at
37 °C for 2 h at 250 rpm. The cells in their log phase were centrifuged at
6000 rpm for 20 min at 4 °C. The supernatant was decanted and the
pelletized cells were then re-suspended by gentle vortexing with 100 mM
CaClz. The cells were placed on ice for 45 min with intermittent 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 resuspended
in 1 ml of 200 mM CaCl». The resulting competent cells were then stored

at -80 °C supplemented with 15 % glycerol.
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2.2.9.3 Transformation

E. coli DH5a competent cells were used for transforming the ligated
cloning vector. In brief, 10 pl of the ligated product was mixed with 50 pl
of competent cells in a polypropylene tube and was incubated on ice for
20 min. The cells were given a heat-shock for 45 sec in a water bath at
exactly 42 °C without shaking, to facilitate the entry of recombinant DNA
to the host cells. Then the tubes were immediately returned to ice for 2
min. To this, 600 pl SOC medium was added at room-temperature and
incubated for 1.5 h at 37 °C with shaking at 250 rpm. The transformation
mixture (200 pl) was then spread onto LB agar plates supplemented with
ampicillin (100 pg/ml), IPTG (100 mM) and X-gal (80 pg/ml). The plates
were then incubated at 37 °C overnight. The transformants were selected
based on blue/white colony screening. The white colonies were selected
and streaked on LB+Ampicillin+X-gal+IPTG plates and incubated
overnight at 37 °C.

2.2.9.4 Confirmation of the presence of insert by colony PCR

To confirm the presence of the insert DNA in the transformed cells, colony
PCR was performed for all the individually streaked colonies using vector
specific primers viz. T7 and SP6 as well as gene specific primers (Table
2.1). White colonies (template) picked from the transformed plate were
dispensed into the PCR reaction mix (25 ul) containing 1x standard Taq
buffer (10 mM Tris-HCI, 50 mM KCI, pH 8.3), 200 uM dNTPs, 0.4 uM each
primer and 1U Taq 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 57 °C for 20 sec and

extension at 72 °C for 1 min and a final extension at 72 °C for 10 min. PCR

46



Molecular Characterization & Phylogenetic Analysis of ALFs in Crustaceans

products were then visualized by electrophoresis and documented using
Gel documentation system (Gel Doc™ XR+ imaging system, Bio-Rad, USA).

The clones with the required size inserts were segregated for further use.
2.2.9.5 Plasmid extraction and purification

Positive colonies with the insert were propagated in LB broth
supplemented with ampicillin (100 pg pl'l) by incubating at 37 °C with
shaking at 250 rpm. Plasmid with the insert was then extracted and
purified using GenElute HP’' plasmid MiniPrep kit (Sigma) following
manufacturer’s protocol. Briefly, cells were harvested by centrifugation of
2 ml overnight recombinant E. coli culture at 12000 xg. The pellet was
then resuspended in 200 ul resuspension solution supplemented with
RNase. The resuspended cells were then lysed by adding 200 pl of the
lysis buffer supplied with the kit. The contents were then mixed
immediately by gentle inversion until the mixture becomes clear and
viscous. The cell debris was then precipitated by adding 350 pl of the
neutralization buffer and was pelletized by centrifugation at 12000 xg for
10 min. Columns were prepared by inserting a GenElute HP MiniPrep
binding column into the provided microcentrifuge tubes. About 500 pl of
the column preparation solution was then added to this MiniPrep column
and centrifuged at 12000 xg for 1 min. The flow through liquid was then
discarded and the cleared lysate was transferred to the column provided
with the kit and subjected to washing steps twice with wash solution I and
Il respectively. Plasmid DNA was then eluted with 100 pl of elution
solution (10 mM Tris-HCI) by centrifuging at 12000 xg for 1 min. The DNA
present in the eluate was then stored at -20 °C. Plasmid DNA obtained was
analyzed and confirmed by agarose gel electrophoresis for the presence of

the target insert and were sent for sequencing at SciGenom, Kochi, India.
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2.2.9.6 Sequencing and sequence analysis

The plasmid DNA were sequenced using ABI Prism Big Dye Terminator
Cycle Sequencing Ready Reaction kit using T7 and SP6 primers on an ABI
Prism 377 DNA sequencer (Applied Biosystem) at SciGenom, Kochi, India.
The nucleotide sequences obtained were analyzed using BioEdit and
GeneTool software. Open reading frame of the sequences were found out
using GeneTool software. Gene translation and prediction of deduced
protein were performed with ExPASy (http://www.au.ExPASy.org/) and
GeneTool software. Molecular weight and isoelectric point of the target
AMP were predicted using PROTPARAM tool of ExPASy program.
Conserved domains/motifs/pattern search were also found out using
MotifScan and ScanProsite tool of EXPASy program. Homology searches of
the nucleotide and deduced amino acid sequences were performed using
BLASTn and BLASTp tools (Altschul et al., 1990) at the National Center for
Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/blast).
The signal peptide was predicted by SignalP  program
(http://www.au.ExPASy.org/). Similar sequences were retrieved from the
GenBank database and multiple sequence alignment of the peptides was
performed with ClustalW, BioEdit and Genedoc computer programs.
Amino acid sequences of the target genes were retrieved from the NCBI
GenBank and phylogenetic tree was constructed by the Neighbor-Joining
(NJ) method using MEGA version 5.05 (Tamura et al.,, 2007). Bootstrap
analysis was based on 1000 replicates. The nucleotide sequence and the

deduced amino acid sequences were submitted to GenBank.
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The physico-chemical properties and amino acid composition of the
peptide were predicted and confirmed using PROTPARAM, ExPASy and
APD programs (http://www.au. expasy.org/; http: //aps.unmc.edu
/AP/main.php). The hydrophobicity (<H>) and hydrophobic moment
(<uH>)  were calculated by using HELIQUEST  program
(http://heliquest.ipmc.cnrs.fr). To find out the amphipathicity of the
peptide, a helical wheel representation of the peptide was also generated
using Schiffer-Edmundson helical wheel analysis program. Data for
secondary structure and spatial organization of the obtained amino acid
sequence was generated using SWISS — MODEL, a homology based protein
modelling server (Guex and Peitsch, 1997; Schwede et al, 2003 and
Arnold et al, 2006). Using the data generated by SWISS-MODEL, 3-
dimensional structure of obtained amino acid sequence was predicted
using PyMOL software. The secondary structure analysis of the peptides
was also carried out using STRIDE (http://webclu.bio.wzw.tum.de/cgi-

bin/stride/stridecgi.py).
2.3 Results

In the present study, four different isoforms of ALFs could be identified,
cloned and characterized from S. serrata (SSALF1 and SsALF2) and P.
pelagicus (PpALF1 and PpALF2) (Table 2.2).

2.3.1 Molecular characterization of ALF genes in S. serrata

From the haemocytes of the mud crab, S. serrata, two new isoforms of
AMPs belonging to ALF family could be identified and characterized. The
ALFs are designated as SSALF1 and SsALF2.
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2311SsALF1
2.3.1.1.1 Cloning and sequencing of SSALF1 cDNA

An initial RT-PCR reaction with S. serrata haemocyte RNA and gene
specific primer ALF-1, a product ~ 477 bp could be amplified which was
subsequently cloned and sequenced. The full-length cDNA of SsALF1
obtained consisted of 477 bp containing an ORF of 369 bp (Fig. 2.2). Based
on the deduced polypeptide sequence, SSALF1 was found to consist of 123
amino acids, including a 26 amino acid signal sequence predicted by
SignalP software (ExPASy) in the N-terminal region of the polypeptide
chain (Fig. 2.3). Therefore, the mature peptide comprised of 97 amino
acid residues with a predicted molecular weight (MW) of 11.2 kDa. The
SsALF1 was found to be highly cationic and the isoelectric point (pl) was
estimated to be 9.95 as predicted by the PROTPARAM software. The
SsALF1 cDNA sequence and deduced amino acid sequence has been
submitted to the NCBI GenBank under the accession number HQ638024.

2.3.1.1.2 Analysis of SSALF1 sequence and peptide characteristics

Sequence comparison of SSALF1 amino acid revealed a 24 amino acid
conserved domain from amino acid residues 54 through 77 in the region
of LPS binding domain (Fig. 2.2). The SSALF1 molecule also showed the
conservation of two cysteine residues at positions Cys> and Cys’S,
important for one disulfide bond (loop) formation in the peptide (Fig.
2.2). The deduced amino acid sequence of SSALF1 was found to be rich in
positively charged amino acid residues, arginine (10.3 %) and lysine (7.2
%) forming a cluster within the disulfide loop regarded as the functional
domain of ALF. The physico-chemical properties of SSALF1 including its

molecular weight, net charge, isoelectric point and hydrophobicity
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predicted using PROTPARAM, ExPASy, APD and HELIQUEST programs are
described in Table 2.3. The SsSALF1 was found to be highly cationic with a
net charge of +9. Hydrophobicity was found to be 37 % as predicted by
the PROTPARAM programs. Among the residues taken for analysis, 37 %
of amino acids were found to be hydrophobic residues and its total net
charge was determined to be +9, confirming the antimicrobial nature of
the peptide. Also, the peptide was predicted to interact with membranes
and possess a chance to be a potential AMP (result based on APD program
http://aps.unmc.edu/AP/main.php). The a-helix wheel projections for
SsALF1 constructed using Schiffer-Edmundson helical wheel analysis
clearly showed a perfect amphipathic nature of SSALF1 (Fig. 2.4). Analysis
of the mature SsALF1l sequence using the Kyte-Doolittle plot also
demonstrated a significant presence of hydrophobic amino acids
concentrated in the first 20 residues of the protein (Fig. 2.5). The analysis
confirmed the peptide to be amphipathic in nature due to the presence of

hydrophobic residues.

Peptide model of SSALF1 created using SWISS-MODEL server showed that
SsALF1 consisted of two a-helices crowded against a four-strand 3-sheet.
Two of the B-strands are in turn linked by a disulfide bond to form an
amphipathic loop rich in cationic amino acid side chains. Secondary
structure of SSALF1 was created in PyMOL software using data generated
in pdb format by SWISS-MODEL (Fig. 2.6).

2.3.1.1.3 Sequence alignment and phylogenetic analysis of SSALF1

When compared with the complete non-redundant GenBank database
using BLAST program, the translated SSALF1 sequence demonstrated

similarities to the ALFs present in decapod crustaceans (Table 2.4).
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SSALF1 was found to be 93 % similar to an ALF isoform characterized
from S. serrata. However, a 100 % similar ALF molecule could be found in
S. paramamosain. SsSALF1 also shared similarity to ALFs of P.
trituberculatus (76 %), P. leniusculus (52 %) and F. indicus (41 %).
Multiple alignment performed for SSALF1 with other ALFs revealed the
presence of conserved regions within the sequence. Sequence comparison
of amino acids of SSALF1 revealed conserved residues in the region of LPS
binding domain (Fig. 2.7).

The phylogenetic relationship between SSALF1 and other ALFs of decapod
crustaceans were analyzed using neighbor-joining (NJ) method (Fig. 2.8).
Molecular phylogenetic tree based on amino acid sequences suggests that
all the ALF members possess the same ancestral origin, which has
subsequently diverged at different phases of evolution. The tree could be
broadly divided into two major groups, Group 1 included ALFs from
shrimps and lobsters and Group 2 consisted of ALFs from crabs and
crayfishes respectively. The bootstrap distance tree clearly indicated that

the SSALF1 possessed great similarity to ALFs of other crabs.
2.3.1.2 SSALF2
2.3.1.2.1 Cloning and sequencing of SSALF2 cDNA

A 522 bp nucleotide sequence containing the complete coding sequence of
SSALF2 could be cloned and sequenced from S. serrata (Fig. 2.9). The
sequence possessed an ORF of 372 bp encoding a polypeptide of 123
amino acid residues. The obtained ALF sequence encoded for precursor
molecules, starting with a signal peptide containing 26 amino acid
residues, followed by a highly cationic mature peptide with 97 amino acid

residues (Fig. 2.10). The predicted molecular mass of SSALF2 was 11.2
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kDa with an estimated pl of 10.0. The SsALF2 cDNA sequence and
deduced amino acid sequence has been submitted to the NCBI GenBank
under accession number JQ899453.

2.3.1.2.2 Analysis of SSALF2 sequence and peptide characteristics

The N-terminus of SSALF2 had the consistent features of a signal peptide
as defined by SignalP program analysis, with a putative cleavage site
located after position 26 (CEA-QY). The mature peptides of SsALF2
contained the two characteristic conserved cysteine residues forming a
disulphide loop, which possess a cluster of positive charges within it
These conserved cysteine residues were found at the positions C2° and C50
in SSALF2.

In SSALF2, the lysine and arginine percentages were 12.4 % and 6.2 %
respectively. In addition, this molecule contained the highly hydrophobic
N-terminal region and a consensus amino acid sequence (W/T)CP(G/S)W,
but contained only 9 hydrophobic residues in a total of 35 residues.
SsALF2 showed the typical pattern of alternating hydrophobic and
hydrophilic residues in their putative disulphide loop. Out of the 20
positively charged amino acids, 10 positively charged amino acids and a
tryptophan (Trp7°) were clustered within the disulfide loop consisting of
22 residues. These features suggest that SSALF2 possess an amphipathic

factor.

The physico-chemical properties of SsALF2 including its molecular
weight, net charge, isoelectric point and hydrophobicity predicted using
PROTPARAM, ExPASy, APD and HELIQUEST programs are described in
Table 2.5. SSALF2 was found to be highly cationic with a net charge of
+10. Hydrophobicity was found to be 34 % as predicted by the
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PROTPARAM and HELIQUEST programs. The antimicrobial property of
SSALF2 was predicted using APD and HELIQUEST programs. Among the
residues taken for analysis, 34 % of amino acids were found to be
hydrophobic residues and its total net charge was determined to be +10,
thereby confirming the antimicrobial nature of the peptide. The peptide
was predicted to interact with membranes and possess a chance to be a
potential AMP (result based on APD program http://aps. unmc. edu/ AP/
main.php). The a-helix wheel projections for SSALF2 constructed using
Schiffer-Edmundson helical wheel analysis clearly showed a perfect
amphipathic nature of SsALF2 (Fig. 2.11). The analysis confirmed the
peptide to be amphipathic in nature due to the presence of hydrophobic
face. Analysis of the mature SSALF2 sequence using the Kyte-Doolittle plot
demonstrated a significant presence of hydrophobic amino acids

concentrated in the first 20 residues of the protein (Fig. 2.12).

The spatial structure of SSALF2 was created in PyMOL software using data
generated in pdb format by SWISS-MODEL (Fig. 2.13). Analysis of the
results showed the presence of four B-strands and two a-helices in the

spatial structure of SSALF2.
2.3.1.2.3 Sequence alignment and phylogenetic analysis of SSALF2

BLAST analysis of the deduced amino acid sequences of SSALF2 revealed
significant identities only with the ALFs of crustaceans and not with any
other groups including Limulids (Table 2.6). SSALF2 shared a significant
identity with portunid ALFs (76-93 %) and shared low homology with the

ALFs of E. sinensis, crayfishes and shrimps (less than 61 %).

Multiple alignment of SSALF2 with members of ALF family revealed that

two cysteine residues (C2° and C%9) were highly conserved in portunid
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ALFs (Fig. 2.14). Twenty residues (H30, R33, K34, P35 K36 F37 R38 K39 F40,
K41, 142, Y43 H44, E45 G46, K47, F48 W49) found in between the cysteine
residues (C2° and C%9) in the B-strand of portunid ALFs were also found to

be conserved for the SSALF2, except in case of I3 and R32,

To evaluate the molecular evolutional relationships SSALF2 against other
ALF family members, a phylogenetic tree was constructed based on the 45
amino acid sequences of ALF members by the NJ method (Fig. 2.15).
Phylogenetic analysis of ALFs further revealed that ALF sequences were
clustered according to species. Phylogenetic trees also showed that
SsALF2 was phylogenetically ancient immune effector molecule which
may play an essential role in the host defense mechanism. SSALF2 was
closely related to other crab ALFs rather than to the other groups such as
shrimps, lobsters and crafishes. There were three distinct groups in the
phylogenetic tree. The first and third groups were shrimp and crab ALFs
respectively. In the second group, ALFs from all crustaceans viz. crabs,
shrimps, lobsters and crayfishes were clustered together. Within this
cluster, there were three distinct subgroups of sequences: a subgroup of
lobster and shrimp ALFs, a second subgroup of shrimp, crayfish and crab
ALFs to which the SSALF2 belonged to and a third subgroup containing
ALFs from the crabs alone. Phylogenetic tree showed that ALFs from
crabs including SsALF2 and ALFs from P. trituberculatus, S.
paramamosain, S. serrata and E. sinensis were clustered together, and then
had a closer relationship with crayfish P. leniusculus and shrimp ALFs (P.
monodon and M. japonicus). This convergence between crustaceans might
imply the complex evolution of ALFs in these groups and potential

similarity in biological functions.
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2.3.2 Molecular characterization of ALF genes in P. pelagicus

The present study reported the first ALF isoforms from P. pelagicus,

named as PpALF1 and PpALF2 respectively.
2.3.2.1 PpALF1
2.3.2.1.1 Cloning and sequencing of PDALF1 cDNA

An 880 bp fragment cDNA encoding 293 amino acids and an ORF of 123
amino acids was obtained and successfully cloned from the mRNA of P.
pelagicus haemocyte by RT-PCR (Fig. 2.16). Analysis with the SignalP
software revealed the presence of a putative signal peptide with 24 amino
acid residues at the N-terminal region of the PpALF1 (Fig. 2.17). The
mature peptide consisted of 123 amino acid residues with a predicted
molecular weight (MW) of 13.86 kDa. The PpALF1 was highly cationic and
the isoelectric point (pl) was estimated to be 8.49 as predicted by the
PROTPARAM software. The PpALF1 cDNA sequence and deduced amino

acid sequence has been submitted to the NCBI GenBank under accession

number JQ745295.

2.3.2.1.2 Analysis of PpALF1 sequence and peptide characteristics

The deduced amino acid sequence of PpALF1 was found to be rich in
positively charged amino acid residues viz. arginine (10.6 %) forming a
cluster within the disulfide loop. PPALF1 was found to be cationic with a
net charge of +2. Hydrophobicity was found to be 39 % as predicted by
the PROTPARAM and HELIQUEST programs. Among the residues taken
for analysis, 39 % of amino acids were found to be hydrophobic residues
and its total net charge was determined to be +2, thereby confirming the

antimicrobial nature of the peptide. The deduced amino acid sequence of
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PpALF1 showed a 24 amino acid domain from residue 54 through 77 that

was necessary for LPS binding and neutralization.

The physico-chemical properties of PpALF1 including its molecular
weight, net charge, isoelectric point and hydrophobicity predicted using
PROTPARAM, ExPASy, APD and HELIQUEST programs are described in
Table 2.7. The antimicrobial property of PpALF1 was predicted using APD
and HELIQUEST programs. The results clearly indicated that the synthetic
peptide taken for analysis possesses antimicrobial property. The peptide
was predicted to interact with membranes and possess a chance to be a
potential AMP (result based on APD program http://aps.unmc.edu/AP/
main.php). The a-helix wheel projections for PpALF1 constructed using
Schiffer-Edmundson helical wheel analysis clearly showed a perfect
amphipathic nature of PpALF1 (Fig. 2.18). The analysis confirmed the
peptide to be amphipathic in nature due to the presence of hydrophobic
face. Analysis of the mature PpALF1 sequence using the Kyte-Doolittle
plot demonstrated a significant presence of hydrophobic amino acids

concentrated in the first 20 residues of the protein (Fig. 2.19).

Secondary structure of PPALF1 was created in PyMOL software using data
generated in pdb format by SWISS-MODEL (Fig. 2.20). Analysis of the
results showed that PpALF1 consisted of two a-helices crowded against a
four-strand (-sheet. Two of the B-strands are in turn linked by a disulfide

bond to form an amphipathic loop rich in cationic amino acid side chains.
2.3.2.1.3 Sequence alignment and phylogenetic analysis of PpALF1

BLAST analysis of the nucleotide sequences revealed the relation of
PpALF1 to other ALFs present in decapod crustaceans (Table 2.8).
PpALF1 showed only 46 % similarity to ALF isoforms present in P.
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trituberculatus followed by 39 % similarity to ALF of E. sinensis and 38 %

similarity to ALFs of S. paramamosain and S. serrata.

Multiple alignment performed for PpALF1 with other ALFs revealed the
presence of conserved regions within the sequence. Sequence comparison
of PpALF1 peptide revealed that it possessed a signal peptide and
conserved amino acid residues in the region of LPS binding domain (Fig.
2.21). The PpALF1 molecule also showed the conservation of two cysteine
residues at positions Cys®> and Cys’6, important for one disulfide bond

(loop) formation in the peptide.

The phylogenetic relationship between PpALF1 and other ALFs of
decapod crustaceans were analyzed using NJ method (Fig. 2.22). The
phylogenetic tree clearly showed that the ALF sequences clustered
according to species. The crab and shrimp ALFs were found to cluster
separately. The tree could be broadly divided into three major groups.
Group 1 consisted of ALFs from shrimps; whereas Group 2 consisted of
ALFs from all crustaceans including shrimps, crabs, crayfishes and
lobsters. Group 3 was found to consist of ALFs found in crabs alone and
PpALF1 belonged to this group (Group 3). The analysis showed that
PpALF1 was more closely related to crab ALFs rather than to the shrimp,
crayfish and lobster ALFs. Also, within the crab cluster, ALFs of Scylla sp.
grouped together and were found to be different from that of the Portunus
and Eriocher sp. Also, PpALF1 was found to be different from the other
ALF isoforms of P. trituberculatus. The bootstrap distance tree calculated
clearly indicated PpALF1 to be a new isoform of the ALF family. Also,
molecular phylogenetic tree based on amino acid sequence suggests that
all the ALF members are of same ancestral origin, which has subsequently

diverged at different phases of evolution.
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2.3.2.2 PpALF2
2.3.2.2.1 Cloning and sequencing of PDALF2 cDNA

A 417 bp nucleotide sequence representing the complete cDNA sequence
of PpALF2 with an open reading frame (ORF) of 372 bp encoding a
polypeptide of 123 amino acid residues was obtained by RT-PCR and was
cloned to a cloning vector (Fig. 2.23). The obtained ALF sequence encoded
for precursor molecules, starting with a signal peptide containing 26
amino acid residues, followed by a highly cationic mature peptide
containing 97 amino acid residues (Fig. 2.24). The PpALF2 cDNA
sequence and deduced amino acid sequence has been submitted to the
NCBI GenBank under the accession number JQ899452.

2.3.2.2.2 Analysis of PpALF2 sequence and peptide characteristics

The N-terminus of PpALF2 had the consistent features of a signal peptide
as defined by SignalP program analysis, with a putative cleavage site
located after position 26 (CEA-QY). The mature peptides of PpALF2
contained the two characteristic conserved cysteine residues forming a
disulphide loop, which possess a cluster of positive charges within it.
These conserved cysteine residues were found at the positions C29 and C3°
in PpALF2. The deduced amino acid sequence of PpALF2 was found to be
rich in positively charged amino acid residues, lysine (12.4 %) and
arginine (5.2 %). In addition, it contained the highly hydrophobic N-
terminal region and a consensus amino acid sequence (W/T)CP(G/S)W.
The predicted molecular mass of the mature ALF was found to be 11.2
kDa with an estimated pl of 10.0. PpALF2 also showed the typical pattern
of alternating hydrophobic and hydrophilic residues in their putative

disulphide loop, suggesting that they comprise the same functional
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domain. PpALF2 contained a highly hydrophobic N-terminal region
including 10 hydrophobic residues in a total of 38 residues. Moreover, out
of the 17 positively charged amino acids, seven positively charged amino
acids and a tryptophan (Trp75) were clustered within the disulfide loop

consisting of 22 residues.

The physico-chemical properties of PpALF2 including its molecular
weight, net charge, isoelectric point and hydrophobicity predicted using
PROTPARAM, ExPASy, APD and HELIQUEST programs are described in
Table 2.9. The PpALF2 was found to be cationic with a net charge of +10.
Hydrophobicity was found to be 37 % as predicted by the PROTPARAM
and HELIQUEST programs. The antimicrobial property of PpALF2 was
predicted using APD and HELIQUEST programs. The results clearly
indicated that the synthetic peptide taken for analysis possesses
antimicrobial property. Among the residues taken for analysis, 37 % of
amino acids were found to be hydrophobic residues and its total net
charge was determined to be +10, thereby confirming the antimicrobial
nature of the peptide. The peptide was predicted to interact with
membranes and possess a chance to be a potential AMP (result based on
APD program http://aps.unmc.edu/AP/main.php). The o-helix wheel
projections for PpALF2 constructed using Schiffer-Edmundson helical
wheel analysis clearly showed a perfect amphipathic nature of PpALF2
(Fig. 2.25). The analysis confirmed the peptide to be amphipathic in
nature due to the presence of hydrophobic face. Analysis of the mature
PpALF2 sequence using the Kyte-Doolittle plot demonstrated a significant
presence of hydrophobic amino acids concentrated in the first 20 residues
of the protein (Fig. 2.26).
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The spatial structure of PpALF2 was established using the SWISS-MODEL
prediction algorithm. There were four B-strands and two o-helices in the
spatial structure of PpALF2. Secondary structure of SSALF1 was created in
PyMOL software using data generated in pdb format by SWISS-MODEL
(Fig. 2.27).

2.3.2.2.3 Sequence alignment and phylogenetic analysis of PpALF2

BLAST analysis revealed that PpALF2 exhibited significant similarity with
crustacean ALF sequences (Table 2.10). BLAST analysis of the deduced
amino acid sequences of PpALF2 revealed significant identities only with
the ALFs of crustaceans and not with any other groups including Limulids.
PpALF2 shared a significant identity with portunid ALFs (75-87 %) and
shared low homology with the ALFs of E. sinensis, crayfishes and shrimps
(less than 61 %).

Multiple alignment of PpALF2 with members of ALF family revealed that
two cysteine residues (C2° and C%09) were highly conserved in portunid
ALFs (Fig. 2.28). Twenty residues (H30, R33, K34, P35 K36 F37 R38 K39, F40,
K41, 142, Y43 H44, E45 G46, K47, F48 W49) found in between the cysteine
residues (C29 and C%9) in the B-strand of portunid ALFs were also found to

be conserved for the PpALF2, except in case of F31, F32,

To evaluate the molecular evolutional relationships of PpALF2 against
other ALF family members, a phylogenetic tree was constructed based on
the 45 amino acid sequences of ALF members by the NJ method (Fig.
2.29). Phylogenetic analysis of ALFs further revealed that ALF sequences
clustered according to species. PpALF2 was closely related to crab ALFs
rather than to the other groups. There were three distinct groups in the

phylogenetic tree. The first and third groups were shrimp and crab ALFs
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respectively. In the second group, ALFs from all crustaceans viz. crabs,
shrimps, lobsters and crayfishes were clustered together. Within this
cluster, there were three distinct subgroups of sequences: a subgroup of
lobster and shrimp ALFs, a second subgroup of shrimp, crayfish and crab
ALFs to which the PpALF2 belonged to and a third subgroup containing
ALFs from the crabs. Phylogenetic tree showed that ALFs from crabs
including PpALF2 and ALFs from P. trituberculatus, S. paramamosain, S.
serrata and E. sinensis were clustered together, and then had a closer
relationship with crayfish P. leniusculus and shrimp ALFs (P. monodon and

M. japonicus).
2.4 Discussion

AMPs are important components of the innate defense mechanism of
most living organisms against microbial invasion. In crab species, several
AMPs have been identified and characterized such as the 6.5 kDa proline-
rich cationic protein from the shore crab, C. maenas (Schnapp et al., 1996),
3.7 kDa callinectin from the blue crab C. sapidus (Khoo et al.,, 1999), a
cysteine-rich 11.5 kDa carcinin from the shore crab C. maenas (Relf et al.,
1999) and scygonadin, from the mud crab, S. serrata (Wang et al., 2007)
and ALFs from C. maenas, C. sapidus (Towle and Smith, 2006), S.
paramamosain (Imjongjirak et al., 2007), E. sinensis (Li et al., 2008; Zhang
et al., 2010a; Wang et al,, 2011), S. serrata (Yedery and Reddy, 2009) and
P. trituberculatus (Yue et al, 2010; Xu and Liu, 2011; 2012a, 2012b;
2013a, 2013b).

ALFs are small proteins that can bind and neutralize LPS. Nevertheless, a
number of ALFs from horseshoe crabs and shrimps are well

characterized, studies regarding crab ALFs are limited. Also, to date, no
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ALF sequences have been identified in the portunid crab, P. pelagicus. In
the present study, four ALF isoforms were identified and characterized
from the haemocytes of the Indian mud crab S. serrata, and blue swimmer
crab, P. pelagicus. Haemocytes were chosen as the starting material as the
role of these circulating cells in protection of the invertebrates against
invading microorganisms has been well documented (Lavine and Strand,
2002; Iwanaga and Lee, 2005). In the present study, complete ORFs of
four ALF isoforms could be successfully identified and characterized at
the molecular level. This study reports for the first time the presence of
ALF isoforms in P. pelagicus as well as the second ALF isoform from S.

serrata.

All the four ALF isoforms possessed 369 bp encoding 123 amino acids in
the ORF. The ORF of obtained ALF sequences encoded for precursor
molecules, starting with a signal peptide, followed by a highly cationic
mature peptide possessing the LPS binding domain. The conserved
characteristics and high similarity with known ALFs proved the identity
of these new isoforms belonging to the ALF family. Signal peptide region
consisted of either 24 amino acid residues as in the case of PpALF1 or 26
amino acid residues as in SsALF1, SsALF2 and PpALF2 respectively.
Likewise the length of the mature peptide was found to be 99 in case of
PpALF1 and 97 for the rest; 95-99 being the characteristic range of amino
acids reported for ALFs of crustaceans. The molecular weight of all the
four ALFs varied with that of each other and was found to range between
10 - 14 kDa. PpALF2 possessed the lowest molecular weight of 10 kDa
followed by SsALF1 (11.17 kDa), SSALF2 (11.2 kDa) and PpALF1 (13.86
kDa). Isoelectric point of the four ALF isoforms ranged between 8.49 to
11.2. PpALF1 possessed the lowest pl of 8.49 followed by SsALF1 (9.95),
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SSALF2 (10) and PpALF2 (11.2). All the four ALF isoforms were found to
be highly cationic. Considering the net charge of these isoforms, PpALF1
possessed the lowest net charge of +2 followed by +9 of SSALF1. Whereas,
SsALF2 and PpALF2 possessed the highest net charge of +10. However,
not much variation in the hydrophobicity could be noticed. All the above
features are in agreement with the required features of ALFs (Imjongjirak
etal., 2007).

Multiple alignment performed for these ALF isoforms with other ALFs
revealed the presence of conserved regions within the sequence. The
deduced amino acid sequence of ALFs showed the presence of
characteristic 24 amino acid domain, i.e. the LPS domain that was
necessary for LPS binding and neutralization. Synthetic peptides,
corresponding to the ALF putative LPS-binding domain of Limulus and
decapod crustaceans have proved to possess an efficient LPS neutralizing
activity as well as potent antimicrobial activity (Nagoshi et al., 2006;
Imjongjirak et al., 2007). Multiple alignment of PpALF2 and SsALF2
revealed that two cysteine residues (C2° and C50) were highly conserved
in portunid ALFs. Whereas in case of E. sinensis, the two conserved
cysteine residues were found at C27 and C48 (Zhang et al.,, 2010). Twenty
residues (H30, R33, K34 P35 K36 F37 R38 K39 F40 K41 |42 Y43 H44 E45 (46
K47, F48, W49) found in between the cysteine residues (C2° and C9) in the
B-strand of portunid ALFs were also found to be conserved for the two
ALF isoforms, except in case of F31, F32 of PpALF2 and 131, R32 in case of
SsALF2. The biological functions of residue replacement between C29 and
C%0 need to be further investigated. The differences in the sequences of
the LPS binding site might indicate the ability of these two ALF isoforms

to bind to different microbial cell wall components.
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The mature peptides of all the four isoforms contained the two
characteristic conserved cysteine residues forming a disulphide loop,
which possess a cluster of positive charges within it. This region of the
mature peptide is defined as the LPS-binding domain (Imjongjirak et al.,
2007). These conserved cysteine residues were found at the positions C2°
and C%0 in case of PpALF2 and SsALF2. Whereas, in case of SSALF1 and
PpALF1 these conserved cysteine residues were found at the positions
Cys®5 and Cys’6 respectively (Fig. 2.7 and 2.21). The conserved region is
believed to be essential for the antimicrobial activity and for the stability
of the 3D structure of ALFs (Yang et al., 2009). All the four isoforms
possessed an amphipathic structure with clustering of hydrophobic
amino acids at the amino terminal region and a highly conserved
sequence of basic amino acids within the disulfide-bonded loop region. In
all the cases, secondary structure consisted of two a-helices crowded
against a four-strand (-sheet. Two of the B-strands are in turn linked by a
disulfide bond to form an amphipathic loop rich in cationic amino acid
side chains. Kyte-Doolittle plot also clearly demonstrated a significant
presence of hydrophobic amino acids concentrated in the first 20 residues
of all the isoforms. This clearly indicates that these amino acids may be
part of a-helix and might be able to span across a lipid bilayer or
membrane. Analysis of the putative LPS binding region of the protein
situated between the two conserved cysteine residues, on the AMP
Database program (http://aps.unmc.edu/AP/main.php), also explains the
possibility of the LPS binding domain’s potential to bind to the highly
negative charged lipid A. Overall the newly identified ALFs demonstrated
the presence of amphipathic regions which is an important characteristic
of well studied AMPs.
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BLAST analysis results revealed the similarity of these four ALF isoforms
to other ALFs already identified in other decapod crustaceans. Both the
ALF isoforms identified in P. pelagicus was found to be more diverse
isoform than those identified from S. serrata. This result was well
expected as PpALF1 and PpALF2 were the first ALFs to be reported from
the species. All the four ALF isoforms identified in the present study were
found to be more similar to ALFs from Scylla except PpALF1 which was
more similar to ALF from Portunus. SSALF1 was found to be 100 % similar
to an ALF isoform present in S. paramamosain (Imjongjirak et al., 2007).
However, it showed only 93 % similarity to an already identified isoform
from the same species i.e. S. serrata. This was followed by 76 % similarity
to ALF from P. trituberculatus. SSALF2 was found to 93 % similar to S.
paramamosain and S. serrata followed by 76 % similarity to other crab
ALFs such as P. trituberculatus and 61 % to E. sinensis. PpALF1, the first
isoform to be reported from P. pelagicus showed only 46 % similarity to
ALF of P. trituberculatus, followed by 38-39 % similarity to other crab
ALFs such as those from E. sinensis, S. paramamosain and S. serrata.
Whereas, PpALF2, the second isoform to be reported from P. pelagicus
showed 87 % similarity to ALFs already reported from S. paramamosain
and S. serrata followed by 75 % to an ALF isoform from P. trituberculatus
and 61 % to E. sinensis ALF respectively. All the four ALFs were found to
be diverse from the ALFs already reported in shrimps and crayfishes. Only
a maximum similarity of up to 53 % could be observed in comparison
with shrimp and crayfish ALFs such as the ALFs from P. monodon, M.

japonicus and P. leniusculus respectively.

To evaluate the molecular evolutional relationships of the newly

identified ALF isoforms with other known ALFs of decapod crustaceans, a
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phylogenetic tree was constructed based on the amino acid sequences of
ALF isoforms employing NJ method. Phylogenetic analysis of ALFs
suggested that all the ALF members are of the same ancestral origin,
which has subsequently diverged at different phases of evolution.
Phylogenetic trees showed that ALFs possess a similar evolutionary status
and they were phylogenetically ancient immune effector molecules which
may play an essential role in the host defense mechanism. Also, the
analysis further revealed that ALF sequences were clustered according to
species. The newly identified ALFs were closely related to other crab ALFs
rather than to the other groups such as shrimps or crayfishes. Also the
phylogenetic tree showed that ALFs from crabs including ALFs from P.
pelagicus, P. trituberculatus, S. paramamosain, S. serrata and E. sinensis
were clustered together, and had a closer relationship with crayfish P.
leniusculus and shrimp ALFs (P. monodon and M. japonicus). This
convergence between crustaceans might imply the complex evolution of

ALFs in these groups and potential similarity in biological functions.

Generally, hydrohobicity varied from 34 to 39 percentage. Highest
hydrophobicity was predicted for PpALF1 (39 %), followed by SSALF1 (37
%), PPALF2 (37 %) and SSALF2 (34 %). Previous reports have proved
that the hydrophobicity is important for the peptide to bind LPS (Wasiluk
et al,, 2004). Like other ALF molecules, the newly reported ALFs of the
present study, also showed the typical pattern of alternating hydrophobic
and hydrophilic residues in their putative disulphide loop, suggesting that
they comprise the same functional domain. The deduced amino acid
sequence of SSALF1 showed that 37 % of amino acids were hydrophobic
residues and its total net charge was determined to be +9, thereby

confirming the antimicrobial nature of the peptide. Likewise in case of
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PpALF1, 39 % of amino acids were found to be hydrophobic residues and
its total net charge was determined to be +2, confirming the antimicrobial
nature of the peptide. PpALF2 contained a highly hydrophobic amino-
terminal region including 10 hydrophobic residues in a total of 38
residues. Moreover, out of the 17 positively charged amino acids, seven
positively charged amino acids and a tryptophan (Trp7°) were clustered
within the disulfide loop consisting of 22 residues. In contrast, SSALF2
also contained a highly hydrophobic N-terminal region as found in
PpALF2, but contained only nine hydrophobic residues in a total of 35
residues. Out of the 20 positively charged amino acids, 10 positively
charged amino acids and a tryptophan (Trp7®) were clustered within the
disulfide loop consisting of 22 residues. This characteristic of Portunid
ALFs was found to be a bit dissimilar to the horseshoe crab and shrimp
ALFs, where, out of the 28 residues 12 hydrophobic residues have been
reported in the LPS domain and of the 17 positively charged amino acids,
9 positively charged amino acids and a tryptophan (Trp7®) were found to
be clustered within the disulfide loop consisting of 22 residues (de la Vega
et al., 2008). These features suggest the newly identified ALFs to have an

amphipathic factor.

All the identified ALF isoforms were found to be rich in positively charged
amino acid residues such as arginine and lysine forming a cluster within
the disulfide loop regarded as the functional domain of ALF as described
by Imjongjirak et al. (2007). The peptide was predicted to interact with
membranes and possess a chance to be a potential AMP (result based on
APD program http://aps.unmc.edu/AP/main.php). The a-helix wheel
projections for the newly identified ALFs constructed using Schiffer-

Edmundson helical wheel analysis also clearly showed a perfect
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amphipathic nature of these AMPs (Fig. 2.4; 2.11; 2.18; 2.25). Analysis of
the mature ALFs using the Kyte-Doolittle plot also demonstrated a
significant presence of hydrophobic amino acids concentrated in the first
20 residues of the protein (Fig. 2.5; 2.12; 2.19; 2.26). The analysis
confirmed the peptide to be amphipathic in nature due to the presence of
this hydrophobic face. These results clearly indicated that these peptides
possess antimicrobial property. Also, the similarities in the pl of these
AMPs indicate that antibacterial function or mode of action of these

molecules may also be similar.

Based on the similarity with other ALFs, the spatial structures of the
newly identified ALF isoforms were established using the SWISS-MODEL
prediction algorithm based on the template 2jobA, and they were found to
be similar to other known ALFs. There were four (-strands and two o-
helices in the spatial structure. The two conserved-cysteine residues in
the B-strands formed a disulfide bond that constrained a $-hairpin loop, in
which there were an alternating series of hydrophilic and hydrophobic
residues between the conserved cysteine residues (Hoess et al,, 1993).
The spatial structural similarity between these isoforms implied that they
might represent similar biological functions in Portunid crabs. The
primary structures indicate that all have amphipathic factors which are
identical to other ALFs (Zhang et al, 2010). The amphipathic loop
structures, believed to be the LPS binding sites (Nagoshi et al., 2006),
were identified in the potential tertiary structures also. The presence of
LPS binding site in these ALFs suggest the conservation of LPS binding
activity and inhibitory activity to Gram-negative bacteria. All these

isoforms are believed to involve in the defense responses of portunids.
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Thus, from the characteristics of these ALF isoforms it is possible to
predict that these peptides could function as a broad spectrum
antimicrobial peptide against both Gram-negative and Gram-positive
bacteria. Also there is possibly more than one ALF involved in crab
immunity against various pathogens. Discovery of novel AMPs and its
antimicrobial spectrum might pave way to unravel the obscurity of
crustacean immunity. Further research on the expression profile of these
molecules in response to various environmental conditions and microbial
infection would reveal their role in the protection of the animals from the
onslaught of diseases. Also, the functional characterization of these
molecules in terms of its antimicrobial activities against various
pathogens will provide a promising drug in crustacean health

management.

@ (b)
Fig. 2.1 Experimental organisms used for the study (a) Scylla serrata (b)
Portunus pelagicus
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Fig. 2.2 Nucleic acid (above) and deduced amino acid (below) sequence of
SsALF1. The signal peptide sequence (green), mature peptide region (bright blue
& light blue) and putative LPS domain (ight blue) have been highlighted.

SignalP-4 .1 prediction (euk networks): Sequence
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Fig.2.3 Signal peptide analysis of SSALF1 as predicted by the SignalP 3.0 server.
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Fig.2.4 Schiffer-Edmundson Helical wheel representation of SSALF1 generated
using DNASTAR software. Hydrophobic and hydrophilic amino acids are seen
occupying opposite positions.

ProtScale output for user seguence
4 T T T

T T
Hphob. ~ Kyte & Doolittle

Score

-3 1 1 1 1 1 1
2a 48 1=) aa 168 12a

Fosition

Fig. 2.5 Kyte-Doolittle plot showing hydrophobicity of SSALF1. The peaks above
the mean (0.0) indicate the hydrophobic nature of the predicted protein.
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Fig.2.6 Secondary structure of SSALF1 created using PyMOL showing a-helix, 8-
sheet and extended structures

40
®SSALF1 -Lagsi 79
EF207786 : LG!Si 79
FJ013272 : ] ci'el 79
GQ165621 : It CEAG LGTE 79
EF523760 : i 76
AB453738 : 76
GUT27863 : 79
EF601051 : 79
EF523559 : 79
EU625517 : 80
DQ208706 : 79
EU289220 : 79
DQ010421 : 81
G wWCPGW
@ssALF1 123
EF207786 : 123
FJ013272 : 123
GQ165621 : 123
EF523760 : 120
AB453738 : 120
GUT27863 : [ 123
EF601051 : 123
EF523559 : 123
EU625517 : 124
DQ208706 : 122
EU289220 : 124
DQ010421 : 124

Fig.2.7 Multiple alignment of nucleotide sequence of SsALF1 with other
crustacean ALFs obtained using GeneDoc program. Black and grey indicates
conserved sequences.
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99 Farfantepenaeus paulensis ~
110 —: Farfantepenaeus paulensis

99 L |itopenaeus vannamei

o > Group 1
7 { Fenneropenaeus indicus Shrimps & Lobsters
97 Penaeus monedon

Homarus americanus
Wacrobrachium offersi -/
Pacifastacus leniusculus ™)

= Portunus trituberculatus
Group 2
—— Scylla serrata .
8 Y > Crabs & Crayfishes

@ SsALF1
100
{ Scylla paramamosain

Eriocheir sinensis /

56

Fig.2.8 A bootstrapped neighbour-joining tree obtained using MEGA version 5.0
illustrating relationships between the deduced amino acid sequence of SsALF1
with other crustacean ALFs. Values at the node indicate the percentage of times
that the particular node occurred in 1000 trees generated by bootstrapping the
original deduced protein sequences.

ggacagaagaaacattgaggacgacgcaaccaagettecctcaagatgeggaccagggtg
M '::I-l T R WV

atggccggecctgtgegtggegetggtggtgatgtgectgtacatgeccecagecgtgegag
M A2 6 L €C VvV ALV V M CUL Y MUZP Q P CE
goetecagtatgaagetetggtagettecattettggaaagetgtegggactgtggeacage
PN i i v v e e S P
gacacagtggacttcatgggacacacctgecacatcecgecgocaagecgaagttcaggaaa
[TV D EIMI@HIT c EH I R R K P K F R X
tttaagetgtaccacgagggecaagttttggtgtectggetggacacatetegagggeaat
F KL YHEGKF W C PEIEINITIEIEIENCIN
tocgaggaccaagagcaggteggggtcaaccagggaagocaccaaggacttegtgcacaaa

goetttacaaaacaaactecatcacgaagaatagegoggacgectggetgaaggggtgagge

Fig. 2.9 Nucleic acid (above) and deduced amino acid (below) sequence of
SsALF2. The signal peptide sequence (green), mature peptide region (bright blue
& light blue) and putative LPS domain (ight blue) have been highlighted.
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SignalP-4.8 prediction {euk networks): Sequence

T
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a 18 28 38 <48 58 (] Fa

Position

Fig.2.10 Signal peptide analysis of SSALF2 as predicted by the SignalP 3.0 server.
The underlined amino acid residues indicate the putative signal sequence.

Fig.2.11 Schiffer-Edmundson Helical wheel representation of SSALF2 generated
using DNASTAR software. Hydrophobic and hydrophilic amino acids are seen
occupying opposite positions.
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FrotScale output for user segquence
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Fig. 2.12. Kyte-Doolittle plot showing hydrophobicity of SSALF2. The peaks
above the mean (0.0) indicate the hydrophobic nature of the predicted protein.

Fig.2.13 Secondary structure of SSALF2 created using PyMOL showing a-helix,
B-sheet and extended structures
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@SsALF2 8
JQBS9453 KL
HO638024 T8
BSTTXT T8
ABPSE981 T8
COKJQ4.2 78
AFA42335.1 T8
AFA42339.1 78
AFA42343.1 T8
AFA42345.1 8
AFA42349.1 T8
AFA42356.1 T8
AFA42344.1 T8
AFARA2357.1 T8
ADZ46233.1 78
ABQL2866.1 75
ADEZ27980.1 78
ABPT3251.1 75
BAHZZ2585.1 T5
AEPB4102.1 T8
ADMZ1460.1 7
ADKS4454 .1 78
ACGEOG60 .2 T8
ABJI0465.1 78
AERAS468.1 77

@5aALF2
JQB99453
HOG3R0Z24
RSTTXT7
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COKJQ4 .2
AFA42335.1
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AFA42343.1
AFA42345.1
AFA42349.1
AFA42356.1
AFA42344.1
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ARER45468.1

Fig.2.14 Multiple alignment of nucleotide sequence of SsALF2 with other
crustacean ALFs obtained using GeneDoc program. Black and grey indicates
conserved sequences.
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AFC93433.1 Macrobrachium rosenbergii
ADX60063.1 Procambarus clarkii
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JQ899453 Portunus pelagicus
HQ638024 Scylla serrata

ABP96981 Scylla paramamosain
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AFA42357.1 Portunus trituberculatus
AFA42335.1 Portunus trituberculatus
AFA42344.1 Portunus trituberculatus
AFA4235€.1 Portunus trituberculatus
AFA42345.1 Portunus trituberculatus
AFA42348.1 Portunus trituberculatus
AFA42339.1 Portunus trituberculatus
AFA42343.1 Portunus trituberculatus
ACY25186.1 Eriocheir sinensis
ABGB2027.1 Eriocheir sinensis
AFA42334.1 Portunus trituberculatus
AFA42338.1 Portunus trituberculatus
ADT71676.1 Scylla paramamosain
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Group 2-All
crustaceans
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Crabs

Fig.2.15 A bootstrapped neighbour-joining tree obtained using MEGA version
5.0 illustrating relationships between the deduced amino acid sequence of
SsALF2 with other crustacean ALFs. Values at the node indicate the percentage
of times that the particular node occurred in 1000 trees generated by
bootstrapping the original deduced protein sequences.
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B
Fig. 2.16 Nucleic acid (above) and deduced amino acid (below) sequence of
PpALF1. The signal peptide sequence (green), mature peptide region (bright
blue & light blue) and putative LPS domain (ight blue) have been highlighted.
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Fig.2.17 Signal peptide analysis of PpALF1 as predicted by the SignalP 3.0
server.
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Fig.2.18 Schiffer-Edmundson Helical wheel representation of PpALF1 generated
using DNASTAR software. Hydrophobic and hydrophilic amino acids are seen
occupying opposite positions.

FProtScale ocutput for user seguence
[ T T T T T

T T T T
Hphok. « Kyte & Doolittle

Score

-2.5 1 I I I 1 I I I 1
18 za 38 48 Se =15} 78 =1z} o8

Position

Fig. 2.19 Kyte-Doolittle plot showing hydrophobicity of PpALF1. The peaks
above the mean (0.0) indicate the hydrophobic nature of the predicted protein.
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Fig.2.20 Secondary structure of PpALF1 created using PyMOL showing a-helix,
B-sheet and extended structures
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Fig.2.21 Multiple alignment of nucleotide sequence of PpALF1 with other
crustacean ALFs obtained using GeneDoc program. Black and grey indicates
conserved sequences.
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Fig.2.22 A bootstrapped neighbour-joining tree obtained using MEGA version
5.0 illustrating relationships between the deduced amino acid sequence of
PpALF1 with other crustacean ALFs. Values at the node indicate the percentage
of times that the particular node occurred in 1000 trees generated by
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ggacagaagaaacattgaggacgacgecaaccaagctttoctcaagatgeggaccagggtyg
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Fig. 2.23 Nucleic acid (above) and deduced amino acid (below) sequence of
PpALF2. The signal peptide sequence (green), mature peptide region (bright
blue & light blue) and putative LPS domain (ight blue) have been highlighted.
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Fig.2.24 Signal peptide analysis of PpALF2 as predicted by the SignalP 3.0 server.
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Fig.2.25 Schiffer-Edmundson Helical wheel representation of PpALF2 generated
using DNASTAR software. Hydrophobic and hydrophilic amino acids are seen
occupying opposite positions.
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Fig. 2.26 Kyte-Doolittle plot showing hydrophobicity of PpALF2. The peaks
above the mean (0.0) indicate the hydrophobic nature of the predicted protein.
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Fig.2.27 Secondary structure of PpALF2 created using PyMOL showing a-helix,
B-sheet and extended structures
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Fig.2.28 Multiple alignment of nucleotide sequence of PpALF2 with other
crustacean ALFs obtained using GeneDoc program. Black and grey indicates
conserved sequences.
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Fig.2.29 A bootstrapped neighbour-joining tree obtained using MEGA version
5.0 illustrating relationships between the deduced amino acid sequence of
PpALF2 with other crustacean ALFs. Values at the node indicate the percentage
of times that the particular node occurred in 1000 trees generated by
bootstrapping the original deduced protein sequences.
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Table 2.1 Primers used for the study

Target | Sequence (5'-3’) Product
Size

(bp)

Annealing MgCl;

Temp.
QY

Conc.
(mM)

ALF-1 | F: ggacagaagaaacattgaggacgacgca 520 60 15
R: ggaaatcaaaaacatccattacaggtca

ALF-2 | F: agggagtgggtgatgagcta 900 62 15
R: tacggctattacgatccaaca

B-actin | F: cttgtggttgacaatggctccg 520 60 15
R: tggtgaaggagtagccacgctc

T7 tgtaatacgactcactataggg -- 57 15

SP6 gatttaggtgacactatag -- 57 15

Table 2.2 List of ALF isoforms identified and characterized in the present study

No: Name of AMP | Source Organism

GenBank Accession

1 SsALF1 Scylla serrata Complete HQ638024
2 SSALF2 Scylla serrata Complete JQ899452
3 PpALF1 Portunus pelagicus | Complete JQ745295
4 PpALF2 Portunus pelagicus | Complete JQ899453

Table 2.3 Physico-chemical properties of SSALF1

Parameters Studied Results

Open reading frame (GeneTool) 123 aa
Length of mature peptide (No. of amino acids) (GeneTool) 97 aa
Signal Peptide (SignalP) 1-26 aa
Molecular weight (PROTPARAM, EXPASY) 11.17 kDa
Isoelectric point (PROTPARAM, EXPASYy) 9.95
Charge(PROTPARAM, EXPASY) +9
Hydrophobicity (PROTPARAM, EXPASY) 37 %

Structure (PyMol & DNASTAR)

o Helix & 3 Sheet
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Table2.4 Result of BLASTp analysis of SSALF1

GenBank Description Query Identity
Accession Coverage toSsALF1
EF207786 | Scylla paramamosain anti- 100 % 100 %
lipopolysaccharide factor mRNA,
complete cds
FJ013272 | Scyllaserrata anti- 100 % 93 %
lipopolysaccharide factor precursor,
MRNA, complete cds
GQ165621 | Portunus trituberculatus anti- 98 % 76 %
lipopolysaccharide factor isoform 3,
MRNA, complete cds, alternatively
spliced
EF523760 | Pacifastacus leniusculus anti- 85 % 52 %
lipopolysaccharide factor mRNA,
complete cds
GU727863 | Fenneropenaeus indicus anti- 98 % 41 %
lipopolysaccharide factor mRNA,
complete cds

Table2.5 Physico-chemical properties of SSALF2

Parameters Studied Results

Open reading frame (GeneTool) 123 aa
Length of mature peptide (No. of amino acids) (GeneTool) 97 aa
Signal Peptide (SignalP) 1-26 aa
Molecular weight (PROTPARAM, ExPASy) 11.2 kDa
Isoelectric point (PROTPARAM, EXPASy) 10
Charge(PROTPARAM, ExPASy) +10
Hydrophobicity (PROTPARAM, EXPASy) 34 %
Structure (PyMol & DNASTAR) a Helix & 3 sheet
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Table2.6 Result of BLASTp analysis of SSALF2

GenBank Description of the AMP Query Identity to

Accession No. coverage | ¢oa| o

ABP96981 Anti-lipopolysaccharide factor 100 % 93 %
[Scylla paramamosain]

ADW11095 Anti-lipopolysaccharide factor 100 % 93 %
[Scylla serrata]

ACM89169 Anti-lipopolysaccharide factor 99 % 76 %
[Portunus trituberculatus]

ADZ46233 Anti-lipopolysaccharide factor 3 99 % 61 %
[Eriocheir sinensis]

ABP73291 Anti-lipopolysaccharide factor 96 % 45 %
isoform 2 [Penaeus monodon]

BAH22585 Anti-lipopolysaccharide factor 2 96 % 44 %
[Marsupenaeus japonicus]

ABQ12866 Anti-lipopolysaccharide factor 82 % 53 %
[Pacifastacus leniusculus]

Table2.7 Physico-chemical properties of PpALF1

Parameters Studied Results

Open reading frame (GeneTool) 123 aa
Length of mature peptide (No. of amino acids) (GeneTool) 99 aa
Signal Peptide (SignalP) 1-24 aa
Molecular weight (PROTPARAM, EXPASY) 13.86 kDa
Isoelectric point (PROTPARAM, EXPASY) 8.49
Charge(PROTPARAM, EXPASY) +2
Hydrophobicity (PROTPARAM, EXPASy) 39%
Structure (PyMol & DNASTAR) a Helix & 3 sheet
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Table 2.8 Result of BLASTp analysis of PpALF1

GenBank Description of the AMP Query Identity
Accession No. coverage to

PpALF1

ADU25043 Anti-lipopolysaccharide factor 88 % 46 %
isoform 2 [Portunus
trituberculatus]

ADZ46233 Anti-lipopolysaccharide factor 3 85 % 39%
[Eriocheir sinensis]

ABP96981 Antilipopolysaccharide factor 94 % 38%
[Scylla paramamosain]

ADW11095 Anti-lipopolysaccharide factor 92 % 38%
[Scylla serrata]

Table 2.9 Physicochemical properties of PpALF2

Parameters Studied Results

Open reading frame (GeneTool) 123 aa
Length of mature peptide (No. of amino acids) (GeneTool) 97 aa
Signal Peptide (SignalP) 1-26 aa
Molecular weight (PROTPARAM, EXPASY) 10 kDa
Isoelectric point (PROTPARAM, EXPASY) 112
Charge(PROTPARAM, EXPASY) +10
Hydrophobicity (PROTPARAM, EXPASy) 37 %
Structure (PyMol & DNASTAR) a Helix & 3 sheet
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Table2.10 Result of BLASTp analysis of PpALF2

GenBank
Accession No.

Description of the AMP

Query
coverage

Identity to
PpALF2

ABP96981 Anti-lipopolysaccharide factor 100 % 87 %
[Scylla paramamosain]

ADW11095 Anti-lipopolysaccharide factor 100 % 87 %
[Scylla serrata]

ACM89169 Anti-lipopolysaccharide factor 99 % 75 %
[Portunus trituberculatus]

ADZ46233 Anti-lipopolysaccharide factor 3 99 % 61 %
[Eriocheir sinensis]

ABP73291 Anti-lipopolysaccharide factor 96 % 44 %
isoform 2 [Penaeus monodon]

BAH22585 Anti-lipopolysaccharide factor 2 96 % 43 %
[Marsupenaeus japonicus]

ABQ12866 Anti-lipopolysaccharide factor 82% 51%

[Pacifastacus leniusculus]
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Molecular Characterization and
Phylogenetic Analysis of Crustins in
Crustaceans

3.1 Introduction

Crustaceans are the most abundant and diverse group of animals
inhabiting the marine environment. They live in a habitat overloaded with
infectious organisms, such as viruses, bacteria, fungi and other parasites.
To survive in such a potentially hostile and microbe-enriched
environment they have efficient defense mechanisms. Crustaceans rely
mostly on their innate immune response comprised of cellular and
humoral responses, primarily linked to their haemolymph. Antimicrobial
peptides (AMPs) are one of the major components of humoral part of the
innate immune defense and are in fact, multifunctional molecules having
rapid and efficient antimicrobial and antitumor effects, mitogenic activity
and immunoregulatory activities. Different families of AMPs have been
identified in crustaceans of which crustins are an important group of

AMPs occurring more widely across the decapod crustaceans.

So far over 60 crustin sequences have been reported from a variety of
decapods, including crabs, lobsters, shrimps, prawns and crayfishes.
Crustins are generally defined as multi-domain cationic AMPs of size

range 7-14 kDa and a pl of 7.0-8.7 possessing a whey acidic protein (WAP)
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domain at the C-terminus (Smith et al., 2008). The term ‘WAP’ is derived
from the name given to a family of proteins, originally discovered in the
whey fraction of mammalian milk. Though all these milk proteins are
characterized by the possession of two WAP domains, each comprising 50
amino acids (Ranganathan et al., 1999), numerous other non-milk WAPs
are also known possessing one or more four disulfide cores (4DSCs).
Amongst these non-milk WAPs are small secretory proteins with protease
inhibitory properties or regulatory functions in growth, tissue
differentiation or regulation and may sometimes be expressed in certain
cancerous conditions (Schalkwijk et al., 1999; Bouchard et al., 2006).
Analysis of numerous WAPs from vertebrates reveals a high degree of
similarity between the WAP domain structures. Ranganathan et al. (1999)
have proposed that the PROSITE definition of the domain structure be
modified to the following identifying motifs whose positions of the eight
conserved cysteines (C1-Cg) are as follows: C1-(Xn)-Cz-(Xn)-Cz-(X5)-Ca-
(X5)-Cs-Ce-(X3,X5)-C7-(X3,X4)-Cs, Where, X indicates any residue and Xn is
a stretch of n residues. The signature motif of the central four cysteines
that form the basis of the 4DSC is underlined. The definition of a crustin is
in agreement with this format and therefore excludes several other
cysteine-rich crustacean AMPs that lack a WAP domain, such as defensins
or penaeidins. Importantly, it embraces some crustacean molecules that
have not so far been specifically designated as crustins or for which an
antibacterial function is yet to be established. Moreover, it sets crustins
within their own category of WAP-containing proteins (Schalkwijk et al.,
1999; Talas-Ogras, 2004; Andrenacci et al.,, 2006; Nile et al., 2006) and
distinguishes them from those having a WAP domain at the N-terminus or

more than one at the C-terminus, even though there may be some
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functional equivalence between these proteins in terms of their role in
inflammation and/or antimicrobial properties (Hiemestra et al., 1996;
Hiemstra, 2002; Hagiwara et al., 2003; Jimenez-Vega et al., 2007). The
WAP domain, in contrast to the signal sequence, is highly conserved
between species and in several crustins, especially those from shrimp,
aspartic acid and lysine residues are positioned as follows: -C-XX-D-XX-C-
XXXD-K-CC-X-D-. This arrangement, however, does not hold true in every
case (Jiravanichpaisal et al., 2007). Other differences in the WAP domain
of crustins could well come to light as more crustin-like sequences are
determined for a wider range of crustacean species. Despite small
differences in the sequences, the domain, itself, seems to form a tightly
coiled structure enclosing two B-sheets and a-helical segment. Structural
models of the WAP domain of three different crustins (Smith et al., 2008)
suggest that the tertiary structure of this part of the molecule is well

conserved between decapod species.

Because of their potential antimicrobial activity, crustins are considered
as potential antimicrobial agents. The first crustin member to be
identified was an 11.5 kDa protein purified from the granular haemocytes
of the shore crab C. maenas that exhibits specific activity towards Gram-
positive marine or salt-tolerant bacteria (Relf et al., 1999). Thereafter
over 60 crustins and crustin-like sequences were identified from various
decapod crustacean species such as crayfishes, shrimps, freshwater
prawns, crabs, lobsters as well as non-decapod crustacean species such as
amphipods, through EST-based approaches (Bartlett et al., 2002; Hauton
et al.,, 2006; Zhang et al., 2007; Smith et al., 2008; Supungul et al., 2008). It
was Bartlett and co-workers (2002) who proposed the name crustin, to

describe transcripts found in two penaeid shrimp species (L. vannamei
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and L. setiferus) with high sequence similarity to the crab 11.5 kDa

protein, later designated as carcinin (Brockton et al., 2007).

The structure of crustin consists of a signal peptide sequence at the N-
terminus followed by a C-terminal region containing a WAP domain. The
putative signal sequence at the N-terminus comprises ~16-24 amino
acids, which in many species shows strong representation of valine
residues. The cleavage site, which marks the end of the signal sequence, at
least as predicted by software programs, is usually between alanine and
glycine, although in some crustins it lies between glycine and glutamine,
alanine or threonine. WAP domain consists of 50 amino acid residues
with eight cysteine residues at defined positions involved in the formation
of a single four disulfide core (4DSC) bonds creating a tightly packed
structure. Based on their structural features, Smith et al. (2008)
categorized crustins into three main types (Type I, Il and III). Type |
crustins encompass the members most related to carcinin and have a
cysteine-rich region of variable length between the signal peptide
sequence and the WAP domain. This type of crustin is predominantly
found in crabs (Relf et al., 1999; Sperstad et al., 2009a; Imjongjirak et al.,
2009; Mu et al., 2010; Yue et al., 2010), lobsters (Stoss et al., 2004; Hauton
et al,, 2006; Christie et al., 2007; Pisuttharachai et al., 2009), crayfishes
(Jiravanichpaisal et al., 2007), shrimps (Sun et al., 2010) and freshwater
prawn (Dai et al, 2009). Whereas, Type Il crustins possess a signal
sequence followed by a long glycine-rich region, a cysteine-rich region
and the WAP domain. The number of glycines varies between species but
is usually between 20 and 50, and in shrimp, it is often arranged as repeat
VGGGLG motifs that vary in number from 5 to 8 (Bartlett et al,, 2002;
Supungul et al., 2004; Vargas-Albores et al., 2004; Rosa et al., 2007; Zhang
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et al,, 2007; Amparyup et al., 2008a, 2008b; Supungul et al., 2008). This
group is mainly found in penaeid shrimps (Bartlett et al, 2002;
Rattanachai et al., 2004; Supungul et al., 2004; de Lorgeril et al., 2005;
Rosa et al,, 2007; Zhang et al., 2007; Antony et al,, 2010) and crayfishes
(Jiravanichpaisal et al., 2007). Type Il crustins possess a short proline-
rich peptide (PRP) region between the signal peptide region and the
single WAP domain. However, these do not contain neither the
characteristic cysteine-rich domain present in both Type | and Il crustins
nor the glycine region motif. Only a few of these are known and so far
reports of them are confined to the shrimps, P. monodon (Supungul et al.,
2004), L. vannamei (Jimenez-Vega et al., 2004), M. japonicus (Rojtinnakorn
et al., 2002) and F. chinensis. In the literature these types of proteins have
been termed not as crustins, but as single-whey domain (SWD) proteins
(Jimenez-Vega et al., 2004), chelonianin-like proteins (Chen et al., 2005)

or anti-leuko proteinase-like proteins (Rojtinnakorn et al., 2002).

The genomic organization of crustins, was also found to be distinct among
different groups. The genes of two Type | crustins are encoded by four
exons interrupted by three introns (Brockton et al., 2007; Imjongjirak et
al., 2009). Whereas in case of Type Il crustins there exists only three
exons and two introns (Amparyup et al., 2008a). Furthermore, two crustin
variants from the same shrimp species, P. monodon, was found to be
encoded by different genes; crustinPm5 comprised of four exons
separated by three introns, and crustin-likePm comprising only of two
exons and one intron (Amparyup et al., 2008b; Vatanavicharn et al.,
2009). Analysis of genomic and recombinantly expressed carcinin has
revealed that the signal and mature sections are probably not encoded by

separate exons (Brockton et al., 2007). It is unclear if the signal sequence
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is directing trans-membrane transportation of the peptide, as in the case
of insects and mammals, or if the mature protein is released from the
haemocytes through regulated exocytosis, as in the case of penaeidins
(Destoumieux et al., 2000a, 2000b; Munoz et al., 2002).

Crustin-encoding genes are mainly expressed in the circulating
haemocytes, although some reports point to the possibility of expression
in other tissues such as heart, ovary and intestines (Smith et al., 2008).
However, as these tissues are highly vascularised, it is not clear if the
signal from these organs is primarily due to the haemocytes. Interestingly,
transcripts of different crustin types, have also been essentially identified
in the epipodite, hematopoietic tissue, ovary and olfactory organ,
respectively employing RT-PCR (Stoss et al., 2003; Jiravanichpaisal et al.,
2007; Vatanavicharn et al., 2009; Sun et al., 2010). Patterns of expression
during development are also very poorly understood, as most studies of
crustins have been performed only on late-stage postlarvae or adults.
Larvae of the shrimp, P. monodon, have been reported to express a crustin
transcript at high levels at all stages of development from nauplii stage IV

to juveniles (Jiravanichpaisal et al., 2007).

Molecular studies have revealed that some decapod crustaceans express
more than one type of crustin that differ from one another only by a few
amino acids, usually 1-4. This has been reported in P. monodon (Supungul
et al, 2004, 2008), L. setiferus (Bartlett et al., 2002) and M. japonicas
(Rattanachai et al., 2004). The potential number of variants of the
encoded protein can thus, at least theoretically, be quite large. An
interesting situation exists in L. vannamei for which Bartlett et al. (2002)
have reported the occurrence of six possible crustin variants while

Vargas-Albores et al. (2004) have discovered two. Depending on the
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amino acids involved and their location within the protein, isoforms may
vary slightly in biological activity and undergo positive selection if any

confer survival advantages to their host under local conditions.

Major work on different aspects of crustins have been carried out in L.
vannamei (Gross et al.,, 2001; Bartlett et al., 2002; Vargas-Albores et al.,
2004, Jimenez-Vega et al., 2004), L. setiferus (Gross et al., 2001; Bartlett et
al., 2002; Rosa et al., 2007), P. monodon (Jimenez-Vega et al., 2004,
Supungul et al., 2004, 2008; Chen et al., 20044a, 2005; Jiravanichpaisal et al
2007; Zhang et al, 2007; Amparyup et al, 2008b), M. japonicus
(Rattanachai et al., 2004; Zhang et al., 2007), L. schmitti (Rosa et al., 2007)
F. chinensis (Zhang et al., 2007; Amparyup et al., 2008a), F. brasiliensis
(Rosa et al., 2007), F. paulensis (Rosa et al., 2007), F. subtilis (Rosa et al.,
2007), S. paramamosain (Imjongirak et al., 2009), E. sinensis (Mu et al.,
2010, 2011), H. araneus (Sperstad et al., 2009), P. trituberculatus (Xu and
Liu., 2011) and C. maenas (Brockton et al., 2007).

Crustins are widely regarded as antimicrobial effectors, hence, there have
been several studies demonstrating their antimicrobial properties in vitro.
Evidence of the role of crustins as direct antimicrobial defence effectors
has been sought from studies of their expression in different tissues and
following experimental infection. Most crustins seem to be constitutively
expressed by the granular haemocytes often at very high levels and are
found to be active against bacteria, fungi and virus (Relf et al., 1999;
Jimenez-Vega et al, 2004; Zhang et al, 2007; Supungul et al., 2008;
Imjongjirak et al., 2009; Antony et al, 2011; Krusong et al., 2012).
Previous researches regarding the biological activities of crustins have
revealed that all crustin groups are mainly active against Gram-positive

bacteria with an average MIC of < 8 uM. Crustins have proved to possess
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antibacterial activity against Gram-positive strains of the genera
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., 2009). On
the contrary, a Type Il crustin from P. monodon (crustin-likePm) showed
strong antibacterial activity against both Gram-positive and Gram-
negative bacteria, including the crustacean opportunist/pathogen Vibrio
harveyi, with an average MIC of < 5 uM (Amparyup et al, 2008b).
Biological activities of crustins such as protease inhibitory and
antibacterial activities seem to be related to a particular structure of the
WAP domain. Protease inhibitory activity is generally associated with the
presence of a methionine residue adjacent to the second cysteine in the
4DSC. This residue is substituted by cationic or hydrophobic amino acids
in WAP-containing proteins with antibacterial activity (Hagiwara et al.,
2003). Despite the presence of the WAP domain in all crustin groups, anti-
protease activities have only been reported for Type Ill crustins
(Amparyup et al., 2008a; Jia et al., 2008). This anti-protease capacity could
be important to inactivate microbial proteases during infection and/or
regulate endogenous protease cascades, such as the proPO system that
leads to melanization. Thus, type Il crustins seem to be multifunctional
immune proteins that combine both antimicrobial and anti-protease

properties (Amparyup et al., 2008a; Jia et al., 2008).

Carcinin, which was purified from the haemocytes of C. maenas on the
basis of its ability to inhibit the growth of bacteria, appears to be active
against Gram-positive alone (Relf et al., 1999). The crustins purified from
the spider crab, H. araneus and shrimp F. chinensis, also seem to kill Gram-
positive bacteria (Haug et al., 2006; Zhang et al., 2007), but no detectable
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activity against Gram-negative bacteria or fungi have been so far reported
(Zhang et al., 2007). A crustin type Il from P. monodon has been found to
inhibit the growth of Gram-negative bacteria (Amparyup et al., 2008b).
Thus, whilst several crustins clearly have antibacterial effects primarily
against Gram-positive bacteria, broader specificity to deal with a wider
range of pathogens can occur and seems to be achieved through sequence
variations. The extent to which single nucleotide substitutions, as occurs
in isoforms, alter the function remains largely untested (Smith et al.,
2008).

Unfortunately, the exact mechanism of action of crustins still remains
enigmatic. As all crustins share a common WAP domain, it is believed that,
this part of the molecule must play a key role in its antimicrobial
activities. The antimicrobial activity of crustins appears to be related to
the tertiary structure of the 4DSC (tightly constrained by three disulfide
bonds and containing a small a-helix). Zhang et al. (2007) revealed that
the crustin-like CshFc from F. chinensis, which lacks the authentic WAP
domain, did not affect any bacteria tested, in contrast to the WAP-
containing Type Il crustin CruFc, which inhibited the growth of Gram-

positive bacteria in vitro.

The economic role of marine and freshwater crustaceans as a food source
in the export market demand the need to augment fishery resources
through the adoption of intensive culture practices. This has led to
physiological stress on cultured organisms, often increasing the incidence
of diseases (Lorenzon et al., 1999). Despite the development of safe and
potent antibiotics, bacterial diseases remain a worldwide health crisis due
to the emergence of multiple drug resistant pathogens (Smith et al,

2003). The use of AMPs as a therapeutic tool has been among the most
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promising avenues investigated to date, for addressing antibiotic

resistance.

The wide distribution of crustins in crustaceans indicates the importance
of these AMPs in the innate immunity and adetailed research is binding to
reveal the enigmatic character of crustins. However, so far crustin has not
been reported from the mud crab, S. serrata and the blue swimmer crab,
P. pelagicus. Both the crab species are exploited heavily from estuaries
and inshore waters and are also widely cultured in India due to their high
market value as export commodity. The present study is focused at
molecular identification and characterization of crustin AMPs from the
haemocytes of S. serrata and P. pelagicus. The study of crab immune
system, especially the AMPs, is essential to better comprehend their
immune potential and open up new perspectives for developing novel

strategies to prevent and control infections in crab culture systems.
3.2 Materials and Methods
3.2.1 Experimental animals

The experimental organisms used in the present study include the mud
crab, S. serrata and the blue swimmer crab, P. pelagicus belonging to
decapod crustaceans of the brachyuran family, Portunidae. Details of the

experimental organism are given in section 2.2.1 of Chapter 2.
3.2.2 RNase control

Basic precautions were taken when working with RNA as described in
section 2.2.2 of Chapter 2.
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3.2.3 Haemolymph collection

Haemolymph was collected from the experimental organisms and was
suspended in TRI reagent for total RNA isolation as given in section 2.2.3
of Chapter 2.

3.2.4 RNA isolation

Total RNA was extracted from the haemocytes of the experimental
organisms using TRI™ reagent (Sigma) following manufacturer’s protocol
as described in section 2.2.4 of Chapter 2. RNA pellets were dried for 5-10
min and dissolved in RNase free water by repeated pipetting with a
micropipette at 55-60 °C for 10-15 min.

3.2.5 Determination of the quantity and quality of RNA

RNA was quantified and qualified by measuring spectrophotometry and

agarose gel electrophoresis as given in section 2.2.5 of Chapter 2.
3.2.6 cDNA synthesis

cDNA was synthesized using oligo d(T20) primers as described previously

in section 2.2.6 of Chapter 2.
3.2.7 PCR amplification

PCR amplification of cDNA were carried out using gene specific primers,
designed using GeneTool software based on consensus sequences of
crustins retrieved from GenBank. $-actin was used as the internal control
to verify reverse transcription reaction. The sequences of the primers

used to amplify 3-actin and crustin genes are given in Table. 3.1.

PCR amplification of 1ul cDNA was performed in a 25 pl reaction volume

using gene specific primers as explained in section 2.2.7 of Chapter 2.
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Annealing temperature varied for the different genes as given in Table 3.1.

The PCR products were visualized by electrophoresis in 1.5 % agarose gel.
3.2.8 Agarose gel electrophoresis

Electrophoresis was performed in 1.5 % agarose gel and documented as

described in section 2.2.8 of Chapter 2.
3.2.9 Cloning of the PCR product

The PCR products were cloned onto the pGEM-T Easy vector as explained
in section 2.2.9 of Chapter 2. E. coli DH5a competent cells were used for
transforming the ligated cloning vector. To confirm the presence of the
insert DNA in the transformed cells, colony PCR was performed for all the
individually streaked colonies using vector specific primers viz. T7 and
SP6 as well as gene specific primers (Table 3.1). Plasmid with the insert
was then extracted and purified using GenElute HP’ plasmid MiniPrep kit

(Sigma) and was sent for sequencing at SciGenom, Kochi, India.
3.2.10 Sequencing and sequence analysis

Bioinformatics analysis of the sequences were performed using various

softwares / programs as described in section 2.2.10 of Chapter 2.
3.3 Results

In the present study, three different isoforms of crustins could be
identified, cloned and characterized from S. serrata (SsCrustinl and
SsCrustin2) and P. pelagicus (PpCrustinl) (Table 3.2).
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3.1.1 Molecular characterization of crustins in S. Serrata

From the haemocytes of the mud crab, S. serrata, two new isoforms of
AMPs belonging to crustin family could be identified and characterized,

herein after referred to as SsCrustinl and SsCrustinZ2.
3.3.1.1 SsCrustinl
3.3.1.1.1. Cloning and sequencing of SsCrustinl cDNA

An initial RT-PCR reaction with S. serrata haemocyte RNA and gene
specific primer crustin-1, a product of ~ 433 bp could be amplified which
was subsequently cloned and sequenced. The SsCrustinl cDNA encoded a
polypeptide of 111 amino acids in the ORF with a putative signal peptide
of 21 amino acid residues followed by a mature protein of 90 amino acids
(Fig. 3.1 and 3.2). The full-length sequence was deposited in the NCBI
GenBank under accession number HQ638025.

3.3.1.1.2 Analysis of SsCrustinl sequence and peptide characteristics

The deduced amino acid sequence of SsCrustinl was found to be rich in
amino acid residues cysteine (13.3 %) and proline (11.1 %). A WAP
domain could be detected in the C-terminus of SsCrustinl. A conserved
eight cysteine residue region responsible for the formation of 4 disulfide
core (4-DSC), could also be detected in the Cs to C12 position (Fig. 3.1). The
physico-chemical properties of SsCrustinl including its molecular weight,
net charge, isoelectric point and hydrophobicity predicted using
PROTPARAM, ExPASy, APD and HELIQUEST programs are described in
Table 3.3. The calculated molecular mass of the mature protein was 10.24
kDa. The isoelectric point (pl) was estimated to be 8.76 as predicted by
the PROTPARAM software. The SsCrustinl was found to be highly cationic
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and possessed a net charge of +6 and hydrophobicity of 33 %. Peptide
model of SsCrustinl created using SWISS-MODEL server and PyMOL
indicated a random coiled structure that is with two possible $-sheets but
no helices (Fig. 3.3). The 12 cysteines in SsCrustinl are considered to be

important for maintaining the tertiary structure of the peptide.

3.3.1.1.3 Sequence alignment and phylogenetic analysis of
SsCrustinl

Sequence comparison using BLAST algorithm showed that the deduced
amino acid sequence of SsCrustinl possessed an overall similarity of 81
%, 62 %, 73 %, 56 % and 39 % to the crustins of S. paramamosain, P.
trituberculatus, H. araneus, C. maenas and F. chinensis respectively (Table
3.4). The deduced amino acid sequence of SsCrustinl was found to be rich

in amino acid residues, cysteine (13.3 %) and proline (11.1 %).

Multiple alignment performed for SsCrustinl with other crustins of
decapods revealed the presence of conserved regions within the sequence
(Fig. 3.4).

The phylogenetic relationship between SsCrustinl and other crustins of
decapod crustaceans were analyzed using neighbor-joining (NJ) method.
Molecular phylogenetic tree based on amino acid sequences suggests that
all the crustin members possess the same ancestral origin, which has
subsequently diverged at different phases of evolution. The tree could be
broadly divided into four major groups; Group 1 included crustins from
crabs, Group 2 included crustins of crayfishes, Group 3 included crustins
of lobsters and Group 4 included crustins of shrimps. SsCrustinl was

found to cluster with Group 1 comprising the crab crustins. The bootstrap
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distance tree calculated for the SsCrustinl clearly indicated that the

SsCrustinl possessed great similarity to crustins of other crabs (Fig. 3.5).
3.3.1.2 SsCrustin2
3.3.1.2.1 Cloning and sequencing of SsCrustin2 cDNA

A 463 bp nucleotide sequence representing the complete cDNA sequence
of SsCrustin2 with an ORF of 336bp was obtained by RT-PCR (Fig. 3.6).
The analysis with SignalP software revealed the presence of a signal
peptide with 21 amino acid residues at the N-terminus of SsCrustin2, with
a predicted cleavage site between Alaz: and Ser», resulting in a 10 kDa
(90 residue) mature protein (Fig. 3.7). The ORF of SsCrustin2 encoded a
polypeptide of 111 amino acids with a molecular weight of 10 kDa and a
pl of 8 as predicted by the PROTPARAM software. The sequence of

SsCrustin2 was submitted in NCBI GenBank under the accession number

JQ753312.

3.3.1.2.2 Analysis of SsCrustin2 sequence and peptide characteristics

The deduced amino acid sequence of SsCrustin2 was found to be rich in
amino acid residues cysteine (13.3 %) and proline (11-12 %). A WAP
domain could be detected in the C-terminus of SsCrustin2. The WAP
domain was detected in the Cs—Ci2 position of SsCrustin2 and contained
eight-cysteine residues in a conserved arrangement. SsCrustin2 possessed
5 residues between C; and Cg (C7 Xs Cg). Several other consensus
sequences also appear in the 4-DSC domain viz. (1) a conserved aspartate
(D) residue between Cz and C4 and (2) KCC with Cs and Ce.

SsCrustin2 lacked the glycine-rich repeats which are usually found at the

N-terminal of the mature peptide of shrimp crustins. However, the C-
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terminal segment included a high proportion of cysteine-rich region (13.3
%), which contained 12 cysteine residues that participate in the formation
of disulphide bonds. SsCrustin2 lacked a methionine residue adjacent to
the second cysteine within the 4-DSC. However, the WAP domain of
SsCrustin2 appear to form part of a larger pattern of 12 cysteine residues
within the crustin sequence which is conserved across the various crustin
isoforms from several crustacean species. The physico-chemical
properties of SsCrustin2 are described in Table 3.3. The mature protein of
SsCrustin2 possessed a predicted molecular mass of 10 kDa and an
isoelectric point (pl) of 8. The SsCrustin2 was found to be a cationic
peptide with a net charge of +3 and its hydrophobicity was calculated as
33 %. Peptide models of SsCrustin2 created using SWISS MODEL and
PyMOL software also indicated a tightly coiled structure enclosing two (3-

sheets but no helices or possibly a loop protein (Fig. 3.8).

3.3.1.2.3 Sequence alignment and phylogenetic analysis of
SsCrustin2

Sequence comparison using BLAST algorithm showed that the deduced
amino acid sequence of SsCrustin2 shared significant identity with
crustins of portunid crabs (68-95 %) and other crabs (60-73 %) (Table
3.6). SsCrustin2 sequences were highly similar to the crustins of S. serrata
and S. paramamosain and shared 88 % identity among each other.
However, SsCrustin2 was found to share only a low homology with the

crustins of crayfishes, lobsters and shrimps (less than 40 %).

Multiple alignment of SsCrustin2 with other crustins of decapods revealed
the presence of conserved regions within the sequence and also revealed

maximum identity to that of S. serrata and S. paramamosain (Fig. 3.9).
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To evaluate the molecular evolutional relationships of SsCrustin2 against
other crustin family members, a phylogenetic tree was constructed based
on the amino acid sequences of crustins with WAP domain by the
neighbor-joining method (Fig. 3.10). The tree topologies revealed the
relationships of SsCrustin2 with other crustin-like peptides of decapod
crustaceans. Phylogenetic analysis of crustins further revealed that
crustin sequences were clustered according to species. Phylogenetic trees
also showed that all crustins including SsCrustin2, possess the same
ancestral origin and have a similar evolutionary status, which has
subsequently diverged at different phases of evolution and also that they
were phylogenetically ancient immune effector molecules which may play
an essential role in the host defense mechanism. SsCrustin2 was closely
related to crab crustins rather than to the other groups viz. shrimps,

prawns, lobsters and crayfishes.

The phylogenetic tree could be broadly divided into two major groups,
Group 1 included crustins from shrimps and prawns; and Group 2
included crustins from crayfishes, lobsters and crabs respectively. Within
Group 2, there were three distinct subgroups: first subgroup of lobster
and crayfish crustins, second subgroup of crab crustins to which the
SsCrustin2 belonged to and third subgroup containing crustins from P.
trituberculatus only. The bootstrap distance tree calculated for the
SsCrustin2 clearly indicated that this possessed great similarity to
another crustin isolated from S. serrata (SsCrustinl). Great variability
could also be noticed in the crustin sequences of various decapods.
Phylogenetic tree also showed that crustins from crabs including
SsCrustin2, PpCrustinl, SsCrustinl and crustins from C. maenas, H.

araneus, S. paramamosain and P. trituberculatus clustered together, and
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had a closer relationship with crayfish P. clarkia and lobster (N.
norvegicus and H. americanus) crustins than to the shrimp and prawn

crustins.
3.3.2 Molecular characterization of crustins in P. pelagicus

A new isoform of AMP belonging to crustin family could be identified,
cloned and characterized from the haemocytes of P. pelagicus, herein after
referred to as PpCrustinl. This is the first crustin to be reported from this

crab species.
3.3.2.1 PpCrustinl
3.3.2.1.1 Cloning and sequencing of PpCrustinl cDNA

The complete cDNA sequence of PpCrustinl obtained was comprised of a
457 bp nucleotide sequence with an ORF of 336 bp encoding a
polypeptide of 111 amino acids (Fig. 3.11). The analysis with SignalP
software revealed the presence of a signal peptide with 21 amino acid
residues at the N-terminus of PpCrustinl, with a predicted cleavage site
between Alaz: and Serzz, resulting in a 10 kDa (90 residue) mature
protein (Fig. 3.12). The sequences of PpCrustinl were submitted in NCBI
GenBank under the accession number JQ965930.

3.3.2.1.2 Analysis of PpCrustinl sequence and peptide

characteristics

The deduced amino acid sequence of PpCrustinl was found to be rich in
amino acid residues cysteine (13.3 %) and proline (11-12 %). A WAP
domain could be detected in the C-terminus of PpCrustinl. The WAP
domain was the only domain found in PpCrustinl sequence obtained in

the present study. This domain forms a tightly packed structure described
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on PROSITE as a four-disulphide core (4DSC). The WAP domain was
detected in the Cs—C12 position of PpCrustinl and contained eight-cysteine
residues in a conserved arrangement. PpCrustinl possessed 5 residues
between C; and Cg (C7 Xs Cg). Several other consensus sequences also
appear in the 4-DSC domain viz. (1) a conserved aspartate (D) residue
between C3 and C4 and (2) KCC with Cs and Ce. PpCrustinl lacked the
glycine-rich repeats which are usually found at the N-terminal of the
mature peptide of shrimp crustins. The C-terminal segment included a
high proportion of cysteine-rich region (13.3 %), which contained 12
cysteine residues that participate in the formation of disulphide bonds.
PpCrustinl lacked a methionine residue adjacent to the second cysteine
within the 4-DSC. The molecular weight, isolelectric point, charge and
hydrophobicity of PpCrustinl predicted using softwares are given in
Table 3.7. The molecular weight of mature peptide of PpCrustinl was
calculated as 10 kDa and a pl of 8 was predicted by the PROTPARAM
software. PpCrustinl showed a high cationicity with a charge of +6 and its
hydrophobicity was 34 %. Peptide models of PpCrustinl created using
SWISS MODEL and PyMOL software also indicated a tightly coiled
structure enclosing two [3-sheets but no helices or possibly a loop protein
(Fig. 3.13).

3.3.1.1.3 Sequence alignment and phylogenetic analysis of

PpCrustinl

Sequence comparison using BLAST algorithm showed that the deduced
amino acid sequence of PpCrustinl shared significant identity with
crustins of portunid crabs (68-95 %) and other crabs (60-73 %) as given
in Table 3.8. PpCrustinl sequences were highly similar to the crustins of S.

serrata and S. paramamosain. However, PpCrustinl was found to share
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only a low homology with the crustins of crayfishes, lobsters and shrimps
(less than 40 %). Multiple alignment of PpCrustinl with other crustins of
decapods revealed the presence of conserved regions within the sequence
and also revealed maximum identity to that of S. serrata and S.
paramamosain (Fig. 3.14). PpCrustinl showed variations at six amino acid
positions in their signal peptide region. In PpCrustinl, the aspartic acid
and lysine residues were found to be positioned as follows:-C-XX-D-XX-C-
XXXD-K-CC-X-D-. To evaluate the molecular evolutional relationships of
PpCrustinl against other crustin family members, a phylogenetic tree was
constructed based on the amino acid sequences of crustins with WAP
domain by the neighbor-joining method (Fig. 3.15). The tree topologies
revealed the relationships of PpCrustinl with other crustin-like peptides
of decapod crustaceans. Phylogenetic analysis of crustins further revealed
that crustin sequences were clustered according to species. Phylogenetic
trees also showed that all crustins including PpCrustinl, possess the same
ancestral origin and have a similar evolutionary status, which has
subsequently diverged at different phases of evolution. PpCrustinl was
closely related to crab crustins rather than to the other groups viz.

shrimps, prawns, lobsters and crayfishes.

The phylogenetic tree could be broadly divided into two major groups,
Group 1 included crustins from shrimps and prawns; and Group 2
included crustins from crayfishes, lobsters and crabs respectively. Within
Group 2, there were three distinct subgroups: first subgroup of lobster
and crayfish crustins, second subgroup of crab crustins to which
PpCrustinl belonged to and third subgroup containing crustins from P.
trituberculatus alone. The bootstrap distance tree calculated for

PpCrustinl clearly indicated that this possessed great similarity to crustin
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isolated from S. serrata (SsCrustinl). Phylogenetic tree also showed that
crustins from crabs including PpCrustinl, SsCrustinl, SsCrustin2 and
crustins from C. maenas, H. araneus, S. paramamosain and P.
trituberculatus clustered together, and had a closer relationship with
crayfish P. clarkia and lobster (N. norvegicus and H. americanus) crustins

than to the shrimp and prawn crustins.
3.4 Discussion

Crustins are cationic AMPs of ~ 7-14 kDa with a characteristic four-
disulphide core containing WAP domain, present in the haemocytes of
crustaceans. The present study reports the first crustin sequences from
two portunid crabs, viz. the mud crab S. serrata (SsCrustinl and
SsCrustin2) and the blue swimmer crab P. pelagicus (PpCrustinl). All the
three crustin isoforms possessed the complete ORF of 336 bp encoding
111 aminoacids with a predicted molecular weight of ~ 10-11 kDa and a
plof 8-9. All the three isoforms possessed a signal sequence containing 21
aminoacids residues, which was followed by a mature peptide with a WAP
domain at the C-terminus. The presence of conserved WAP domain and its
characteristic features and high similarity with already known crustins

proved the identity of these new isoforms belonging to the crustin family.

Signal peptide of both SsCrustin2 and PpCrustinl possessed a predicted
cleavage site between Alaz1 and Serzz, resulting in a 10 kDa (90 residue)
mature protein. Whereas in case of SsCrustinl it was found between Ser
and Arg at the same position i.e. between 21 and 22. All the three crustin
isoforms were found to be cationic. Considering the net charge of these
isoforms, SsCrustin2 possessed the lowest net charge of +3 followed by +6

of SsCrustinl and PpCrustinl respectively. However, not much variation
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in the hydrophobicity could be noticed and the hydrophobicity was found
to range between 33-34 %. All the above features are in agreement with
the required features of crustins. The above mentioned features of the
newly identified crustins are in agreement with Smith and co-workers
(2008), who defined crustins as cationic cysteine-rich antibacterial
polypeptides of ~ 7-14 kDa, with an isoelectric point usually in the range
of 7.0-8.7, present in crustaceans that contain one WAP domain at the C-

terminus.

The deduced amino acid sequence of the newly identified crustins were
found to be rich in amino acid residues cysteine (13.3 %) and proline (11-
12 %). They lacked the glycine-rich repeats which are usually found at the
N-terminal of the mature peptide of shrimp crustins (Antony et al., 2010).
However, the C-terminal segment included a high proportion of cysteine-
rich region, which contained 12 cysteine residues that participate in the
formation of disulphide bonds. They also lacked a methionine residue
adjacent to the second cysteine within the 4-DSC, indicating that this WAP

domain has antibacterial function (Hauton et al., 2006).

The WAP domain was the only domain found in the sesequences obtained
in the present study. This domain forms a tightly packed structure
described on PROSITE as a four-disulphide core (4DSC). The WAP domain
was detected in the Cs—C12 position and contained eight cysteine residues
in a conserved arrangement which is believed to be responsible for the
formation of 4-DSC as described by Imjongjirak et al. (2009). PROSITE
database analysis revealed the existence of WAP-type 4-DSC domain
signature,  C1-(Xn)-C2-(Xn)-C3-(X5)-Cs-(X5)-Cs-Ce-(X3-5)-C7-(X3.4)-Ce (X
indicates any residue and X, is a stretch of n residues.). However these

crustins possessed five residues between C7 and Cg (C7 Xs Cg). Several
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other consensus sequences also appear in the 4-DSC domain viz. a
conserved aspartate (D) residue between Cz and C4 and KCC with Cs and
Ce. According to the previous reports on the crustin-like peptides, the 4-
DSC domain has proved to play important roles in the biological function
of crustins (Zhang et al., 2007).

However, the WAP domain of SsCrustin2 and PpCrustinl appears to form
part of a larger pattern of 12 cysteine residues within the crustin
sequence which is conserved across the various crustin isoforms from
several crustacean species. This pattern of 12 cysteine residues is also
found in other crustin/carcinin-like transcripts from S. serrata, C. maenas,
M. japonicus, P. argus, H. americanus, C. sapidus and P. monodon. These 12
cysteines are considered to be important for maintaining the tertiary
structure of the peptide just as that reported in the case of other crustins
(Gross et al., 2001; Zhang et al., 2007). As per Brockton et al. (2007), if all
the 12 cysteine residues remain conserved in these sequences and if all
six disulphide bonds are formed in the tertiary structure, then it would be
the first family of six disulphide-bonded AMPs. These 12 cysteine residues
present in crustin/carcinin-like peptides represents a new structural
family that appear to be unique to the crustaceans. Peptide models of the
three crustin isoforms created using PyMOL software indicated a tightly
coiled structure enclosing two B-sheets but no helices or possibly a loop

protein.

All the three newly identified crustins shared significant similarities with
crustins of portunid crabs (68-95 %) and other crabs (60-73 %).
However, they were found to be the first isoform isolated from its own
species. SsCrustin2 and PpCrustinl sequences were highly similar to the

crustins of S. serrata and S. paramamosain and shared 88 % identity

114



Molecular Characterization & Phylogenetic Analysis of Crustins in Crustaceans

among each other. However, both SsCrustin2 and PpCrustinl were found
to share only a low homology with the crustins of crayfishes, lobsters and

shrimps (less than 40 %).

Multiple alignment performed for these crustin isoforms with other
crustins of decapods revealed the presence of conserved regions within
the sequence and also revealed maximum identity to that of S. serrata and
S. paramamosain. The signal peptide region of crustins was not found to
be highly conserved as in the case of other AMP families. SsCrustin2 and
PpCrustinl showed variations at six amino acid positions in their signal
peptide region. Whereas, the mature peptide region of SsCrustin2 and
PpCrustinl shared greater similarities among each other, except at the
2nd 7th 8th 20th 35th 38th and 56t amino acid positions. However, these
amino acid positions were also found to vary in various crustin isoforms
from other portunid crabs. The WAP domain, in contrast to the signal
sequence, is highly conserved between species. In both SsCrustin2 and
PpCrustinl, the aspartic acid and lysine residues were found to be
positioned as follows: -C-XX-D-XX-C-XXXD-K-CC-X-D-, which is in
agreement with Ranganathan et al. (1999). As per Smith et al. (2008),
both SsCrustin2 and PpCrustinl could be grouped under type-I crustins;
being the most commonly found crustin type in crabs, lobsters and
crayfishes. Type | crustin is believed to follow a similar domain
arrangement as carcinins, the first crustacean WAP domain-containing
AMP discovered (Relf et al., 1999).

Phylogenetic analysis showed that these isoforms possess the same
ancestral origin and have a similar evolutionary status like other crustins,
which has subsequently diverged at different phases of evolution. The

tree topologies revealed the relationships of these potunid crustins with
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other crustin-like peptides of decapod crustaceans. Phylogenetic analysis
of crustins further revealed that crustin sequences were clustered
according to species. Phylogenetic trees also showed that all crustins
including SsCrustinl, SsCrustin2 and PpCrustinl, possess the same
ancestral origin and have a similar evolutionary status, which has
subsequently diverged at different phases of evolution and also that they
were phylogenetically ancient immune effector molecules which may play
an essential role in the host defense mechanism. These new portunid
crustin isoforms were found to be closely related to crab crustins rather

than to the other groups viz. shrimps, prawns, lobsters and crayfishes.

Great variability could also be noticed in the crustin sequences of various
decapods. Phylogenetic tree also showed that crustins from crabs
including SsCrustinl, SsCrustin2 and PpCrustinl and crustins from C.
maenas, H. araneus, S. paramamosain and P. trituberculatus clustered
together, and had a closer relationship with crayfish P. clarkia and lobster
(N. norvegicus and H. americanus) crustins than to the shrimp and prawn
crustins. This might imply the complex evolution of crustins in these

groups and potential similarity in biological functions.

The wide distribution of crustins in crustaceans indicates the importance
of these AMPs in the innate immunity. From the characteristics of these
crustin isoforms itself it is possible to predict that these peptides could
function as a broad spectrum antibacterial peptide. Further research on
the expression profile of these molecules in response to various
environmental conditions and microbial infection would reveal their role
in the protection of the animals from the onslaught of diseases. It could be

stipulated that discovery of novel crustins might pave way to the
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discovery of promising therapeutic / prophylactic agents in health

management and disease control in crustacean aquaculture.
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Fig. 3.1 Nucleic acid (above) and deduced amino acid (below) sequence of
SsCrustinl. The signal peptide sequence (green), mature peptide region bright
blue and light blue) and putative WAP domain (light blue) have been highlighted.
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Fig 3.2 Signal peptide analysis of SsCrustinl as predicted by the SignalP 3.0
server.

Fig.3.3 Secondary structure of SsCrustinl created using PyMOL showing B-sheet
and extended structures
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Fig.3.4 Multiple alignment of nucleotide sequence of SsCrustinl with other
crustins obtained using GeneDoc program. Black and grey indicates conserved
sequences.
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Fig.3.5 A bootstrapped neighbour-joining tree obtained using MEGA version 5.0
illustrating relationships between the deduced amino acid sequence SsCrustinl
with other crustins. Values at the node indicate the percentage of times that the
particular node occurred in 1000 trees generated by bootstrapping the original
deduced protein sequences.
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Fig.3.6 Nucleic acid (above) and deduced amino acid (below) sequence of
SsCrustin2. The signal peptide sequence (green), mature peptide region bright
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Fig.3.7 Signal peptide analysis of SsCrustin2 as predicted by the SignalP 3.0
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Fig.3.8 Secondary structure of SsCrustin2 created using PyMOL showing 3-sheet
and extended structures
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Fig.3.9 Multiple alignment of nucleotide sequence of SsCrustin2 with other
crustins obtained using GeneDoc program. Black and grey indicates conserved

sequences.
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Fig.3.10 A bootstrapped neighbour-joining tree obtained using MEGA version
5.0 illustrating relationships between the deduced amino acid sequence
SsCrustin2 with other crustins. Values at the node indicate the percentage of
times that the particular node occurred in 1000 trees
bootstrapping the original deduced protein sequences.
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Fig.3.11 Nucleic acid (above) and deduced amino acid (below) sequence of
PpCrustinl. The signal peptide sequence (green), mature peptide region (bright
blue and light blue) and putative WAP domain (light blue) have been highlighted.
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Fig.3.12 Signal peptide analysis of PpCrustinl as predicted by the SignalP 3.0
server.

123



Chapter 3

Fig.3.13 Secondary structure of PpCrustinl created using PyMOL showing B-
sheet and extended structures
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Fig.3.14 Multiple alignment of nucleotide sequence of PpCrustinl with other
crustins obtained using GeneDoc program. Black and grey indicates conserved
sequences.
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Fig.3.15 A bootstrapped neighbour-joining tree obtained using MEGA version
5.0 illustrating relationships between the deduced amino acid sequence
PpCrustinl with other crustins. Values at the node indicate the percentage of

times that the particular node occurred

bootstrapping the original deduced protein sequences.
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Table 3.1 Primers used for the study

Primer Sequence Product Annealing
(5'-3") size Temp.
(bp) Q)
Crustin-1 F: gagagcagaattagacactgt 433 60 15
R: atatagtataacataaccatacttc
Crustin-2 F: agggagtgggtgatgagcta 463 60 15
R: tacggctattacgatccaaca
B-actin F: cttgtggttgacaatggctccg 520 60 15
R: tggtgaaggagtagccacgctc
T7 tgtaatacgactcactataggg -- 57 15
SP6 gatttaggtgacactatag -- 57 15

Table 3.2 List of Crustins Identified in the present study

Name of AMP  Source Organism ORF GenBank Accession

1 SsCrustinl Scylla serrata Complete HQ638025
2 SsCrustin2 Scylla serrata Complete JQ753312
3 PpCrustinl | Portunus pelagicus | Complete JQ965930

Table 3.3 Physicochemical properties of SsCrustinl

Parameters Studied Results

Open reading frame (GeneTool) 1lllaa
Length of mature peptide (No. of amino acids) (GeneTool) 90 aa
Signal peptide (SignalP) 1-21aa
Molecular weight (PROTPARAM, ExXPASY) 10.24 kDa
Isoelectric point (PROTPARAM, EXPASYy) 8.76
Charge (PROTPARAM, ExPASy) +6
Hydrophobicity (PROTPARAM, ExPASy) 33%
Structure (PyMol & DNASTAR) B-sheet
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Table3.4 Result of BLASTp analysis of SsCrustinl
Description of the AMP

GenBank
Accession
[\[o}
EU161287

Scylla paramamosain crustin
antimicrobial peptide mRNA,
complete cds

Query

coverage

99 %

Identity
(0]
SsCrustinl

98 %

FJ467931

Portunus trituberculatus crustin
MRNA, complete cds

90 %

82 %

EU161288

Scylla paramamosain crustin
antimicrobial peptide gene,
complete cds

83 %

99 %

GU373914

Portunus trituberculatus type 11
crustin mRNA, complete cds

54 %

82 %

Table3.5 Physicochemical properties of SsCrustin2

Parameters Studied

Open reading frame (GeneTool) 11l aa
Length of mature peptide (No. of amino acids) (GeneTool) 90 aa
SIGNAL Peptide (SignalP) 1-21 aa
Molecular weight (PROTPARAM, ExPASY) 10.0 kDa
Isoelectric point (PROTPARAM, EXPASY) 8.0
Charge (PROTPARAM, EXPASY) +3
Hydrophobicity (PROTPARAM, EXPASy) 33%
Structure (PyMol & DNASTAR) [-sheet

Table 3.6 Result of BLASTp analysis of SsCrustin2

GenBank Description of the AMP Identity to
Accession coverage  SsCrustin2
\[o}

ADW11096 Crustin [Scylla serrata] 100 % 94 %
ABY20727 Crustin [Scylla paramamosain] 100 % 91%
ACM89167 Crustin [Portunus trituberculatus] 100 % 74 %
CAH25399 Carcinin-like protein [Carcinus 99 % 65 %

maenas]
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Table 3.7 Physicochemical properties of PpCrustinl

Parameters Studied Results

Open reading frame (GeneTool) 111l aa
Length of mature peptide (No. of amino acids) (GeneTool) 90 aa
SIGNAL Peptide (SignalP) 1-21 aa
Molecular weight (PROTPARAM, ExXPASY) 10.0 kDa
Isoelectric point (PROTPARAM, EXPASYy) 8.0
Charge (PROTPARAM, ExPASy) +6
Hydrophobicity (PROTPARAM, ExPASy) 34 %
Structure (PyMol & DNASTAR) B-sheet

Table3.8 Result of BLASTp analysis of PpCrustinl

GenBank Description of the AMP Query Identity to

Accession No. coverage PpCrustinl

ADW11096 Crustin [Scylla serrata] 100 % 95 %

ABY20727 Crustin [Scylla paramamosain] 100 % 89 %

ACM89167 Crustin [Portunus 100 % 68 %
trituberculatus]

CAH25399 Carcinin-like protein [Carcinus 99 % 63 %
maenas]
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Molecular Characterization and
Phylogenetic Analysis of Penaeidins in
Crustaceans

4.1 Introduction

Penaeid shrimps are among the most widely cultured marine organisms
and hence possess high commercial importance. Infectious diseases
caused by various viruses, bacteria and fungi have evolved as a serious
threat to the shrimp aquaculture industry over the years. In shrimps, the
innate immune responses play a major role in combating invading
pathogens and prevent them against microbial attack. Antimicrobial
peptides (AMPs) were known to play a critical role in shrimp innate
immune defense mechanism. Penaeidins are a unique family of AMPs
found to be confined to the Dendrobranchiata, a suborder of decapods
crustaceans comprising of shrimps. They are cationic AMPSs possessing a
molecular weight of 5-7 kDa, characterized by an unstructured N-
terminal proline-rich domain and a C-terminal region containing Six
cysteine residues that are engaged in three intramolecular disulfide
bridges (Destoumieux et al., 1997; Yang et al., 2003; Cuthbertson et al.,
2005).

Penaeidins were first isolated from the haemolymph of the Pacific white

shrimp, Litopenaeus vannamei and showed antimicrobial activity mainly
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against Gram-positive bacteria and fungi (Destoumieux et al., 1997). More
studies based on genomic approaches have revealed the presence of
penaeidins in different shrimp species. Several penaeidin isoforms have
also been isolated and characterized from penaeid shrimps such as L.
vannamei (Bartlett et al, 2002; Cuthbertson et al, 2002); L. setiferus
(Cuthbertson et al., 2002; Bartlett et al., 2002); L. stylirostris (Munoz et al.,
2004); M. japonicus (Rojtinnakorn et al., 2002); P. monodon (Supungul et
al., 2002; Chen et al., 2004b; Chiou et al., 2005, 2006; Hu et al., 2006); F.
chinensis (Kang et al., 2004); F. paulensis (Barracco et al., 2005) and L.
schmitti (Barracco et al., 2005).

Penaeidins are composed of an N-terminal domain rich in proline
residues and a C-terminal domain containing six cysteines that form three
disulphide bridges. These features are usually associated with two
distinct groups of AMPs found in insects, such as the proline rich peptides,
active against Gram-negative bacteria, and defensins active against Gram-
positive bacteria. Besides this chimera-like overall structure, penaeidins
undergo post-translational modifications, such as C-terminal amidation
(Destoumieux et al., 1997) which has also been observed in other marine
invertebrate antimicrobial peptides such as the tachyplesins from
Tachypleus tridentatus (Nakamura et al., 1988) and in insect cecropins (Li
et al.,, 1988) where it is shown to be functionally important by increasing
antimicrobial activity compared with the same peptides, which have a

free carboxyl group.

Penaeidins are highly variable with respect to genetic composition which
is clearly exhibited by the existence of different isoforms in each sub
group. Based on the amino acid sequence and the position of some precise

residues in both the N- and C-terminal regions, penaeidins are classified
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into four distinct subgroups: Penaeidin 2 (Pen2), Penaeidin 3 (Pen3),
Penaeidin 4 (Pen4) and Penaeidin 5 (Pen5) which have been identified in
L. vannamei (Destoumieux et al., 1999; Cuthbertson et al., 2002), F.
chinensis (Cuthbertson et al, 2004; Kang et al, 2007), L. setiferus
(Cuthbertson et al., 2004) and P. monodon (Chen et al., 2004b).

All penaeidin precursors comprise a highly conserved signal peptide
followed by a cationic mature peptide (5.48 - 6.62 kDa) with a calculated
isoelectric point above 9 (Bachére et al., 2004). After cleavage of signal
peptide, mature peptides can be post-translationally processed by the
formation of a pyroglutamic acid in the N-terminus and/or by a C-
terminal amidation involving the elimination of a glycine residue
(Destoumieux et al., 1997, 2000a). The amino acid sequences deduced
from the cDNA revealed that the penaeidins isolated from haemocytes are
synthesized as precursor molecules consisting of a signal peptide (19-21
amino acids) immediately preceding the bioactive molecule (Destoumieux
et al, 1997). The role of post-translational modifications observed in
native penaeidin, like C-terminal amidation and N-terminal pyroglutamic
acid has been studied with a set of penaeidin variants. The results showed
that these modifications had little effect on penaeidin AMPs (Destoumieux
et al, 1999), but they increased the stability of penaeidin, to proteolysis
(Destoumieux et al., 1997). The family appears to be characterized by (i) a
highly conserved signal peptide (ii) an N-terminal proline-rich domain
with the following signature (Y,F)T(R,G)P(X)2(RK)P, and (iii) a C-
terminal cysteine-rich domain with the following signature C(X)2-
3C(X)7RXC C(X)5CC.

One of the most striking characteristics of the penaeidins is the presence

of a 5 UTR and leader sequence that is nearly identical within and
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between species. This contrasts with the proline rich domain (PRD) and
cysteine rich domain (CRD) which are only about 40 % similar across
penaeidin classes regardless of species (O’'Leary and Gross, 2006). Adding
to the structural complexity of the penaeidin family, each of these classes
display a significant degree of isoform diversity (Bachere et al., 2000a;
Gueguen et al., 2006). Multiple isoforms, generated by substitutions and
deletions within the proline and cysteine-rich domains, have been
reported at the mRNA levels for all the classes of penaeidins suggesting
that this is a highly diverse gene family. O’'Leary and Gross (2006)
examined the genomic sources for the penaeidins and has proved that
penaeidin class is encoded by a unique gene and that isoform diversity is

generated by polymorphism within each penaeidin gene locus.

Most groups working on shrimps from different parts of the world have
now isolated numerous penaeidin sequences mostly by genomic
approaches, and this family appears to be ubiquitous among penaeid
shrimp species. Currently more than 200 sequences can be found in the
EMB/GenBank/DDBJ databases, some of which are yet to be published.
Expressed sequence tag (EST) analysis from haemocyte cDNA libraries
has shown that penaeidin transcripts are abundant. In fact, penaeidins
appear to represent 10.7 and 20 % of all the sequences isolated from
haemocytes of L. vannamei and L. setiferus, respectively (Gross et al.,
2001). Between the penaeidin subgroups, PEN3 is the most abundant at
both levels of peptide and mMRNA in L. vannamei haemocytes
(Destoumieux et al., 1997, 2000b). It represents more than 90 % of all the
penaeidin MRNA sequences detected in both shrimp species (Cuthbertson
et al., 2002). Gueguen et al. (2006) have developed a penaeidin database,

named as ‘PenBase’ (http://www.penbase.immunagqua.com) to provide
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comprehensive information about penaeidin properties, diversity and

nomenclature.

In shrimps, haemocytes are the main source of penaeidin production
(Destoumieux et al., 2000a, 2000b; Munoz et al., 2002, 2003, 2004; Kang
et al., 2004). Penaeidins are constitutively expressed in their mature and
active form in granular haemocytes of naive shrimps and were stored
within cytoplasmic granules of granular haemocyte populations (Munoz
et al,, 2002, 2003). The penaeidins could be secreted or released from
haemocytes by degranulation into the blood upon immune response
stimulation (Bachere et al., 2000). About 30-40 % of the circulating
haemocytes express penaeidins (Meister et al., 1997). The population of
hyaline cells is devoid of penaeidins. Distribution of penaeidin transcripts
and proteins is restricted to haemocytes that are present strikingly in
almost all the shrimp tissues, both circulating in blood vessels irrigating
the tissues or infiltrating tissues such as the brain, subcuticular epithelia,
midgut cecum, or muscle. In most of the cases, the various penaeidin
subgroups have been shown to be expressed in one single individual
(Gross et al., 2001), suggesting that the various penaeidins may have

different biological functions in shrimp.

Penaeidins are the well-characterized AMP family at the level of gene
expression and biological activities. The spectrum of the antimicrobial
activity of penaeidins has been studied in detail using native peptides
purified from shrimp haemolymph, synthetic peptides and recombinant
variants produced in heterologous expression systems (Destoumieux et
al., 1997, 1999; Cuthbertsonet al., 2004, 2005, 2006; Li et al., 2005; Kang
et al, 2007). Penaeidin anti-bacterial activity is predominantly directed

against Gram-positive bacteria via a strain-specific inhibition mechanism
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and through multiple modes of action. Penaeidins have been shown to be
particularly effective against Gram-positive bacteria such as Micrococcus,
Bacillus, Staphylococcus (MIC of about 0.3-2.5 uM). But penaeidins display
very weak anti-bacterial activity in vitro against Gram-negative strains
including Vibrio species. However Fenchi PENS5, appears to be active

against Gram-negative Klebsiella pneumonia.

Penaeidins combine two domains in their overall structure; one proline-
rich and the other cysteine-rich, usually observed in distinct groups of
antimicrobial peptides (Destoumieux et al., 2000a). The overall biological
activity of penaeidin may be associated with distinct properties of their
two characteristic regions. The penaeidin N-terminal proline-rich region
shares sequence similarities with other proline-rich AMPs (Gennaro et al.,
1989; Schnapp et al., 1996). A synthetic peptide corresponding to the N-
terminal proline-rich domain of penaeidin (residues 1-20) was produced
and found to be inactive against both bacterial and fungal strains. Hence,
it is assumed that the penaeidin proline rich region is similarly involved
more in target cell interaction than in direct antimicrobial activity. This is
also consistent with the spectrum of penaeidin antimicrobial activity,
which is directed mainly against fungi and Gram-positive bacteria
(Destoumieux et al., 1999), in contrast to most of the known proline-rich
peptides, which have essentially anti-Gram-negative properties (Bulet et
al., 1999).

The penaeidin C-terminal domain was shown to confer to the whole
molecule an ability to attach chitin tightly (Destoumieux et al., 2000b).
The C-terminal domain of penaeidins presents some similarities and
partial conservation of a primary sequence motif common to several

chitin-binding proteins isolated from plants (Raikhel et al., 1993). Chitin-
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binding ability is most often related to an anti-fungal activity
(Cuthbertson et al., 2006). Penaeidins possess broad-spectrum fungicidal
activity against filamentous fungi such as Fusarium, Nectria, Alternaria,
Neurospora, Botritys and Penicillium (MIC of about 1.25-2.5 uM). However,
they are found to be inactive against yeast such as Saccharomyces
cerevisiae or Candida albicans (Destoumieux et al., 1999). Interestingly,
penaeidins are active against the shrimp pathogen Fusarium oxysporum,
which is responsible for infections in different penaeid shrimps
(Rhoobunjongde et al., 1991). Many phytopathogenic fungal strains such
as Nectria haematococca, Alternaria brassicola, Neurospora crassa and
Botritys cinerea were shown to be sensitive to the peptides, indicating that
penaeidins could have applications in agronomy as therapeutic agents.
Penaeidin fungicidal activity against the different strains was shown to be
associated with inhibition of spore germination. At lower concentrations,
the peptides cause growth inhibition of fungal hyphae, resulting in

morphological abnormalities.

Besides their antimicrobial properties, penaeidins are also able to bind to
chitin. A conserved chitin-binding motif is recognized in the cysteine-rich
domain, whereas the PRP-rich domain is preferentially involved with the
antimicrobial activities (Destoumieux et al., 2000a; Cuthbertson et al,
2004). According to Destoumieux et al. (2000b), the chitin-binding
domain of penaeidins could have supplementary functions, such as the
capability to bind to shrimp carapace upon injury and thus have a
contribution in wound healing and/or molting processes. Therefore, it is
suggested that they can be involved in chitin assembly or wound healing
and may be essential in shrimp protection during the moulting cycles
(Destoumieux et al., 2000b).
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One can assume that the peptides, bound to the shrimp cuticle tissues
through chitin-binding property carried by the C-terminal domain, exert
antimicrobial activity and initiate opsono-phagocytosis via the free N-
terminal end. This domain can adopt a conformation upon interaction
with the bacterial membrane, which displays antimicrobial activity. From
all hypotheses, the two domains are likely to have complementary
activities, and their presence in one single peptide would be necessary for
its full activity. Studies are being undertaken to address this question.
Penaeidins may participate in protein—protein interactions and thus can
display various functions. Chitin binding ability of penaeidin could
participate in antimicrobial activity and wound healing and chitin
assembly. The peptides may play a role in the protection of the animals
during molting cycle, when the animals are particularly exposed to
potential infections. This dual function of penaeidins is likely determinant
for the survival of the animals. To address this question, it is now under
investigation whether the penaeidins conserve their antimicrobial activity

when bound to the shrimp cuticle (Bachere et al., 2004).

Post-translational modifications were found to have little effect on
antimicrobial properties of penaeidin (Destoumieux et al., 1999), but
possibly they increase the stability of penaeidins, which are highly
resistant to proteolysis (Destoumieux et al., 1997). N-terminal blocking
has no effect on penaeidin antimicrobial properties (Destoumieux et al.,
2000a). Moreover, when C-terminal amidation is replaced by an extra
glycine residue, penaeidin antifungal properties are unaltered, and
antibacterial activity is decreased only two-fold. The partial loss of

antibacterial activity that occurs in non-amidated penaeidins may be due
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to the loss of a positive charge at the C-terminus, and consequently to less

efficient interaction of the peptide with bacterial membranes.

Penaeidins, are the most intensively studied AMP in terms of biological
properties, antimicrobial activities, gene expression and localization in
response to infection (Bachere et al., 2004). In fact, increased resistance of
bacteria towards antibiotic drugs has stimulated intensive effort for
discovery and characterization of AMPs as sources or templates for the
design of new therapeutic antibiotics. Most of the cultured penaeid
shrimps are prone to infection by microbes at various stages of its
growth; the losses due to disease can be enormous. As a result, a good
amount of research has been focused in isolation and characterization of
proteins playing a role in immune regulation. With strong and broad
spectrum antimicrobial activity against Gram-positive bacteria and fungi,
the penaeidins are becoming potential therapeutic agents for prophylactic

treatment of fungal and bacterial infectious diseases.

Hence, the present study was focused on the discovery of new penaeidin
isoforms from shrimps through molecular approach and to investigate
their characteristics and phylogeny so as to understand the role of

penaeidins in the innate immune defense of crustaceans.
4.2 Materials and Methods
4.2.1 Experimental animals

The experimental organisms used in the present study include the Indian
White Shrimp, Fenneropenaeus indicus and the Pink Shrimp, Metapenaeus
monoceros belonging to decapod crustaceans of the family, Penaeidae.

Live specimens of F. indicus and M. monoceros were collected from Cochin
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barmouth region, in Vypeen, Kochi and were brought to the laboratory
(Fig. 41 aandb).

4.2.2 RNase control

Basic precautions were taken when working with RNA as described in
section 2.2.2 of Chapter 2.

4.2.3 Haemolymph collection

Haemolymph was collected from the rostral sinus of the experimental
organisms and was suspended in TRI reagent for total RNA isolation as

given in section 2.2.3 of Chapter 2.
4.2.4 RNA isolation

Total RNA was extracted from the haemocytes of the experimental
organisms using TRI™ reagent (Sigma) following manufacturer’s protocol
as described in section 2.2.4 of Chapter 2. RNA pellets were dried for 5-10
min and dissolved in RNase free water by repeated pipetting with a
micropipette at 55-60 °C for 10-15 min.

4.2.5 Determination of the quantity and quality of RNA

RNA was quantified and qualified by spectrophotometry and agarose gel

electrophoresis as given in section 2.2.5 of Chapter 2.
4.2.6 cDNA synthesis

cDNA was synthesized using oligo d(T20) primers as described previously

in section 2.2.6 of Chapter 2.
4.2.7 PCR amplification

PCR amplification of cDNA were carried out using gene specific primers,

designed using GeneTool software based on consensus sequences of
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penaeidins retrieved from GenBank. B-actin was used as the internal
control to verify reverse transcription reaction. The sequences of the
primers used to amplify $-actin and penaeidin genes are given in Table.
4.1. PCR amplification of 1ul cDNA was performed in a 25 pl reaction
volume using gene specific primers as explained in section 2.2.7 of
Chapter 2. Annealing temperature varied for the different genes as given
in Table 4.1. The PCR products were visualized by electrophoresis in 1.5

% agarose gel.
4.2.8 Agarose gel electrophoresis

Electrophoresis was performed in 1.5 % agarose gel and documented as

described in section 2.2.8 of Chapter 2.
42.9 Cloning of the PCR product

The PCR products were cloned onto the pGEM-T Easy vector as explained
in section 2.2.9 of Chapter 2. E. coli DH5a competent cells were used for
transforming the ligated cloning vector. To confirm the presence of the
insert DNA in the transformed cells, colony PCR was performed for all the
individually streaked colonies using vector specific primers viz. T7 and
SP6 as well as gene specific primers (Table 4.1). Plasmid with the
penaeidin insert was then extracted and purified using GenElute HP’
plasmid MiniPrep kit (Sigma)and was sent for sequencing at SciGenom,

Kochi, India.
4.2.10 Sequencing and sequence analysis

Bioinformatics analysis of the sequences were performed using various

softwares / programs as described in section 2.2.10 of Chapter 2.
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4.3 Results

In the present study two penaeidin isoforms could be identified, cloned
and characterized, each from F. indicus and M. monoceros respectively
(Table 4.2). As these isoforms were found to be similar both have been
analysed and discussed together in the following sections. The new
penaeidin isoform was found to belong to subgroup-3, and is herein after

referred to as FIPEN and MmMPEN respectively.

4.3.1 Molecular characterization of penaeidin in F. indicus and M.

monoceros
4.3.1.1 FiPEN and MmPEN
4.3.1.1.1 Cloning and sequencing of FIPEN and MmMPEN cDNA

A 338 bp fragment cDNA with an open reading frame (ORF) of 216 bp was
obtained from the mRNA of F. indicus and M. monoceros haemocytes by
RT-PCR. This fragment could be successfully cloned and sequenced in the
present study. The ORF encoded 71 amino acid residues and consisted of
a signal peptide region followed by a proline-rich domain (PRD) and a
cysteine-rich domain (CRD), characteristic of the penaeidins (Fig. 4.2).
The penaeidins had its characteristic signal peptide region possessing 19
amino acids followed by a cleavage site, then the mature peptide region
comprising of a proline-rich domain with 24 amino acids at the N-
terminal region as well as a cysteine-rich domain with 28 amino acids at
the C- terminal region (Fig. 4.3). These features designated this penaeidin
isoform to penaeidin-3 subgroup. The nucleotide sequence and deduced
amino acid sequence were submitted to NCBI GenBank under the
accession numbers, JX657680 (FIiPEN) and KE275674 (MmPEN).
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4.3.1.1.2 Analysis of sequence and peptide characteristics of FIPEN
and MmPEN

The mature peptide region of FIPEN and MmPEN possessed a predicted
molecular weight of 5.66 kDa and an isoelectric point, pl of 9.38, as
predicted by the PROTPARAM software. Both FIPEN and MmMPEN are
proved to be highly cationic peptides with a charge of +6 and they possess
a hydrophobicity of 42 %. The total number of negatively charged
residues (Asp + Glu) was one, while the total number of positively charged
residues (Arg + Lys) was found to be seven. The estimated half-life was
predicted to be 2.8 h (in mammalian reticulocytes, in vitro), 10 min (in
yeast, in vivo) and 2 min (in E.coli, in vivo) respectively. The aliphatic
index and the grand average of hydropathicity (GRAVY) were found to be
45 and -0.206, respectively. The deduced amino acid sequence was found
to be rich in amino acid residues cysteine and serine (11.5 %) followed by
arginine, glycine and threonine (9.6 %) as calculated by the PROTPARAM
tool of EXPASy program. The new penaeidin isoforms were analyzed for
their antimicrobial activity using Antimicrobial Peptide Predictor
Program which revealed that they possess a protein binding potential of
1.72 kcal/mol and the total net charge was calculated to be +6. The

physico-chemical properties of FIPEN and MmPEN are given in Table 4.3.

Helical wheel modeling was also performed using helical wheel projection
program, which revealed clustering of hydrophobic and hydrophilic
residues of the peptide (Fig. 4.4). Structural analysis revealed the
presence of an a-helix in the cysteine-rich domain which was stabilized by
disulfide bonds (Fig. 4.5). The proline-rich domain was found to form an

extended structure.
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4.3.1.1.3 Sequence alignment and phylogenetic analysis of FIPEN and
MmPEN

The new penaeidin isoform shared a maximum identity of 63 % with a
penaeidin-3 isoform of P. monodon and penaeidin-2 of Farfantepenaeus
paulensis. This was followed by identity with penaeidin-3 of L. schmitti
(62 %) and penaeidin-5 of F. chinensis (61 %) (Table 4.4).

Multiple alignment performed with other known penaeidins revealed
conserved regions within the peptide (Fig. 4.6). Like other penaeidins, the
signal peptide region of this new penaeidin isoform was found to be
highly conserved (MRLVVCLVFLASFALVCQG). The mature peptide
showed the presence of a proline-rich domain at N-terminal region and a
cysteine-rich domain at C-terminal region which is the characteristic
feature of penaeidins. FIPEN and MmPEN were also characterized by
highly conserved amino acid sequences in the mature peptide viz. a
threonine and two proline residues conserved in the N-terminal domain;
and the conserved cysteine array of the C-terminal domain. The sequence
showed six highly conserved cysteine residues (Cyszs, Cyszs, Cysao, CySao,
Cysss, Cyssa7) which are engaged in the formation of three disulphide
bridges. DIANNA 1.1 web server predicted the formation of three
disulphide bridges between C25-Ca7, C28-Cag and Cso-Cae.

Phylogenetic tree (Fig. 4.7) constructed to study the evolutional
relationships of FIPEN and MmPEN against other penaeidins revealed that
it is related to penaeidins of F. paulensis, F. brasiliensis, P. monodon and F.
chinensis. The analysis further revealed that the penaeidin sequences
were clustered not according to species, but also according to the

subgroup. The tree could be broadly divided into two major groups.
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Group 1 consisted of penaeidins from Litopenaeus sp., Fenneropenaeus sp.,
Farfantepenaeus sp. and Penaeus sp. Group 1 could again be divided into
four subgroups: subgroup 1 consisting of penaeidin-3 of Litopenaeus sp.
and Fenneropenaeus sp.; subgroup 2 consisting of penaeidin-4 of
Litopenaeus sp.; subgroup 3 consisting of penaeidin-2, 3 and 5 of
Litopenaeus sp., Fenneropenaeus sp., and Penaeus sp.; in which the
penaeidin-2,3 and 5 formed clear distinct branches; and subgroup 4

consisting of penaeidin-3 of L. vannamei alone.

Group 2 could be divided into four subgroups. Subgroup 1 consisted of
penaeidin-2 of F. paulensis; The FIPEN and MmPEN formed the subgroup
2, which was the only member of that subgroup; subgroup 3 consisted of
penaeidins from Farfantepenaeus sp. and Fenneropenaeus sp.; and
subgroup 4 consisted of penaeidins of Penaeus sp. and Fenneropenaeus sp.
The tree topologies revealed that all penaeidins possess the same
ancestral origin and have a similar evolutionary status, and that they were
phylogenetically ancient immune effector molecules which may play an

essential role in the host defense mechanism.
4.4 Discussion

From the present study a new isoform of penaeidin, belonging to
subgroup-3, could be identified from the haemocytes of Indian white
shrimp F. indicus (FIPEN) and also from the pink shrimp, M. monoceros
(MmPEN). FIPEN was the first isoform of penaeidin-3 to be reported from
F. indicus. At the same time MmPEN is the first AMP to be reported from
M. monoceros. An ORF possessing 216 bp encoding 71 amino acid could be
obtained from the hameocytes of penaeid shrimps in the present study by
RT-PCR. Both isoforms were found to be 100 % similar (Fig. 4.2). The
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sequence possessed a signal peptide region followed by a proline-rich
domain (PRD) and a cysteine-rich domain (CRD), characteristic of the
penaeidins (Fig. 4.3). The physico-chemical parameters including
molecular weight (5.66 kDa), pl (9.38) were in agreement with the
general characteristic features of penaeidins. This penaeidin isoform was
found to be highly cationic and possessed hydrophobicity of 42 %. The
deduced amino acid sequence was found to be rich in amino acid residues
cysteine and serine (11.5 %) followed by arginine, glycine and threonine
(9.6 %) as calculated by the PROTPARAM tool of EXPASy program. The
new penaeidin isoform was analyzed for its antimicrobial activity using
Antimicrobial Peptide Predictor program which revealed that it possess a
protein binding potential of 1.72 kcal/mol and the total net charge was
calculated to be +6. All the above features are in agreement with the

required features of penaeidins (Destoumieux et al., 1999).

The analysis with SignalP software revealed the presence of a signal
peptide with 19 amino acid residues at the N-terminus, with a predicted
cleavage site between positions 19 and 20, i.e. CQG-YK (Fig. 4.3). The
signal peptide was followed by a proline-rich domain (PRD) consisting of
24 amino acid residues at the N-terminal region and a C-terminal
cysteine-rich domain (CRD) with six cysteine residues and consisting of
28 amino acid residues. Generally the N-terminal proline-rich domain is
found to be longer than the cysteine-rich domain; cysteine-rich domain
being stabilized by three disulfide bonds and found to be more conserved
across classes (Yang et al., 2003; Gueguen et al., 2006). However, in case
of the newly identified FIPEN and MmPEN, cysteine-rich domain (28
amino acid residues) was found to be longer than the proline-rich domain

(24 amino acid residues).
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Helical wheel modeling was also performed using helical wheel projection
program, which revealed clustering of hydrophobic and hydrophilic
residues of the peptide (Fig. 4.4). Structural analysis revealed the
presence of an a-helix in the cysteine-rich domain which was stabilized by
disulfide bonds (Fig. 4.5). However, the proline-rich domain formed an
extended structure. This is in agreement with the solution structure
described by Yang et al. (2003) and Cuthbertson et al. (2002).

Sequence comparison using BLAST algorithm showed that the deduced
amino acid sequence of FIPEN and MmMPEN shared identity with other
penaeidins. The new penaeidin isoform shared a maximum identity of 63
% with a penaeidin-3 isoform of P. monodon and penaeidin-2 of F.
paulensis, which proves it to be a new isoform. This was followed by
identity with penaeidin-3 of L. schmitti (62 %) and penaeidin-5 of F.
chinensis (61 %). FIPEN was found to be a different isoform from the
already reported penaeidins of F. indicus viz. Fi-Penaeidin (Antony et al.,
2011; Vaseeharan et al., 2012) and MmMPEN is the first AMP to be reported

from M. monoceros.

Multiple alignment performed with other known penaeidins revealed
conserved regions within the peptide (Fig. 4.6). Like other penaeidins, the
signal peptide region of this new penaeidin isoform was found to be
highly conserved (MRLVVCLVFLASFALVCQG). The mature peptide
showed the presence of a proline-rich domain at N-Terminal region and a
cysteine-rich domain at C-terminal region which is the characteristic
feature of penaeidins. FIPEN and MmPEN were also characterized by
highly conserved amino acid sequences in the mature peptide viz. a
threonine and two proline residues conserved in the N-terminal domain;

and the conserved cysteine array of the C-terminal domain which is in
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agreement with the penaeidin signature assigned by Gueguen et al.
(2006). As per Destoumieux et al. (1997) and Gueguen et al. (2006) this
overall structure of penaeidins is quite unique among the AMP families.
The sequence showed six highly conserved cysteine residues (Cyszs, Cyszs,
Cysao, Cysao, Cysas, Cysa7) which are engaged in the formation of three
disulphide bridges. DIANNA 1.1 web server predicted the formation of
three disulphide bridges between C2s5-Cs7, C2g-Cag and Cao-Cae.

Phylogenetic tree (Fig. 4.7) to study the evolutional relationships of FIPEN
and MmPEN against other penaeidins revealed that it is related to
penaeidins of F. paulensis, F. brasiliensis, P. monodon and F. chinensis. The
analysis further revealed that the penaeidin sequences were clustered not
according to species, but according to the subgroup. The tree could be
broadly divided into two major groups. Group 1 consisted of penaeidins
from Litopenaeus sp., Fenneropenaeus sp., Farfantepenaeus sp. and
Penaeus sp. Group 1 could again be divided into four subgroups: subgroup
1 consisting of penaeidin-3 of Litopenaeus sp. and Fenneropenaeus sp.;
subgroup 2 consisting of penaeidin-4 of Litopenaeus sp.; subgroup 3
consisting of penaeidin-2, -3 and -5 of Litopenaeus sp., Fenneropenaeus sp.,
and Penaeus sp.; in which the penaeidin-2, -3 and -5 formed clear distinct

branches; and subgroup 4 consisting of penaeidin-3 of L. vannamei alone.

However, penaeidins of Group 2 was found to form a diverse branch and
hence might be distantly related to group 1, as evident from the
phylogenetic tree. Group 2 could be divided into four subgroups.
Subgroup 1 consisted of penaeidin-2 of F. paulensis; The FIPEN and
MmPEN formed the subgroup 2, which was the only member of that
subgroup; subgroup 3 consisted of penaeidins from Farfantepenaeus sp.

And Fenneropenaeus sp.; and subgroup 4 consisted of penaeidins of
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Penaeus sp. and Fenneropenaeus sp. The tree topologies revealed that all
penaeidins possess the same ancestral origin and have a similar
evolutionary status, and that they were phylogenetically ancient immune
effector molecules which may play an essential role in the host defense

mechanism.

From the tree topology and BLAST algorithm, it would be difficult to
designate the subgroup of FIPEN and MmMPEN to which they belong to.
However, the characteristic features of various penaeidin subgroups as
evident from the Penbase database revealed that FIPEN and MmPEN
belonged to penaeidin-3 subgroup. According to Penbase, penaeidins
possessing a signal peptide of 19 amino acid residues, a proline-rich
domain of 21-31 amino acid residues and a cysteine-rich domain of 25-35
amino acid residues could be designated to subgroup 3. Analysis of the
amino acid sequence of FIPEN and MmPEN revealed the presence of 19
amino acid residues in the signal peptide region; 24 amino acid residues
in the proline-rich region and 28 amino acid residues in the cysteine —rich
region; fulfilling all the conditions for designating it to subgroup 3 of

penaeidins.

All penaeidins characterized so far are generally inactive against Gram-
negative bacteria. However, penaeidins do exhibit activity against Gram-
positive bacteria and fungi, which may or may not be specific. Penaeidins
are also believed to possess chitin binding property because of its
characteristic cysteine-rich domain. Microbial target specificity of
penaeidins are found to be related to structural characteristics that
cannot be deduced directly from primary amino acid sequence
comparisons between penaeidin isoforms (Cuthbertson et al., 2002). A

detailed research is binding to reveal the possible antimicrobial
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properties of the newly identified penaeidin isoform. Possibly many other
isoforms exist in penaeid shrimps which belong to various subgroups and
which might vary in their biological properties, and are yet to be
discovered. Overall, the presence of different penaeidin subgroups and
isoforms within the various penaeid species indicate that shrimp
penaeidin make up a large and diverse family. The wide distribution of
penaeidins in penaeid shrimps indicates the importance of these AMPs in
the innate immunity. Discovery of novel penaeidins might pave way to the
discovery of promising therapeutic and/or prophylactic agents in health

management and disease control in shrimp aquaculture.

©)

Fig.4.1 Experimental organism used for the study: (a) Fenneropenaeus indicus
(b) Metapenaeus monoceros
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Fig. 4.2 Nucleic acid (above) and deduced amino acid (below) sequence of FiIPEN
and MmPEN. The signal peptide sequence (green), proline-rich domain (yellow)
and cysteine-rich domain (blue) have been highlighted.
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Fig.4.3 Signal peptide analysis of FIPEN and MmPEN as predicted by the SignalP
3.0 server.
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3.85@345.9

Fig.4.4 Schiffer-Edmundson Helical wheel representation of FIPENand MmMPEN
generated using DNASTAR software. Hydrophobic and hydrophilic amino acids
are seen occupying opposite positions.

Fig.4.5 Secondary structure of FIPEN and MmPEN created using PyMOL showing
a-helix and extended structures

150



Molecular Characterization & Phylogenetic Analysis of Penaeidins in Crustaceans

*

@FiPEN & WmPEN : 71
ABQ93321F.subtilis & R |
ABO93324F .brasiliensis : B
ABYS56B21F .penicillatus : K B AF LicReeH : B2
ACLO109B.L.schmitti T y ASEALVCQ » 3==YVR-———-- AR} R CO: 3 =
ACLO1099L. schmitti E bz~ - YVR------ i AR :Li=Rls : 75
ACQE6007TP . monodon MR VVCIVFLASFALVCCE [ e B8 Y TR E 5 Pl (elelcEEEt YHEVEVCT Raf- A A 2 K : T4
QIE2ATL. setiferus EMEL: A Rzt ~PIFIRPIGCD A @G CO: : 67
Q9E2ABL. satiferus EMRIVVCIVELA ole. y B ~EVVSYRVCTL. AR RIG: CO:LFH : 75
Q962A9L . setiferus EMRIVVC 8 \[ve R S ====PLGPICH. Rt Fl- | >0 E : 72
Q9E2B1L.setiferus H ] AR R : 75
QU962B2L.setiferus . ).
Q963C3L.vannamei s : 87
§963D0L. vannamei : 82
Q9E3DSL. vannamei : 81
PB1057L.vannamei : 72
P81055L.vannamei : 82
PB1060L.vannamei >
AAP33450F.chinensis : 71
AF475082F .monodon : T4
AAX58695F . paulensis Ry |
ARX58696F .paulensis )
ARX58697L, schmitti [
ARX5869BL. schmitti 72
AAX58699L. schmitti : 1 67
ARY33770L.stylirostris : : 79
ABA63166L . vannamei s : 72
ABR63167L.vannamei : 81
ABA6316BL.vannamei : ; AR} : 67
ABC33820F . chinensis B MRIVVCIVFLASEALY REG E e R r-vprg_wsrs : 71

MRLEVCLVFLASEAGVCQQ ggSTrE ap HiGG: 4§

Fig.4.6 Multiple alignment of nucleotide sequence of FIPEN and MmPEN with
other penaeidins obtained using GeneDoc program. Black and grey indicates
conserved sequences.
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Fig.4.7 A bootstrapped neighbour-joining tree obtained using MEGA version 5.0
illustrating relationships between the deduced amino acid sequence of FiPEN
and MmMPEN with other penaeidins. Values at the node indicate the percentage of

times that the particular node occurred

in 1000 trees generated by

bootstrapping the original deduced protein sequences.
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Table 4.1 Primers used for the study

Product
Size (bp)

Primer Sequence (5'-3")

Primer

Annealing
Temp. (°C) Conc.

MgCl,

(mM)

Penaeidin | F:acctgaccctcacctgcagaggcc 338 65 15
R: acctacatcctttccacaag
B-actin F.cttgtggttgacaatggctccg 520 60 15
R: tggtgaaggagtagccacgctc
T7 tgtaatacgactcactataggg -- 57 15
SP6 gatttaggtgacactatag -- 57 15
Table 4.2 List of penaeidins identified
\[o: Name of | Source Organism ORF GenBank Accession
AMP
1 FiPEN Fenneropenaeus indicus | Complete JX657680
2 MmPEN | Metapenaeus monocerus | Complete KF275674
Table 4.3 Physicochemical properties of FIPEN and MmPEN
Parameters Studied \ Results
Open reading frame (GeneTool) 71 aa
Length of mature peptide (No. of amino acids) (GeneTool) 52 aa
Signal peptide (SignalP) 1-19aa
Molecular weight (PROTPARAM, ExPASy) 5.66 kDa
Isoelectric point (PROTPARAM, EXPASY) 9.38
Charge (PROTPARAM, ExPASY) +8
Hydrophobicity (PROTPARAM, ExPASY) 42 %
Structure (PyMol and DNASTAR) a-helix
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Table 4.4 Result of BLASTp analysis of FIPEN and MmPEN

GenBank Description of the AMP Query Identity to

Accession coverage FiPEN and

\[o} MmPEN

AFN37209 | Penaeidin 3 [Fenneropenaeus 100 % 76 %
indicus]

ACH70378 | Penaeidin 3 [Penaeus monodon] 100 % 63 %

AAX58696 | Antimicrobial peptide PEN2 100 % 63 %
[Farfantepenaeus paulensis]

AAV85945 | Penaeidin [Fenneropenaeus 100 % 61 %
chinensis]

ABQ93324 | Penaeidin [Farfantepenaeus 100 % 54 %
brasiliensis]

154



Recombinant Expression of Anti-
lipopolysaccharide factor and its
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5.1 Introduction

AMPs are potent, not easy to generate drug-resistance molecules and
therefore possess great potential to be novel therapeutic agents
(Hoffmann, 1995; Boman, 1995; Hancock and Chapple, 1999; Zasloff,
2002; Ganz, 2003). In order to better characterize a novel AMP, to better
understand its mechanisms of action and structure—function
relationships, as well as to develop new antibiotics for widespread clinical
use, huge amounts of that compound with high purity, quality as well as
activity should be readily available in a cost-effective manner. Due to the
small amount of pure peptides directly recovered from its host organism,
further studies always depend on a strategy to recover more compound of
interest. In general there exists three different approaches that can be
employed; 1) direct isolation of the target AMP from its natural host, 2)
chemical synthesis of the target AMP and 3) heterologous expression of
the target AMP.

AMPs are naturally present in very low concentrations in most organisms
and the concentrations are affected by unknown environmental factors

and / or pathogenic microbes (Li et al., 2010). Hence, direct recovery from
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the host organism is neither economically nor practically feasible. Along
with that, the process of extraction is time consuming, environmental
unfriendly as well as expensive and therefore not recommended (Li et al.,
2008).

Solid phase peptide synthesis is a widely used method to produce
antibacterial peptides, but the cost is very high and the synthetic process
is usually reported to cause environmental pollution problems
(Andersson et al.,, 2000). Moreover, the production costs are extremely
high, especially for those possessing one or more disulfide bonds, which
hamper the production of such molecules (Li et al., 2010). For these
reasons, chemical synthesis of AMPs is usually considered suitable for
producing smaller AMPs with low cysteine content and those lacking
post-translational modifications. Hence, recombinant expression of AMPs
appears to offer a cost effective method for large-scale production (Rao et
al., 2005).

The expression host and vector system are selected on the basis of AMP
features such as size, its intracellular localization or secretion, folding as
well as glycosylation pattern. Almost 97.4 % of the hosts so far used for
heterologous AMP production include bacteria and yeasts (Li et al.,, 2008).
There are many eukaryotic host systems available for AMP production,
such as yeasts Pichia pastoris, Saccharomyces cerevisiae and Yarrowia
lipolytica; the baculovirus expression system in insect cells; plant and
human cells. Although eukaryotic hosts usually improve the production of
AMPs, especially that require post-translational modifications, these
strategies are time-consuming and expensive. However, the prokaryotic
expression systems, especially the bacterium Escherichia coli on the other

hand is one of the most commonly used hosts for AMP production. Other
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than E. coli, the Gram-positive Bacillus subtilis and other probiotic
microorganisms have also been used in AMP expression (Feng et al.,
2012; Mandal et al., 2014).

E. coli is the most widely used prokaryotic expression system, as they are
easy to culture, grow fast, easily inducible, available commercially,
produce high yields of recombinant protein as well as cost-effective
(Ingham and Moore, 2007). The most frequently used E. coli expression
strains include BL21 (DE3), pLysS Origami, Rosetta and Rosettagami
(DE3). Strains such as Origami, Origami B and Rosetta-gami™ also
enhance the formation of disulfide bonds (Prinz et al., 1997; Aslund et al.,
1999). The most commonly used expression vectors for AMP production
in bacterial host is the pET series. Presence of fusion tags facilitates
detection and purification of the target protein. Some of the widely used
fusion tags include SeTag™, T7eTag®, GSTeTag™, HiseTag®, HSVeTag®
and NuseTag™. Tags such as HiseTag, GSTeTag, SeTag, and T7<Tag
sequences can be used for affinity purification using the corresponding
resin and buffer kits. Among these HiseTag sequence is very useful as a
fusion partner for purification of proteins expressed as inclusion bodies.
These tags can be removed using protease cleavage sites using enzymes
such as thrombin, Factor Xa and enterokinase between the 5' tag and the
target sequence followed by purification. Expression in E. coli has
advantages such as fast growth, low cost and high expression.
Nevertheless, AMPs are difficult subjects for heterologous expression in
microbial hosts due to their intrinsic antibacterial activity (Li et al., 2009;
2014).

Among yeast expression systems, yeasts such as S. cerevisiae and P.

pastoris are largely used. Yeasts have some advantages over bacterial
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systems with regard to post-transcriptional and post-translational
modifications, such as glycosylation. Yeast expression has the ability to
direct the secretion of peptides with disulfide bridge formation, and the
expressed proteins can be easily separated from the fermentation broth
(Porro et al., 2005). In the case of AMP production, P. pastoris is the
widely used host compared to S. cerevisiae. However, it requires the
establishment of a more suitable promoter in order to achieve the desired
yield of recombinant AMPs. Also, in case of AMPs, the expression level is
usually found to be low in yeast expression systems, as well as
unfavourable degradation has been found to occur in case of AMPs
contacting multiple basic residues (Porro et al., 2005). Baculovirus
expression system provides a rapid and efficient method to generate

recombinant baculoviruses (Ciccarone et al., 1997).

Plants such as soy, maize, cotton, canola, and rice have also been used as
peptide expression platforms. Genetically modified plants are mainly
aimed at crop improvement and also the nutritional quality of plants.
Hence, there are no extensive efforts in quantifying the amount of
recombinant AMP produced. However, it has got an advantage that
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).

ALFs are basic peptides, which have the ability to bind and neutralize LPS
(Morita et al,, 1985). ALFs have been so far isolated and characterized
from Chelicerates such as Tachypleus and Limulus (Tanaka et al., 1982;
Vallespi et al., 2003) and from crustaceans such as shrimps viz. P.
monodon (Somboonwiwat et al., 2005), L. vannamei (de la Vega et al,,
2008), L. schmitti (Rosa et al., 2008), F. chinensis (Liu et al., 2005); prawns
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viz. M. rosenbergii (Ren et al, 2012); crabs viz. S. paramamosain
(Imjongjirak et al., 2007), E. sinensis (Li et al., 2008), S. serrata (Yedery
and Reddy, 2009), P. trituberculatus (Yue et al., 2010; Liu et al., 2012) and
crayfishes viz. P. clarki (Sun et al,, 2011).

Recombinant expression of ALFs have been carried out in shrimps, P.
monodon (Somboonwiwat et al., 2005), crayfish P. clarki (Sun et al., 2011)
and crabs such as S. serrata (Yedery and Reddy, 2009), E. sinensis (Zhang
et al., 2010) and S. paramamosain (Liu et al., 2012; Zhu et al., 2014; Sun et
al., 2015). Among these, ALFs from P. monodon and S. paramamosain were
expressed in yeast P. pastoris (Somboonwiwat et al., 2005; Liu et al., 2012)
and the rest of the ALFs in E. coli expression systems (Yedery and Reddy,
2009; Zhang et al., 2010; Sun et al., 2011, 2015; Zhu et al., 2014).

Pioneer studies reporting recombinant expression of an ALF isoform from
crustacean was by Somboonwiwat and co-workers in 2005. They
performed molecular and functional characterization of the most
abundant isoform of ALF, found in P. monodon, named as ALFPmM3 by
expressing it heterologously in the yeast P. pastoris. ALF was produced in
large-scale in a fermenter with a yield of 262 mg/l and was further
purified to homogeneity by single chromatography step on expanded-bed
streamline SP6XL. The rALFPmM3 was further characterized by employing
N-terminal sequencing and mass spectrometry. Antimicrobial assays
demonstrated that rALFPm3 possess broad spectrum anti-bacterial
activities against both Gram-positive and Gram-negative bacteria,
associated with bactericidal effect as well as anti-fungal properties against
filamentous fungi. The rALFPmM3 was found to be highly efficient against
various pathogenic Vibrio strains of shrimps (Somboonwiwat et al.,
2005).
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Pioneer works on heterologous expression of crab ALFs was performed
by Yedery and Reddy in 2009. They identified and characterized an ALF
isoform from S. serrata (SSALF). The recombinant form of SSALF (rSsALF)
was expressed with a His-tag, in E. coli Rosetta B(DE3) pLacl, using the
pTriEx-4 EK/LIC vector. ALF was purified employing BugBuster Master
Mix, Ni-NTA column, dialysis and enterokinase treatment. The purified
rSsALF protein was then subjected to functional characterization. rSsALF
was found to possess antimicrobial activity against both Gram-positive (S.
aureus and S. pyogenes) and Gram-negative bacteria (E. coli and P.
aeruginosa) tested. MIC was found to be higher in case of Gram-positive
bacteria (100-200 pg/ml) than Gram-negative bacteria (25-100 pg/ml).
The recombinant protein was also able to neutralize LPS-induced
expression on SSALF in vivo as demonstrated by real-time PCR. rSsALF
was also able to permeabilize artificial phospholipid membranes as

demonstrated by calcein enclosed liposome model.

From E. sinensis, Zhang et al. (2010) identified, and performed
recombinant expression of an ALF isoform (ESALF-2). The recombinant
ESALF-2 was expressed with a His-tag, in E. 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-Tag NPK-
700. Purified protein was refolded before subjecting to antimicrobial
assay. The recombinant protein of ESALF-2 showed antimicrobial activity
against tested microbes such as L. anguillarum (75 pg/ml) and P. pastoris
(18.75 pg/ml).

Recombinant expression of ALF from P. clarki (PcALF1) was done by Sun
etal. (2011). Recombinant PcALF1 was produced in E. coli BL21-DE3 cells

using pET30a+ vector. PCALF1 was expressed as inclusion bodies and was
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further purified employing a combination of high-affinity Ni-IDA resin,
dialysis and Amicon ultra-15 centrifugal filter units of 5 kDa cut off before
subjecting to functional characterization. 20 pg of the purified
recombinant protein of PcALF1 showed antibacterial activity against
Gram-positive S. aureus, B. subtilis, B. cereus, B. thuringiensis and B.
megaterium and against Gram-negative E. coli and P. aeruginosa. The
rPcALF1 also exhibited clearance activity on V. anguillarum in a dose-
dependent manner in vivo. It also showed activity against Candida
albicans. However, the MICs for various tested microbes were not

calculated in this experiment.

Recombinant expression of ALF from the mud crab, S. paramamosain (Sp-
ALF1 and Sp-ALF2) was performed by Liu et al. (2012). P. pastoris was
used as the expression host and pPIC9K, the vector. Demonstration of
antibacterial activity revealed that recombinant SpALF possessed activity
against both Gram-positive (MIC ranging from 1-12 pM) and Gram-
negative (1 to >25uM) bacteria tested. Sp-ALF also demonstrated strong
anti-WSSV activity.

Liu et al. (2012) performed recombinant expression of a new isoform of
ALF from the swimming crab P. trituberculatus in E. coli BL21(DE3)-pLysS
and pET32a+ vector. Analysis of the results revealed that recombinant
PtALF possessed antimicrobial activity against Gram-negative bacteria V.
alginolyticus and P. aeruginosa. PtALF also possessed minor activity
against E. tarda. MIC values of antibacterial activity were found to range
between 3.89 — 31.08 uM. However, it did not inhibit the growth of tested
Gram-positive bacteria such as M. luteus and S. aureus as well as fungus P.

pastoris.
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Another report on recombinant expression of ALFs of S. paramamosain
was by Zhu et al. (2014). Recombinant expression was attained by cloning
to pGEX4T1 expression vector and the expression host used was E. coli
Rosetta (DE3) cells. Cultures were induced with 0.1 mM IPTG and the
bacterial cells were subjected to sonication lysis. Glutathoine Sepharose
4B chromatography was employed to purify the recombinant SpALF4
protein and was subjected to antimicrobial assays. Results showed that
rSpALF4 could inhibit the growth of Gram-negative bacteria such as V.
harveyi, V. anguillarum, V. alginolyticus, A. hydrophila, P. putida; Gram-
positive bacteria such as S. aureus and B. megaterium as well as a fungus
C. albicans to varying degrees. Bacterial binding disclosed that it could

also bind to all the aforementioned microorganisms except S. aureus.

Rosa et al. (2013) studied the functional divergence of various shrimp
ALFs. ALF from L. stylirostris and P. monodon were recombinantly
expressed in E. coli. Antibacterial and antifungal activities of the
recombinant ALFs were demonstrated with a wide range of
microorganisms. Analysis of the results showed that both ALFs showed
greater variation in their activity spectrum. ALFs from L. stylirostris was
found to possess impaired LPS binding activities and only limited
antimicrobial activity when compared to that of P. monodon ALF. MIC of L.
stylirostris ALF ranged from 2.5 to >10 puM; whereas that of P. monodon
ALF was found to be ranging from 0.15 to >10 uM.

Sun et al, 2015 reported recombinant expression of ALF from S.
paramamosain. Recombinant pET32a+ with SpALF5 was transformed to
E.coli Rosetta-gami TM2 (DE3) plysS competent cells. Recombinant
protein was purified by Ni-NTA His bind resin and was further subjected

to antimicrobial assays. The recombinant SpALF5 protein showed a
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varying degree of binding activity towards bacteria and fungus including
Gram-negative bacteria (V. parahemolyticus, V. alginolyticus, E. coli, A.
hydrophila) and fungus (S. cerevisiae), but could only inhibit the growth of

some Gram-positive bacteria like S. aureus.

In the present study, in order to further characterize the biological
activity of S. serrata ALF (SsALF2), a recombinant expression of the
protein was carried out in E. coli and its antimicrobial activity was tested
against various microorganisms. Along with that the cytotoxic effects of

the expressed protein were also performed.
5.2 Materials and Methods
5.2.1 Target gene for recombinant expression

A novel ALF isoform identified from S. serrata viz., SSALF2 was selected
for recombinant expression. The mature peptide region of SsALF2
excluding the signal peptide region (named as SSA) possessing 294 bp
was selected for recombinant expression. The target gene possessed 91
amino acid residues in its mature peptide region with a predicted
molecular weight of 11.2 kDa. The physico-chemical parameters and
structural features of SSALF2 have already been discussed in detail in
Chapter 2. The nucleotide and amino acid sequence of the target gene is

givenin Fig. 5.1.
5.2.2 Designing primers with restriction sites and PCR amplification
5.2.2.1 Primer designing

Primers were designed by adding restriction site sequence of Ncol
(CCATGQG) to the 5’ end of forward primer and Hind Il (AAGCTT) to the

reverse primer respectively. 6x Histidine tag (a stretch of 6 His amino
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acids) was also added to 5’ end of forward primer. The details of the

primers are given in Table 5.1.
5.2.2.2 PCR amplification

cDNA synthesized using total RNA extracted from the haemocytes of the
mud crab, S. serrata was used as template for PCR amplification. The
details of the ALF isoform SSALF2 is explained in detail in Chapter 2. The
mature peptide region of SSALF2 was amplified using restriction primers
mentioned in section 5.2.2.1. PCR amplification of 1 ul of cDNA was
performed in a 25 pl reaction volume containing 1x standard Taq buffer
(10 mM Tris-HCI, 50 mM KClI, pH 8.3), 2.5 mM MgCl,, 200 uM dNTPs, 0.4
UM each primer and 1U Taq DNA polymerase). The thermal profile used
for the PCR amplification was 94 °C for 2 min followed by 35 cycles of 94
0C for 15 sec, 60 °C for 30 sec and 68 °C for 30 sec and a final extension at
68 °C for 10 min. PCR products were analyzed by electrophoresis in 1.5 %
agarose gel in TBE buffer, stained with ethidium bromide and visualized
under UV light. The PCR products were cloned and confirmed by

sequencing before proceeding to further experiments.

5.2.3 Cloning the target gene to the cloning vector, pGEM-T Easy

vector

The PCR products were cloned onto the pGEM-T Easy vector as explained
in section 2.2.9 of Chapter 2. E. coli DH5a competent cells were used for
transforming the ligated cloning vector. To confirm the presence of the
insert DNA in the transformed cells, colony PCR was performed for all the
individually streaked colonies using vector specific primers viz. T7 and

SP6 as well as gene specific primers (Table 5.1). Plasmid with the insert
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was then extracted and purified using GenElute HP plasmid MiniPrep kit

(Sigma) and was sent for sequencing at SciGenom, Kochi, India.
5.2.4 Restriction digestion

Plasmids after confirming the presence of the insert was subjected to
restriction digestion using the restriction enzymes Ncol and Hindlll
(FastDigest restriction enzymes, Thermo), thereby releasing the 6x His
tagged target gene. For performing restriction digestion 100 pl of purified
plasmid was incubated with 10 ul of reaction buffer and 1 unit each of
Ncol and Hind Il for 1 h at 37 °C followed by an inactivation at 65 °C for
20 min. Restriction digestion was confirmed by agarose gel

electrophoresis by checking the presence of released insert.
5.2.5 Construction of expression vector, pET32a+
5.2.5.1 Restriction digestion of the expression vector

The expression vector, pET32a+ translation vector was also subjected to
restriction digestion with Ncol and Hind Ill enzymes as explained in

previous section 5.2.5.

5.2.5.2 Gel elution of restriction digested insert and expression

vector

The restriction digested target insert gene and the expression vector,
pET32a+ were gel purified using GenElute Gel extraction kit (Sigma, USA)
following manufacturer’s instructions. Briefly, the agarose gel containing
DNA fragment of appropriate sizes were excised and transferred to 2 ml
pre-weighed vials. The excised gel was then incubated with gel
solubilization solution at 60 °C for 10 min with repeated vortexing.

Following incubation, 1x gel volume of 100 % isopropanol was added and
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was gently mixed until it became homogenous. The solubilized gel
solution was then loaded onto the binding column and was subjected to
centrifugation at 12000 xg for 1 min. This was followed by two washing
steps using 700 pl of the provided wash solution and further
centrifugation at 12000 xg for 1 min. Finally about 50 pl of elution buffer
(10 mM Tris-HCI, pH 9.0) was added to the column and was centrifuged at
12000 x g for 1 min and stored at -20 °C. The products were confirmed by
agarose gel electrophoresis and the concentration was measured
spectrophotometrically at 260/280 nm in a UV-VIS spectrophotometer
(U2800, Hitachi, Japan).

5.2.5.3 Ligation and transformation of pET32a+ to E. coli DH5«

competent cells

The restriction digested and purified target gene was ligated to digested
pET32a+ vector (Novagen, UK) by following the manufacturer’s
instructions. Briefly, 10 pl ligation mixture containing 1 pl pET32a+
vector (50 ng pl1), 4 pl target gene, 1 pl ligation buffer (10x), 1 pul T4 DNA
ligase (1U pl -1) and 3 pl MilliQ were incubated at 4 °C overnight. The
ligated products were then transformed to E. coli DH5a competent cells as
discussed in section 5.2.3.3. The clones were selected and patched on
LB/ampicillin (100 pg pl1) plates to further confirm the transformation
process. All individually streaked colonies were subjected to colony PCR
using vector specific primers viz. T7-forward and T7-reverse primers as
well as gene specific primers (Table 5.1). White colonies (template)
picked from the transformed plate were dispensed into the PCR reaction
mix (25 pl) containing 1x standard Taq buffer (10 Mm Tris-HCI, 50 mM
KCl, pH 8.3), 200 uM dNTPs, 0.4 uM each primer (T7 forward and T7

reverse) and 1U Tagq DNA polymerase. The thermal profile used was an
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initial denaturation at 95 °C for 5 min followed by 35 cycles of
denaturation at 94 °C for 15 sec, annealing at 52 °C for 20 sec and
extension at 72 °C for 1 min and a final extension at 72 °C for 10 min. PCR
products were then visualized by electrophoresis and documented using

Gel documentation system (Gel Doc™ XR+ imaging system, Bio-Rad, USA).
5.2.5.4 Plasmid extraction and sequencing

After confirmation, the transformed E. coli DH5a containing recombinant
expression vector construct was propagated in 10 ml LB ampicillin (100
pg ul-1) medium at 37 °C, with shaking at 250 rpm. Plasmid extraction was
carried out as discussed in section 5.2.4. The cloned plasmids were
sequenced at SciGenom, Kochi, India and the sequences were analyzed
using GeneTool software for the in-frame confirmation of the genes with
the ATG of the pET32a+ system.

5.2.6 Transformation into expression host, E. coli Rosettagami B
(DE3) pLysS

5.2.6.1 Selection of expression host

E. coli Rosetta-gami™ B (DE3) pLysS was selected as the expression host
for heterologous production of SSA. E. coli Rosetta-gami™ B (DE3) pLysS
belongs to Rosetta-gami B host strains. Rosetta-gami B combines the key
features of BL21, Origami, and Rosetta to enhance both the expression of
eukaryotic proteins and the formation of target protein disulfide bonds in
the bacterial cytoplasm. Rosetta-gami B strains are derived from Origami
B cells, a kanamycin-sensitive K-12 strain carrying the trxB and gor
mutations for disulfide bonds formation in the cytoplasm. The Rosetta
strains supply tRNAs for the codons AUA, AGG, AGA, CUA, CCC, and GGA

on a compatible chloramphenicol-resistant plasmid, pRARE. The codons
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are under the control of their native promoter. By supplying these rare
codons, the Rosetta strains facilitate universal translation, which would
otherwise be limited by the E. coli codon. BL21 lacZY deletion mutant

allows precise control with IPTG.
5.2.6.2 Transformation to the expression host

E. coli Rosetta-gami™ B (DE3) pLysS cells were made chemically
competent using CaCl> by following the protocol explained in section
5.2.3.2. The competent cells formed are stored in -80 °C with addition of
10-15 % glycerol. About 5 pl of the ligated pET32a+ plasmid were
transformed to the competent E.coli Rosetta-gami™ B (DE3) pLysS cells
employing heat shock method as explained in section 5.2.3.3. The
transformation mixture (200 pl) was spread onto LB agar plates
supplemented with ampicillin (100 pg/ml). Plated 100 pl of each
transformation culture onto duplicate LB plates supplemented with
ampicillin. Plates were then incubated overnight at 37 °C. Colonies

obtained were patched onto LB plates supplemented with ampicillin.
5.2.7 Recombinant expression of fusion protein

Single colonies of recombinant pET32a+ SSA constructs in E. coli Rosetta-
gami™ B (DE3) pLysS were inoculated into 5 ml LB broth media
supplemented with ampicillin (100 pg plt) and kanamycin (50 pg pl?1)
and was incubated at 37 °C at 250 rpm overnight. One ml of this overnight
culture was then propagated in 100 ml antibiotic supplemented LB broth
by incubating at 37 °C for 3-4 h until ODsoo reaches 0.6. Cells were induced
with 0.1 mM IPTG when ODeoo reaches 0.6. Uninduced culture, collected
prior to IPTG induction, served as the negative control. Both the induced

and uninducedcultures were incubated further for 3 h at 37 °C with
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shaking at 250 rpm. On a time-course basis 2 ml aliquot of the induced
culture was removed each hour upto six hours and was subjected to SDS-
PAGE for checking the level of expression of recombinant SSA (rSSA). The
cells were harvested by centrifugation at 12000 xg for 2 min at room

temperature and were stored at -20 °C until further processing.
5.2.8 Purification of the recombinant AMP
5.2.8.1 SDS-PAGE analysis

Level of expression of recombinant SSA was analyzed by performing
Tricine — sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE). Prior to loading, the cell pellets were subjected to boiling for
15 min along with 10 pl of sample buffer containing 150 mM Tris-Cl, pH 7,
12 % SDS, 30 % glycerol, 6 % mercaptoethanol and 5 % Coomassie
brilliant blue R-250. The samples were then centrifuged and the
supernatant was loaded onto 16 % Tricine — SDS-PAGE gel as per
Schéagger (2006). The stacking and resolving / running gels were
prepared at a concentration of 4 % and 16 % respectively.
Electrophoresis was performed using 1 x Tris (pH 8.9) as the anode buffer
and 1 x Tris-tricine (pH 8.3) as the cathode buffer at a voltage of 50 V in
stacking gel and 120 V in resolving gel respectively (4-gel Mini-
PROTEAN® Tetra cell protein electrophoresis unit, BioRad, USA). After
electrophoretic separation, gels were stained in staining solution
containing coomasie brilliant blue stain R-250 (0.5 % coomasie brilliant
blue R-250, 40 % methanol and 10 % acetic acid in distilled water) and
de-stained using de-staining solution (10 % methanol and 10 % acetic
acid in distilled water) and was documented using Gel-DOC™ XR+

imaging system (BioRad, USA). Recombinant protein expression was
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confirmed by the presence of band at the expected size range. BioLit low
molecular weight protein ladder (3 — 40 kDa) was used for determining

the molecular weight.
5.2.8.2 Ni-NTA column purification

Ni-NTA column purification was employed for purifying the recombinant
SSA possessing a 6x His tag. Qiagen Ni-NTA superflow cartridges pre-filled
with 1ml Ni-NTA superflow and ready to use for purification of 6x His-
tagged proteins was used for purification. The peptides were purified
under denaturing condition following manufacturer’'s protocol. Briefly,
cell lysate was prepared by mixing the thawed cell pellets with 700 pl of
buffer B (7 M Urea, 100 mM NaH2PO4, pH 8.0) and was vortexed
continuously for 15 min. followed by centrifugation at 6000 xg for 30 min.
The supernatant was subjected to syringe filtration containing a cartridge
equilibrated with buffer B at a flow rate of 1 ml min-1. Further washing
steps were performed with buffer C (wash buffer-8 M Urea, 100 mM
NaH2PO4, pH 6.3) at the same flow rate. Finally the recombinant protein
was eluted using buffer E (elution buffer- 8 M urea, 100 mM NaH2PO4, pH
4.5) and the elute was subjected to Tricine-SDS-PAGE for confirming the

presence of recombinant protein and was stored at -20 °C for further use.
5.2.9 Enterokinase treatment

Enterokinase was used to cleave the fusion proteins and to release the
recombinant SSA. Briefly, 1 ml of refolded proteins was mixed with 2
units of enterokinase (Sigma; E0885-40UN). The reaction was incubated
at 37 oC for 14-16 h for digestion of the recombinant protein.

Enterokinase treated sample was analyzed on Tricine SDS-PAGE to
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confirm digestion. Refolded protein without enterokinase treatment was

loaded as the control.

5.2.10 Concentration of recombinant protein using Amicon Cut off

filtration

The eluted samples were concentrated to one tenth of original volume
using Millipore's Amicon Ultra-Centrifugal 3 kDa cut-off membrane by
centrifuging at 5000 x g for 30 min. The concentrated samples were
reconstituted to the original volume using the refolding buffer (Tris-Cl
pH- 8, 50 mM, EDTA- 0.1 mM, NaCl- 0.15M) and centrifuged at 5000x g for
30 min. The concentrated sample was given 10-12 washes with the
refolding buffer to remove the denaturing salts and thereby refolding the

protein to its native form.
5.2.11 Quantification of recombinant AMP

Recombinant SSA was quantified using Quant-iT™ protein assay kit in a
Qubitfluorometer (Invitrogen) following manufacturer’'s protocol. The
assay is accurate for initial sample concentrations from 12,5 ug ml-1 to 5
mg ml-1 and exhibits low protein-to-protein variation. The assays were
performed at room temperature, and the signal was stable for 3 h. Briefly,
the Quant-iT working solution was made by diluting the Quant-iT protein
reagent in Quant-iT protein buffer (1:200). The Quant-iT working solution
was mixed well without any air bubbles and 190 ul was aliquoted to 0.5
ml tubes. To this, 10 pl of the recombinant peptide, SSA was added and
mixed by mild vortexing without any air bubbles, as air bubbles cause
error in the readings. The tubes were incubated for 15 min at room
temperature. The samples were then measured using the Quant-iT

protein program. The readings were recordedin pg ml-1. This value

171



Chapter 5

corresponded to the concentration after the sample was diluted into the
assay tube. 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 = the number of pl of sample added to the assay tube.
5.2.12 Antimicrobial assay

Antimicrobial activity of the recombinant SSA was checked against both
Gram-positive and Gram-negative bacteria employing liquid growth
inhibition assay as described by Huang et al. (2006) with modifications.
Six dilutions (ranging from 0.1 to 10 uM) of the recombinant peptide in

triplicates were subjected to assay.
5.2.12.1 Microorganisms used

The microbial strains used to determine antimicrobial activity included
two Gram-positive bacteria viz. B. cereus (MCCB 101) and S. aureus (MTCC
3061) and five Gram-negative bacteria viz. E. tarda (MTCC 2400), P.
aeruginosa (MCCB 119), A. hydrophila (MCCB 113), V. cholerae (MCCB
129) and V. parahaemolyticus (MCCB 133). The cell number of the
bacterial strains corresponding to the optical density was found out
employing spread plate method. During assay, bacterial strains were
tested for purity by repeated streaking on sterile nutrient agar plates. The
isolated colonies obtained were picked and streaked onto sterile nutrient
agar slants, which were then incubated at 37 °C for 24 h. To this, sufficient
guantity of HEPES buffer (4-[2-hydroxyethyl]-1-piperazine ethane
sulfonic acid: 50 mM HEPES buffer was prepared by dissolving 26.03 g of
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HEPES in 400 ml of MilliQ water. pH was adjusted to 7 using 1N NaOH.
This was made up to a final concentration of 500 ml using MilliQ water)
was added. The bacterial cells were scraped off using sterile inoculation
loop and mixed well for uniformity. The Optical Density (OD) was
measured at 600 nm. OD was adjusted so that every 10ul of bacterial

suspension contained approximately 103 colony forming units (cfu).
5.2.12.2 Liquid growth inhibition assay

Antimicrobial activity of the recombinant SSA was tested employing liquid
growth inhibition assay as described by Huang et al. (2006) with
modifications. For performing antimicrobial assay, six dilutions of the
recombinant SSA ranging from 0.1 to 10 uM along with positive and
negative controls in triplicates were subjected to test. Briefly, 10 ul
aliquots of each test concentrations of the recombinant SSA were mixed
with 10 pl of the bacterial suspensions containing ~103 cells/ml in
microtiter wells. Negative control constituted of 10 pl of the bacterial
suspension mixed with 10 pl of 50 mM Tris-HCI instead of the peptide
sample and the positive control constituted of 10 pl of the bacterial
suspension mixed with 10 pl of ampicillin solution (1 mg/ml). After an
incubation of 2 h at room temperature, 80 ul of nutrient broth was added
to each well, followed by incubation of approximately 5 to 6 hrs at 37 °C.
The incubation was succeeded by the addition of 25 pl of MTT (5 pg/ml
solution of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide) prepared in phosphate buffer saline). It was then incubated at
room temperature for 30 min. Then the reaction was stopped by adding
125 pl of acidified isopropanol (0.1 N HCI in isopropanol) and was
incubated on a shaker at room temperature for 30 min. Bacterial growth

was estimated colorimetrically by measuring absorbance at a wavelength
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of 570 nm and reference wavelength of 630 nm using a microplate reader
(Tecan, USA). Percentage of microbial growth inhibition was calculated

using the following formula:

Growth % = (OD of microtitre wells containing bacteria + peptide
sample/0D of positive control) x 100

Inhibition % = 100 - Growth %

5.2.12.3 Minimum inhibitory concentration

Minimum inhibitory concentration (MIC) of the recombinant SSA was
determined by the above mentioned standard micro dilution method
using 96-well microtiter plates. The MIC was expressed as the lowest
concentration of the peptide that causes 100 % bacterial growth
inhibition. MIC was calculated as the average value from three
independent experiments, each performed in triplicate. MIC was again

confirmed using PriProbit computer based program.

5.2.13 Cytotoxicity / Methyl thiazol tetrazolium (MTT) assay with
NCI-H460 cells

Cytotoxicity assay was performed for recombinant SSA employing MTT
assay on NCI-H460 cells. Briefly, 1 x 106 NCI-H460 cells were inoculated
into each well of a 96 well tissue culture plate containing minimal
essential medium (MEM). The tissue culture plate was then incubated for
12 h at 37°C. Following incubation, the wells were washed with
phosphate buffered saline (PBS) and the medium was exchanged with
MEM containing a series of two fold dilutions of rSSA ranging from 0.39 to
50 uM. MEM without synthetic peptide served as the negative control.

MEM incubated with two commercially important potent synthetic AMPs
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viz. melittin and magainin served as the positive controls. Each sample
was treated in triplicates. After 24 h incubation at 37 °C, cells were
observed for morphological changes under inverted phase contrast
microscope (Leica, Germany). 50 pul MTT reagent (5 mg/ml) was then
added to each well and was incubated for 4 h at 37 °C. Formazan crystals
were dissolved by addition of 20 pul DMSO solution. The absorbance of
each well was determined using the microplate reader (Tecan Microplate
Reader) at 570 nm. Cell viability of NCI-H460 cells was calculated as a
percentage of viable cells in the peptide treated group versus control

group.
5.3 Results

5.3.1 PCR amplification of the target gene using primers with

restriction sites

SsSALF2, a novel ALF isoform, identified and characterized from S. serrata
was selected for recombinant expression and for analyzing its biological
activity. The mature peptide region of SSALF2, excluding the signal
peptide region was subjected to recombinant expression and further
functional characterization. The selected region, designated as SSA,
possessed the active region i.e. the LPS binding domain and consisted of

the sequence:

‘QYEALVASILGKLSGLWHSDTVDFMGHTCHFFRKPKFRKFKLYHEGKFWCPG
WHILIGNSRSKSRSGSTREATKDFVHKALQNKLITKNSADVWLKG'.

The physico-chemical properties of the mature peptide region have been
explained in detail in Chapter 2. The target gene of SSA possessed a length
of 97 amino acids and a molecular weight of 11.2 kDa. The SSA was found

to be highly cationic with a net charge of +10.5. SSA possessed an
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isoelectric point (pl) of 10.02 and hydrophobicity of 37 % as predicted by
the PROTPARAM and HELIQUEST programs. PCR amplification of the
target gene, SSA, was performed using primers designed by adding
restriction site sequence of Ncol (CCATGG) and 6x Histidine tag to the 5’
end of forward primer and Hind Il (AAGCTT) to the 3’end of the reverse
primer (Table 5.1). A 294 bp target geneamplicon was obtained by PCR

amplification of S. serrata cDNA using these primers (Fig. 5.2).

5.3.2 Cloning the amplified product to a cloning vector, pGEM®-T

Easy vector

The PCR amplicons was cloned onto pGEM®-T Easy cloning vector and
transformed to E. coli DH5a competent cells. Transformed cells were
plated on to LB plates supplemented with antibiotics and positive
colonies were identified based on blue white screening. The white
coloured colonies obtained were patched onto LB plates and the presence
of plasmid with insert was confirmed by colony PCR using vector specific
(T7 and SP6) and gene specific primers (SSA-F and SSA-R) (Table 5.1).
PCR amplicons using vector specific primers possessed a size of 456 bp
and that of gene specific primer 330 bp (including His tag and restriction
sites) respectively (Fig. 5.3a and b). From the positive colonies, plasmids
with inserts were extracted using GenElute MiniPrep plasmid isolation
kit, Sigma and was further confirmed by PCR using vector specific and
gene specific primers using plasmid as the template (Fig. 5.4a and b).
Plasmids were sequenced and sequences were checked for the presence

and orientation of the restriction sites, 6x His tag and the target gene.
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5.3.3 Restriction digestion

Plasmids after confirmation of the presence of the restriction site, 6x His
tag and the orientation of the target gene were subjected to restriction
digestion using Ncol and Hind IIl restriction enzymes. Agarose gel
analysis of the restriction digested products confirmed the release of
inserts possessing a size of 330 bp (Fig. 5.5a). pET32a+ expression

vectors were also restriction digested subsequently (Fig. 5.5b).
5.3.4 Cloning of the target gene to an expression vector, pET32a+

Restriction digested target gene and pET32a+ vector were subjected to
ligation and were transformed to E. coli DH5a competent cells. Amplicons
of size 1080 bp (330 + 750 = 1080 bp) was obtained by PCR amplification
of the colonies using vector specific primers (T7-F and T7-R) and gene
specific primers (SSA-F and SSA-R) respectively. Plasmids were extracted
from positive colonies and were confirmed for the presence of insert in
correct frame by sequencing using vector specific primers. After
confirmation of the correct frame of the 6x His tag and the target gene in
pET32a+, the vector was transformed to the expression host, E.coli
Rosetta-gami™ B (DE3) pLysS competent cells. Recombinant clones
possessing the target gene, SSA was obtained on LB agar plates with

ampicillin.
5.3.5 Recombinant expression of the fusion protein

Single colonies of recombinant pET32a+ SSA constructs in E. coli Rosetta-
gami™ B (DE3) pLysS were propagated in LB broth media supplemented
with antibiotics overnight. One ml of this overnight culture was further
propagated in 100 ml antibiotic supplemented LB broth until ODeoo

reaches 0.6. The expression of SSA was induced with 0.1 mM IPTG when
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ODsoo reaches 0.6. Uninduced culture, collected prior to IPTG induction,
served as the negative control. Both the induced and uninduced cultures
were incubated further for 3 h at 37 °C with shaking at 250 rpm. On a
time-course basis 2 ml aliquot of the induced culture was removed each
hour up to six hours and was subjected to SDS-PAGE for checking the level
of expression of recombinant SSA. The cells were harvested by
centrifugation and an initial Tricine-SDS-PAGE analysis of the total
bacterial extracts of induced bacteria were compared at various time
points with that of the uninduced sample. The induced lysates clearly
demonstrated the presence of a strong band at 29.2 kDa which is
consistent with the expected molecular weight of rSSA protein with an N-

terminal His tag as well as the fusion protein.

Recombinant protein expression could be confirmed by the presence of
band at the expected size range. Level of expression was not found to be
varying with time (Fig. 5.6). Bulk production of rSSA in 1000 ml LB
medium was carried out and cells were harvested after 3 h post IPTG
induction. The recombinant expression was further confirmed using SDS-
PAGE.

5.3.6 Purification, concentration and quantification of the

recombinant protein

Purification and concentration of the rSSA was performed employing a
combination of Ni-NTA column purification, enterokinase treatment,
Amicon cut off filtration and refolding processes. Fusion protein of size
29.2 kDa (11.2 kDa of SSA + 18 kDa of vector proteins) could be obtained
using Ni-NTA column purification of rSSA (Fig. 5.7a). The fusion protein

was subjected to enterokinase treatment thereby releasing the rSSA of
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11.2 kDa (Fig. 5.7b). Tricine SDS- PAGE profiles of the purified fraction
clearly demonstrated an efficient purification of ~ 11.2 kDa rSSA in the
eluted fraction. The released product was then concentrated using
Amicon cut off filtration and was refolded using refolding buffer. The
concentrated protein was quantified by Quant-iT™ protein assay kit and
the concentration of the rSSA was found to be 230 pg/ml (20.5 uM).

5.3.7 Antimicrobial assay

To determine the antimicrobial activity of rSSA, the recombinant protein
was prepared and tested for the ability to inhibit proliferation of
microorganisms using MIC method. The assay was performed with rSSA
at concentrations ranging from 0.1 to 10 uM against a group of Gram-
positive and Gram-negative bacterial strains employing liquid growth
inhibition assay. The antibacterial activity of rSSA, expressed as minimum
inhibitory concentrations (MIC) against two Gram-positive bacteria and
five Gram-negative bacteria tested is listed in Table 5.2. Analysis of the
results showed that, SSA demonstrated a higher activity against Gram-
negative bacteria. While Gram-positive S. aureus and B. cereus were not
found to be inhibited at the tested concentrations. Also, among the five
Gram-negative bacteria tested, rSSA showed activity against only three
such as V. cholerae (MIC=11.5 pM), E. tarda (MIC=16.9 puM) and P.
aeruginosa (MIC=77.1 uM). However, gram-negative bacteria such as A.
hydrophila and V. parahaemolyticus were not found to be affected by the
rSSA. Recombinant SSA was found to be highly active against V. cholerae
and E. tarda at all tested concentrations (0.1-10 uM). The antibacterial
activity of rSSA against the tested bacteria at various concentrations is

illustrated in Fig. 5.8 (a-c).
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5.3.8 Cytotoxicity / Methyl thiazol tetrazolium (MTT) assay with NCI-
H460 cells

The cytotoxicity assay of rSSA was performed against NCI-H460 cells
employing MTT assay. This assay measures the reducing potential of the
cell using a colorimetric reaction. Viable cells will reduce the MTS reagent
to a coloured formazan product. Analysis of the results proved that the
rSSA is non-cytotoxic to the tested cells when compared to that of the two
control AMPs used. The control melittin, was found to be highly cytotoxic
even at smaller concentrations. A reduction of < 95 % was observed for
NCI-H460 cells even at a smaller tested concentration of 6.25 pM in case
of melittin. The ICso of melittin against NCI-H460 cells was estimated to be
~ 3.3 uM. Whereas, in the case of rSSA, even at the highest concentration
tested i.e. 50 uM, the peptide was found to inhibit only 35 % of growth in
NCI-H460 cells. The result of cytotoxic assay against NCI-H460 cells is
represented in Fig. 5.9.

5.4 Discussion

Two attractive properties of AMPs make them promising candidates as
therapeutic agents; (1) they demonstrate a broad range of antimicrobial
activities and (2) they mainly target microbial membranes, impeding the
ability of microbes to develop resistance against them (Hancock and Sahl,
2006). However, a number of fundamental aspects such as its
antimicrobial spectrum, mechanism of action, efficacy and safety of these
molecules must be addressed before it can be brought to clinical trials.
Extensive functional and structural studies need to be conducted for
answering these questions; for which enough AMPs in higher

concentration should be available in pure and active form. Apart from
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that, peptide availability is one of the major factors that determine the
feasibility of their widespread application as therapeutic agent. Therefore,
for performing both basic researches as well as for clinical applications,
high quality peptides should be readily available in a cost-effective

manner.

Among the different approaches that can be employed for AMP
production, heterologous expression of AMPs employing recombinant
DNA technology provides an economical means for AMP production.
Indeed, many AMPs have been successfully obtained through
recombinant production in various heterologous hosts (Ingham and
Moore, 2007). Among the systems available for recombinant protein
production, E. coli has been the most widely used host (Li and Chen,
2008). Recombinant expression of these peptides in E. coli appears to
offer a cost effective method for the production of these peptides as well
as has got advantages such as fast growth, low cost and high expression.
However, AMPs are difficult subjects for heterologous expression in

microbial hosts due to their intrinsic antibacterial activity (Li, 2009).

Expression of ALFs in E. coli faces two challenges, such as (1) the
antibacterial nature of ALFs makes them potentially fatal to the producing
host and (2) the small size and high cationic property of ALF makes them
highly susceptible to proteolytic degradation. A strategy that effectively
overcomes both of these obstacles is to fuse the peptide of interest to a
carrier protein. The target peptide can be released from the fusion at a
later stage by enzymatic or chemical cleavage at corresponding site
around the carrier-peptide junction. Also, the carrier protein protects the
peptide from cellular proteases and the host from the toxic effects of these

peptides. For fusion expression of more than 25 % AMPs, thioredoxin
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carrier proteins are being used (Li, 2009). A recent study has showed that,
among 13 different carrier proteins tested, thioredoxin fusion gave the
highest absolute yield of the fused peptide. Different from its use as a
fusion carrier, free thioredoxin increases the solubility of the co-
expressed proteins/peptides mainly through promoting correct disulfide
bond formation. However, thioredoxin require additional affinity tags for
initial purification of the fusion proteins. The most commonly used
affinity tag for this purpose is the hexa-histidine tag (6x His-tag). His-tag

has also been proved sufficient for masking the toxicity of the AMPs.

Insoluble expression of AMPs is believed to be more efficient than soluble
fusion in masking the toxic effects of AMPs as well as protecting them
from degradation. However, several AMPs have been successfully
expressed as soluble fusions and it is not always necessary to force fusion
proteins into inclusion bodies for protecting the host and peptides. Also,
insoluble expression of AMPs allows quick purification of the fusion as
they can be easily collected from the cell lysate by centrifugation and can
be further purified by simple washing procedure. Presence of His-tag,
enables immobilized metal-affinity chromatography (IMAC) purification
of AMPs under denaturing conditions. All fusion proteins require
exogenous chemicals or proteases to release the target peptides.
Enterokinase is one of the most widely used enzymes for this purpose.
His-tag may or may not be removed from the target peptide before
proceeding with downstream applications. Refolding is required to
restore activity of most of the recombinantly expressed AMPs, as they
contain multiple disulfide bonds. The native AMP genes often contain
codonsthat are rarely used in E. coli and the codon bias may result in poor

expression of the heterologous gene. The codon bias problem can be
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solved by using specially engineered host strains that supply tRNAs for
rare codons. Further optimization of environmental factors such as IPTG
concentration and growth temperature may be required in order to
obtain soluble fusions. In general, induction with low concentration of
IPTG and growth at reduced temperature tends to improve solubility of
the fusion proteins (Schein and Noteborn, 1988; Sorensen and Mortensen,
2005). In case of ALFs, special host strains that are engineered to promote
disulfide bond formation (e.g. Novagen's Origami cells) can greatly
increase the chance of obtaining soluble fusions with proper folding
(Richard etal., 2004).

ALFs are small basic peptides that can bind and neutralize LPS, mediating
degranulation and activation of an intracellular coagulation cascade. ALFs
are considered as predominant candidates for potential therapeutic
agents of viral and bacterial infectious diseases (Liu et al, 2005;
Somboonwiwat et al., 2005; Imjongjirak et al., 2007; de la Vega et al.,
2008; Rosa et al.,, 2008). The goal of this study was to investigate and
characterize the biological properties of an ALF isoform identified in the
crab, S. serrata (SsALF2). For that, we have chosen to produce this
immune effector in the recombinant system of E. coli, which have been
shown to be appropriate for the production of large amount of active

molecules.

Briefly, the mature peptide region of SsSALF2 was recombinantly
expressed in E. coli Rosetta gami DE3 pLYsS cells using the pET32a+
vector possessing thioredoxin carrier protein. At the N-terminus 6 x His-
tag was added for affinity purification purpose. Enterokinase cleavage
was used to remove the fusion tag and was further concentrated and

refolded to obtain the active form before subjecting it to functional
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characterization. Tricine-SDS-PAGE was used to characterize the
recombinant peptide and also to confirm enzyme cleavage and

purification. Size exclusion purification was also done to separate rSSA.

The deduced protein sequence of SSALF2 revealed a conserved structure
comprising a signal peptide, an LPS-binding domain, and the two
conserved cysteine residues at both ends of the LPS-binding domain. The
two cysteine residues formed a disulfide loop, within which the positively
charged amino acid residues were mainly clustered. The mature peptide
region of SSALF2 excluding the signal peptide region possessing 294 bp
was selected for recombinant expression protocols. The selected region,
designated as SSA, possessed the active region i.e. the LPS binding domain

and consisted of the sequence:

‘QYEALVASILGKLSGLWHSDTVDFMGHTCHFFRKPKFRKFKLYHEGKFWCPG
WHILIGNSRSKSRSGSTREATKDFVHKALQNKLITKNSADVWLKG'.

SSA possessed a length of 97 amino acids and a molecular weight of 11.2
kDa and was found to be highly cationic with a net charge of +10.5. SSA
possessed an isoelectric point (pl) of 10.02 and hydrophobicity of 37 % as
predicted by the PROTPARAM and HELIQUEST programs. All the above
mentioned features along with the positively charged amino acids in the
disulfide loop have been demonstrated to be important for biological
activity of the ALF molecules (Ried et al., 1996; Somboonwiwat et al.,
2008; Yang et al., 2009).

In the present study, this mature peptide region of SsALF2 was
recombinantly expressed and functionally characterized for its
antibacterial and cytotoxic activity. This study presents the second report

of recombinant expression of an ALF isoform from S. serrata. A 294 bp
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nucleotide sequence representing the mature peptide region of SSALF2
was obtained by PCR amplification of S. serrata cDNA using specific
primers designed. PCR amplicons were first cloned to pGEMT Easy vector
and after confirming the sequence, it was ligated to pET32a+ vector. The
plasmid was again sequenced to confirm the frame of insert and further
transformed to expression vector, E. coli Rosetta gami (DE3) pLysS strain
for recombinant peptide production. The recombinant expression was
found to be maximum after 1 h of IPTG induction at a concentration of 0.1
mM and incubation at 37 °C and 250 rpm. It has been reported that when
protein production is induced at an earlier stage of growth, lysis of
bacterial cells would be easier (Moon et al., 2007). The cell pellets were
then lysed under denaturing condition and the recombinant SSA were
purified on Ni-NTA column, to which proteins with His-tag alone would
bind. The purified products were confirmed by Tricine-SDS-PAGE. The
step-wise reduction of urea with refolding buffer provided an extensive
washing as well as the refolding of the recombinant peptides. The
refolding buffer was then subsequently replaced with 50 mM Tris-Cl
solution so as to remove EDTA which would otherwise hinder
enterokinase treatment as well as the antimicrobial assay. The denatured
rSSA were successfully refolded as judged by the clearness of the solution
(misfolded proteins would precipitate in short period of time) and
cleavage by enterokinase enzyme. The recombinant protein was purified
to homogeneity and its antimicrobial activity determined with a MIC

assay.

Antibacterial activity of this purified recombinant peptide, rSSA was
assessed by employing liquid growth inhibition assay against seven

bacterial strains such as Gram-negative V. cholerae, E. tarda, P. aeruginosa,
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A. hydrophila and V. parahaemolyticus as well as Gram-positive B. cereus
and S. aureus. The MIC results clearly indicated a strong inhibition by rSSA
to the growth of Gram-negative bacterial cells than observed in case of

Gram-positive bacteria.

Analysis of the results showed that rSSA to be strongly active against
gram-negative bacteria such as V. cholerae (11.5 uM), E. tarda (16.9 uM)
and P. aeruginosa (77.1 uM). At the same time, rSSA was not found to be
inhibiting the growth of any Gram-positive bacterial strains tested such as
B. cereus and S. aureus. Also, not all Gram-negative bacteria tested were
found to susceptible to rSSA as in the case of A. hydrophila and V.

parahaemolyticus.

The results are in agreement with the observation of another ALF isoform
identified and characterized from L. polyphemus (LALF), that exhibited
anti-bacterial activity against Gram-negative bacteria alone, and not
against the tested Gram-positive bacteria (Morita et al., 1985). Reports on
ALF of S. serrata by Yeddey and Reddy (2009) also reported that the
recombinant ALF from S. serrata was found to be active against Gram-
negative bacteria alone. No activity could be seen against Gram-positive
bacterial strains. Similar cases have been reported for ALF from P.
trituberculatus also. Where, the recombinant peptide showed activity
against Gram-negative bacteria alone (Liu et al., 2012). Such findings
could be attributed to the presence of LPS in the Gram-negative bacterial
cell wall, which has been demonstrated to be the binding target of ALF, as
reported earlier (Weiss et al, 2000). Along with that, it is a well-
established fact that the ability of AMPs to interact with and insert into
negatively charged cytoplasmic membranes of their target bacterial cells

are attributed to the presence of spatially segregated hydrophobic and
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cationic domains and several membrane-permeabilization mechanisms

employing liposome models have been proposed (Shai, 2002).

At the same time, some ALFs have been reported to possess broad
spectrum antimicrobial activity including Gram-negative, Gram-positive
bacteria, fungi and viruses (Somboonwiwat et al., 2005; Imjongjirak et al.,
2007; Sun et al., 2011; Liu et al., 2012). However, in case of shrimp ALFs,
as in case of P. monodon, broad spectrum antimicrobial activity including
a spectrum of anti-fungal activity and anti-bacterial activities against both
Gram-positive and Gram-negative bacteria have been demonstrated
(Somboonwiwat et al., 2005). Another ALF from E. sinensis have also been
demonstrated similar bactericidal activity against both Gram-positive and
Gram-negative bacteria (Li et al, 2008). Whereas, yet another isoform
from the same species i.e. E. sinensis, indicated that the purified form
displayed anti-bacterial activity against a Gram-negative bacterium and
anti-fungal activity, but not against Gram-positive bacteria (Zhang et al.,
2010). ALFs present in crayfish P. clarkii, rPcALF1, when tested with a
series of microorganisms, displayed an extensive binding activity with all

the Gram-positive and Gram-negative bacteria and fungi (Sun et al., 2011).

As suggested by Brogden (2005) and Imjongjirak et al. (2011), it may be
presumed that the differences of the charged amino acids such as arginine
and lysine could account for the different antimicrobial activities of these
ALF molecules. The antimicrobial activity of recombinant ALF from S.
paramamosain also showed activity against both Gram-positive and
Gram-negative bacteria. It has been demonstrated by ELISA-based
binding assay, that the antimicrobial and bactericidal activities of ALFs
rely on the binding activity with cell wall components of the pathogenic

organisms (Sun et al., 2011).
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The MIC values obtained are also in agreement with that of previous
results. rSSA showed high activities against Gram-negative bacteria. The
rSSA was found to strongly inhibit the growth of V. cholerae (MIC=11.5
uM), E. tarda (MIC=16.9 uM) and P. aeruginosa (MIC=77.1 uM), the results
are in conformity with that of the previous report on the biological
activity of another isoform of ALF from S. serrata. In that case also
recombinantly produced ALF isoform was found to possess higher activity
against Gram-negative bacteria than to Gram-positive bacteria. The MIC
was found to be higher for Gram-positive bacteria viz. S. aureus and S.
pyogenes ranging between 9.1 to >18.2 uM. Whereas in case of Gram-
negative such as E. coli and P. aeuriginosa, the MIC values were found to
be 4.5 and 9.1 ug/ml respectively (Yedery and Reddy, 2009).

A shrimp ALF from the black tiger shrimp P. monodon have been
produced by recombinant expression in P. pastoris system by
Somboonwiwat and colleagues (Somboonwiwat et al, 2005). The
rALFPmM3 demonstrated a broad spectrum of anti-fungal properties
against filamentous fungi, and anti-bacterial activities against both Gram-
positive and Gram-negative bacteria. The MIC was found to vary between
0.19 to 6.25 puM in case of Gram-negative bacteria. It may also be noted
that rALFPmM3 showed an anti-microbial activity against all the Gram-
positive bacteria, with the exception of S. aureus which remained
unaffected even in the concentration range of 50-100 pM. Comparatively,
in the present study, we have checked activity against two Gram-positive
bacteria viz. B. cereus and S. aureus. The maximum concentration which
we could apply for checking antibacterial properties was 10 pM. May be at
a higher concentration of rSSA of 100 uM, it might be active against Gram-

positive. The MIC of rALFPmM3 against Gram-negative bacteria was found
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to be 0.1-6.25 pM with an exception of V. penaeidicida where the MIC was
found to be 50 puM. MIC against other vibrios such as V. harveyi, V.
anguillarum and V. alginolyticus was within the range from 0.4 to 1.56 uM.
Hence it should be stipulated that there does exists variation in the MIC

required for specific pathogens even if they belong to the same genus.

Comparatively, as expected, the antibacterial activity of rSSA was found to
be high at higher concentration of the peptide and was found to reduce
gradually with reduction in concentration. To date, very few AMPs have
been reported to be highly active against Vibrio strains apart from the
mytilins, which is also isolated from a marine invertebrate, the mussel
Mytilus galloprovincialis (Mitta et al., 2000), and which display MIC values

similar to those observed for rSSA.

Antibacterial activity of rSSA against Gram-negative bacteria belonging to
genus Edwardsiella, Vibrio and Pseudomonas suggested that rSSA could
play an essential role in defence mechanism in S. serrata. Apart for a
direct antimicrobial activity against potentially harmful bacteria, rSSA
would be a major effector of the shrimp immune system, which could be
involved due to its LPS-binding property to various reactions such as
inhibition of inflammatory reaction or anticoagulant activity. Analysis of
the mature SSA sequence using the HELIQUEST program clearly indicated
the significant presence of hydrophobic amino acids in the protein. These
hydrophobic amino acid residues might be part of a-helix and might be
able to span across a lipid bilayer or membrane. The presence of a-helical
regions, comprising greater portion of the peptide structure, was also
confirmed by the SWISS-MODEL and PyMOL structures. As revealed by
the AMP Database programthe presence of putative LPS binding region

ofthe recombinant ALF, rSSA situated between the two conserved
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cysteine residues exhibited a strong positive charge of +10.5 with 37 %
hydrophobicity. This explains the possibility of the LPS binding domain to
bind to the highly negative charged LPS layer. Overall the protein
demonstrated the presence of amphipathic regions, a characteristic

feature of well-studied AMPs.

Some AMPs are known to cause harmful side effects, such as toxicity to
cells at peptide concentrations demonstrating inhibition of bacterial
growth (Reddy et al., 2004). The cytotoxicity assay performed during the
present study had showed that the recombinant SSA does not cause any
cytotoxicity to human NCI-H460 cells even at a concentration of 50 pM.
Among the two important AMPs used as controls for the study, Melittin
was found to be highly cytotoxic even at very low conc of < 1 uM whereas
magainin was found to be non-cytotoxic. According to literature, the
cytotoxic potential depends on the type of peptide and its concentration.
The result reveals the possibility of rSSA as a safe therapeutic agent.
Despite the results obtained from the cytotoxicity study outlined further
in vivo, work involving human and/or animal studies would be required
to correlate the true antimicrobial and toxic potential of the ALF, rSSA

clinically.

In conclusion, in the present study, an ALF isoform identified from S.
serrata was cloned and expressed in E. coli Rosetta-gami™ B (DE3) pLysS
expression system. The recombinant ALF, rSSA was purified and assayed
for their antibacterial property. A recombinant ALF exhibiting a
bactericidal activity specifically towards Gram-negative bacterial species
could be demonstrated in this study. The rSSA was found to exhibit strong
antibacterial activity against V. cholerae, E. tarda and P. aeuriginosa.

Results of the study indicate the possible role of ALFs in the immune
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responses of crabs. The increasing number of ALF being identified and
characterized implies there are abundant and diverse ALFs in S. serrata
with various biological functions. Recombinant ALF, rSSA has the
potential to be developed as antibacterial agents against Vibrio strains as
well as against E. tarda, which are pathogenic to humans and fishes. The
recombinant ALF, rSSA could also be used to develop as a potential
therapeutic agent for preventing LPS-induced sepsis in humans /
aquaculture. It will be of a prime importance to further analyze the
respective kinetics of expression and localization of SSA effector in
response to Vibrio and Edwardsiella infection. Advances in
characterization of AMPs may lead to a better understanding of the crab
immune defense mechanisms especially that of S. serrata and will surely
give new insights into the health management and disease control in crab

aquaculture.

At present, increased resistance of bacteria against antibiotic drugs has
attracted intensive effort to screen antimicrobial peptides as sources or
templates for designing novel therapeutic antibiotics. Regarding its
antimicrobial properties, the crab SSALF2 appear to be good candidate for
further study about their potential use in aquaculture farming and,
importantly, as a promising alternative to conventional antibiotics.
Finally, due to its antimicrobial properties, the crab ALF appears to be a
good candidate for further investigation about its potential use in
larviculture as therapeutic agent and as alternative to conventional
antibiotics. The use of recombinant DNA technology is a promising
method to produce bulk quantity for AMPs for clinical research. Recent
advances in technology have led to the development of new cloning

methods for overexpression and purification of recombinant AMPs.
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Further improvement in these technologies is expected as clinical interest

shifts from antibiotics to AMPs.

cagtatgaagctctggtagcttccattcttggaaagctgtcgggactgtggcacagcgac
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Fig. 5.1 Nucleotide (above) and deduced amino acid (below) sequence of the
mature peptide region of SSALF2 selected for recombinant expression. The stop
codon is indicated by asterisk
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Fig. 5.2 Agarose gel electrophoretogram of the PCR amplified mature peptide
region of SSALF2. Lane M: 100 bp ladder; Lane 1-4: PCR amplified product (330

bp).
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Fig. 5.3. Agarose gel electrophoretogram of the colony PCR performed using (a)
vector specific primers, T7-F and SP6. Lane M: 100 bp ladder; Lane 1-9: PCR

amplified product (456 bp). (b) gene specific primers, SSA-F and SSA-R. Lane M:
100 bp ladder; Lane 1-7: PCR amplified product (330 bp).
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Fig. 5.4. Agarose gel electrophoretogram of the PCR amplification of plasmid
performed using (a) vector specific primers, T7-F and SP6. Lane M: 100 bp
ladder; Lane 1-6: PCR amplified product (456 bp). (b) gene specific primers,
SSA-F and SSA-R. Lane M: 100 bp ladder; Lane 1-3: PCR amplified product (330

bp).
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Fig. 5.5 Agarose gel electrophoretogram of the plasmids digested with NCol and
Hindlll restriction enzymes. (a) digested pGEMT-SSA plasmid (b) digested
pET32a+ expression vector. Lane M: 100 bp ladder; Lane 1-6: restriction
digested plasmids.
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M 12 3 4 5 6 7

Fig. 5.6 Tricine SDS-PAGE analysis of the cells containing recombinantly
expressed ALF, rSSA, before and after IPTG induction on a time-course basis.
Lane M: Low molecular weight protein ladder; Lane 1: uninduced control (before
IPTG induction); Lane 2-7: IPTG induced cells after 1-6 hours of induction.
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Fig. 5.7 Tricine SDS-PAGE analysis of recombinantly expressed ALF, rSSA at
different steps of purification. (a) Ni-NTA purified recombinant peptide before
restriction digestion (29.2 kDa) (b) Ni-NTA purified recombinant peptide after
restriction digestion (11.2 kDa). Lane M: Low molecular weight protein marker;

Lane 1: purified recombinant SSA.
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Fig. 5.8. (a-c) Antimicrobial activity of the recombinant ALF, rSSA measured by
liquid growth inhibition assay at various concentrations against (a) V. cholerae
(b) E. tarda (c) P. aeruginosa.
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Fig. 5.9 Cytotoxicity Assay of the recombinant ALF, rSSA against NCI-H460 cells
at various concentrations

Table 5.1 Details of primers used for the study

Primer Sequence (5’-3’)

SSA-F catgccatgggccatcatcatcatcatcatcagtatgaagctctggtage
SSA-R aagctttcaccccttcagccagg

T7-F taatacgactcactataggg

SP6 gatttaggtgacactatag

T7-R ctagttattgctcagcggtg
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Table 5.2 Antimicrobial activity and MIC of recombinant ALF, rSSA against
Gram-positive and Gram-negative bacteria as inferred from liquid growth
inhibition assay and Priprobit software. MIC is expressed as the lowest
concentration of the peptide that causes 100 % growth inhibition. NA: not active

up to 10 uM.

Microorganisms used MIC (uM)
Gram-positive bacteria

Bacillus cereus NA
Staphylococcus aureus NA
Gram-negative bacteria

Edwardsiella tarda 16.9
Vibrio cholerae 115
Vibrio parahemolyticus NA
Pseudomonas aeuruginosa 771
Aeromoas hydrophila NA
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Structural and Functional
Characterization of a Synthetic Anti-
lipopolysaccharide Factor

6.1 Introduction

Developing new lead structures as drugs against multi-resistant bacteria
possessing little toxicity towards the host organism is an urgent need of
modern medicine. Recently, antimicrobial peptides (AMPs) have come to
the forefront as potential antibiotic alternates due to their robust killing
activity against a wide range of microbes, including drug-resistant strains.
Due to the non-specific membrane-disturbing mode of action, high
specificity for prokaryotes and low toxicity towards eukaryotic cells;
cationic AMPs have become highly attractive as promising therapeutics to
overcome bacterial resistance (Bax et al. 2000; Mor 2000; Hancock and
Rozek 2002). It has been demonstrated that most of the potential AMPs
contain cationic and hydrophobic residues in elevated proportion and is
thus capable of interacting with microbial membranes through non-
specific interactions with the membrane lipids (Arouri et al., 2009;
Brandenburg et al., 2012; Seo et al., 2012). The short time-frame of
interaction promotes the rapid death of microbes and also decreases the
probability of resistance development by the microorganism (Fernebro,
2011).
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Current research on AMPs is focused on exemplifying the biological and
biomedical importance of these molecules. Important target organisms
for demonstrating the biological activities of these peptide molecules
including Gram-positive and Gram-negative bacteria along with many
other different targets such as fungi, protozoa and enveloped viruses
(Hancock and Diamond, 2000; Giuliani et al., 2007). There are also reports
describing immunomodulatory activities for AMPs (Jerala and Porro,
2004; Bowdish et al., 2005; McPhee et al.,, 2005). In addition to these
targets, there are studies that report a broad spectrum of anticancer
activities by these peptides (Moore et al., 1994; Mader and Hoskin, 2006;
Hoskin and Ramamoorthy, 2008; Berge et al., 2010).

Although AMPs have been essentially explored and developed as potential
alternatives for fighting infectious diseases, their probable use as
anticancer peptides in cancer therapy either alone or in combination with
other conventional drugs has been regarded as a therapeutic strategy to
explore. Cancer remains a major cause of death affecting millions of
people and is triggered by the growth and spreading of abnormal cells in
an uncontrolled manner. The worldwide statistics reveal that the most
commonly diagnosed cancers include lung, breast and colorectal cancers
(Parkin et al.,, 2005; Ferlay et al., 2010). Several research activities have
been devoted in creating new therapeutics that are at the same time more
selective and less harmful for cancer patients. In fact, as chemical agents
are designed to attack the rapidly dividing cancer cells, they are expected
to induce side effects on normal cells that divide at the same rate. In the
current scenario of increasing cancer patients and where conventional
therapies suffer from deficits and drawbacks, new treatment options are a

mandate. In this context, AMPs, especially the anticancer peptides have

200



Structural & Functional Characterization of a Synthetic ALF

been proved to be a resourceful strategy for drug discovery and for
developing molecular targets for cancer. Even though anticancer peptides
are expected to be selective towards tumour cells without impairing the
normal body cells and its functions, the development of a selective
anticancer peptide has been a challenge. Also, it is not yet possible to

predict antitumor activity based on its structures.

Despite the specificity and therapeutic advantages of AMPs over
conventional antibiotics, there exist some constraints in producing and
characterizing AMPs. Even though various multi-cellular organisms
produce AMPs naturally, extraction procedures are time consuming and
typically exhibit low yield. Besides, AMPs can be synthesized from
individual amino acids; however, the production and purification costs for
these compounds are quite high (Rotem and Mor, 2009). In order to
better understand the mechanisms of action of AMPs, to reveal their
structure—function relationships as well as to perform functional
characterization leading to development of new therapeutics for
widespread clinical use, huge amounts of AMPs with high purity and

quality should be readily available in a cost-effective manner.

Recently, solid phase peptide synthesis is the widely used method to
produce huge amounts of AMPs with high purity and quality. The major
advantage of chemical synthesis is that it produces highly pure protein.
Also, chemical synthesis is extremely useful in producing toxic peptides
that are difficult to produce by biological expression systems. Another
important application of chemical synthesis is that proteins can be
labelled at specific sites depending on its application and also allows
modification of the peptides with natural or unnatural amino acids.

However, there are some disadvantages for chemical synthesis such as,
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(1) it works well only for small proteins and peptides; (2) yield is often
quite low with chemical synthesis and (3) the method is very expensive

for longer polypeptides.

Anti-lipopolysaccharide factors (ALFs) are cationic AMPs which constitute
one of the key effector molecules in innate immune system of crustaceans
and are capable of binding and neutralizing lipopolysaccharides (LPS).
ALFs are believed to possess broad spectrum of antimicrobial activities. A
growing number of studies on crustacean ALFs have become available in
recent years, describing primarily the molecular cloning, sequencing and
expression analysis of ALF in various crustaceans (Supungul et al., 2004;
Liu et al., 2005; Nagoshi et al., 2006; Somboonwiwat et al., 2006). ALFs,
possess a 24 residue LPS binding domain in their mature peptide region
that could recognize LPS, a major component of the Gram-negative
bacterial cell wall. This LPS binding domain consisted of conserved amino

acid residues exposed in the four-stranded 3-sheet.

Though ALFs have been identified and characterized from Chelicerates
such as Limulus and Tachypleus, and from decapod crustaceans including
shrimps, prawns, crabs and lobsters (Tanaka et al., 1982; Gross et al.,
2001; Supungul et al., 2002; Liu et al., 2006; Imjongjirak et al., 2007; Li et
al., 2008; Beale et al., 2008; Rosa et al., 2008; Yedery and Reddy, 2009a;
Tassanakajon et al., 2010; Yue et al., 2010); studies demonstrating the

biological activity of synthetic ALF is very limited.

Studies on chemically synthesized ALF started with earlier works of
Alpert and co-workers (1992) on ALFs present in Limulus. His work
mainly focused on in vivo neutralization effect of the 22 amino acid
residue (CHYRIKPTFRRLKWKYKGKFWC) present in Limulus ALF (LALF).
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Later in 1993, this 22 amino acid residue of LALF was described as the
potential binding site for LPS. Employing chemical synthesis, the
immunological activity of this 22 amino acid long potential LPS binding
site was further characterized by Vallespi and co-workers (2000). They
also proposed that LALF modifies LPS-induced response and possessed in
vitro antiviral effects on Hep-2 cell lines and tumor necrosis factor. For
the first time, studies by Vallespi et al. (2000) also demonstrated the anti-
inflammatory properties of the ALF-derived peptides. The effect of this
synthetic peptide on the cytokine gene expression and bacterial acute
infection in mice was also studied (Vallespi et al., 2003). The results
showed that the synthetic 22 residue peptide favoured host resistance
against Gram-negative bacteria acute infection and increased the survival

of challenged mice.

Another ALF isoform isolated from a Chelicerate, Tachypleus, named
tachyplesin, was synthesized by solid phase process and its specific
interactions with LPS has been carried out by Hirakura et al. (2002) and
Hong et al. (2012). In 2007, Imura et al. studied the mechanism of action
of synthetic tachyplesin synthesized by Fmoc-based solid phase process
and also the effectsof PEGylation on its biological activity. It was found
that both the peptides (with and without PEGylation) induced lipid flip-
flop coupled to leakage and was translocated into the inner leaflet of the
bilayer, indicating that tachyplesin forms a toroidal pore. The study also
proved that PEGylation did not alter the basic mechanism of membrane
permeabilization of the parent peptide. However, it was found that the
peptides showed great differences in their biological activities. It was

found that the process of PEGylation, though, reduced the antimicrobial
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activity of tachyplesin, the process also significantly lowered its cytotoxic

effects.

Studies on synthetic shrimp ALFs (SALF) were first initiated by Pan and
co-workers (2007). They synthesized 22 amino acid long (SALFss.76 =
ECKFTVKPYLKRFQVYYKGRMWCP) peptide in linear and cyclic forms by
solid-phase procedure of Fmoc/tBu chemistry and characterized its
biological activity. The analysis of the results showed that only cyclic
peptide exhibited antibacterial activity against the tested organisms;
whereas linear peptide did not show any activity against any of the
bacteria tested except for Listeria and Vibrio with an MIC ranging from 25-
100 uM. However, the cyclic synthetic peptide showed broad spectrum of
antibacterial activity against almost all the bacteria tested with an MIC
ranging from 12.5-100 pM and was also found to protect mice against
challenge with P. aeruginosa. The study also reported tissue-specific up-
regulation of interleukins, interferons, Toll-like receptors and tumor
necrosis factors. This synthetic peptide also possessed broad cytotoxic
activity against HelLa, HT-1080, and MCF-7 cells. Because of its
multifunctional properties, Pan et al. (2007) suggested this 22 residue
long peptide as a prophylactic agent for bacterial infectious diseases, as

well as for septic shock.

In another work by Pan et al. (2010), in vitro activities of two synthetic
ALF isoforms (linear and cyclic forms of SALFss76 =
ECKFTVKPYLKRFQVYYKGRMWCP) of P. monodon against bacterial
pathogens of duck were performed. In this work, the LPS binding domain
was synthesized using a solid-phase procedure of Fmoc/tBu chemistry.
Both linear and cyclic synthetic ALFs showed activity against the

pathogens tested and the MIC values ranged between 6-25 pM.
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Functional characterization of synthetic ALF (22 residue) from the
freshwater prawn M. rosenbergii (MrALFs4.77 =
TCQYSVNPKIKRFELYFKGRMWCP) was carried out by Arockiaraj et al.
(2014). The peptide showed antimicrobial activity against both Gram-
negative and Gram-positive bacteria. The bactericidal assay showed that
the peptide recognized the LPS of bacterial cell walls and further binding

to this layer helped in distinguishing the pathogens.

Li et al. (2014) synthesized another shrimp ALF peptide corresponding to
the LPS-binding domain (CSFNVTPKFKRWQLYFRGRMW(C) of FCcALF (ALF
from F. chinensis). The peptide contained modifications such as one
flanking amino acid residue at the N and C terminal ends, inclusion of a
disulfide bond between the two cysteine residues, and in case of basic ALF
peptides, some amino acids were replaced with lysine or arginine
residues. All peptides were acetylated at the N terminal and amidated in
the C terminal. Results showed that peptides with modifications
possessed strong antibacterial activity against Gram-positive bacteria
Micrococcus luteus and M. lysodeikticus with MIC ranges of 2-4 uM and 1-
2 UM respectively and also possessed significant inhibition activity against
white spot syndrome virus (WSSV). Also, the biological activity of the

synthetic peptide was found to be enhanced with modifications.

Another important work on F. chinensis ALF was by Guo et al. (2014).
They designed and synthesized a peptide corresponding to the LPS-
binding domain of ALF from the Chinese shrimp (FcALF). Modifications
such as a flanking amino acid residue in both N and C terminal end, a
disulfide bond between two cysteine residues, methylation of thiol group
of cysteine residues (so as to prevent disulphide loop formation),

replacement of certain amino acids by neutral amino acids, N-terminal
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acetylation and C-terminal amidation were also performed. Results
showed that modified peptides exhibited increased antibacterial activities
against Gram-negative bacteria such as E. coli and V. anguillarum and also
Gram-positive bacteria such as M. luteus and M. lysodeikticus with MIC
ranging from 32-64, 2-4, 1-2, and 32-64 uM, respectively. The disulfide
loop and the basic amino acids in the LPS-binding domain of ALF were
found to play key roles in its antibacterial activities. In addition, the
modified peptide could reduce the propagation of white spot syndrome
virus (WSSV) in vivo. The study also proved that lysine residue is

indispensable for its antiviral property.

Pioneer studies on synthetic crab ALFs were performed by Imongjirak
and co-workers in 2007. They synthesized putative LPS binding domain of
an ALF isoform present in S. paramamosain from positions 54 to 77
(TCHIRRRPKFRKFKLYHEGKFWCP) with a disulfide bond between the 2nd
and 231 cysteine residues. Modifications such as N-terminal residue
acetylation and the C-terminal amidation were also included in the
peptide. Synthesis of LPS-binding domain of SpALF was done by Fmoc (N-
(9-fluorenyl) methoxycarbonyl) chemistry by the peptide synthesizer.
The synthetic peptide revealed strong antimicrobial activity against
several bacteria such as the Gram-positive M. luteus and Gram-negative
Vibrio harveyi and the MIC values ranged from 0.1 to 50 uM. However, the
peptide was not found to be active against certain Gram-negative bacteria
tested such as S. typhimurium, E. cloacae and K. pneumoniae even at 50 uM

concentrations.

Sharma et al. (2011) designed and synthesized another 24 amino acid —
long linear and cyclic peptides based on the putative LPS binding domain

of ALF from the mud crab S. serrata and has demonstrated its ability to
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bind to LPS. The antibacterial activities of this synthetic peptide against
vaginal pathogens were demonstrated by MIC, CFU and phagocytosis
assays. The cyclic synthetic peptide was not found to be cytotoxic to
human vaginal epithelial cells (HeLa-S3), macrophages and rabbit

erythrocytes even at high concentration (64.64 uM).

As there exists only two reports regarding the demonstration of biological
activity ALF present in crabs, the present chapter aims at structural and
functional characterization of a synthetic ALF molecule present in crab. As
explained in Chapter-2, four ALFs viz. SSALF1, SsALF2, PpALFl and
PpALF2 have been identified and characterized from crabs. PpALF1 being
the most novel isoform among the four was selected for chemical
synthesis and further demonstration of its biological activities. The
objective of this chapter was to synthesize the LPS binding domain
present in the mature peptide region of the AMP, PpALF1 and to
functionally characterize the synthetic peptide with respect to its
antibacterial activity against Gram-positive and Gram-negative bacteria.
As detailed research on several anticancer peptides is crucial for
optimizing drug development, in this chapter we have also tried to
analyse the anticancer activity of the synthetic ALF, along with its

cytotoxic effects.
6.2 Materials and Methods

6.2.1 Design, sequence analysis and synthesis of the target peptide

for synthesis

Out of the nine AMPs characterized in the present study, the novel ALF
isoform from P. pelagicus (PpALF1) was selected for synthesis and further

functional characterization. The presence of LPS binding domain in
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PpALF1 was identified from the multiple alignment results of ALF
sequences from crustaceans using Clustalw program
(http://www.ebi.ac.uk/Tools/ msa/clustalw2/) and was commercially
synthesized at VCPBIO Ltd. China by standard solid phase synthesis
method. The linear synthetic peptide, hereinafter denoted as PPA, was
synthesized without any further modification and was subjected to

structural and functional characterization.
6.2.2 Analysis of peptide characteristics

The physico-chemical properties and amino acid composition of the
synthetic peptide were predicted and confirmed using PROTPARAM,
EXPASy and APD programs (http://www.au.expasy.org/;
http://aps.unmc.edu/ AP/main.php). The hydrophobicity (<H>) and
hydrophobic moment (<pH>) were calculated by using HELIQUEST
program (http:// heliquest.ipmc.cnrs.fr). To find out the amphipathicity of
the synthetic peptide, PPA, a helical wheel representation of the peptide
was also generated using the same program. The structural model of the

synthetic peptide was also created using SWISS-MODEL server.
6.2.3 Determination of purity and mass

Purity of the synthetic peptide was confirmed by performing reverse-
phase HPLC (RP-HPLC) on a C18 column (4.6 mm x 250 mm, Inertsil-ODS-
SP), eluted at 1.0 ml/min with a 30-100 % step gradient of Solvent A (0.1
% trifluoroacetic in 100 % acetonitrile) and solvent B (0.1 %
trifluoroacetic in 100 % H20) over 30 min. Absorbance was monitored at
220 nm. Also, the homogeneity, identity and mass of the synthetic peptide
were assessed by MALDI-TOF mass spectrometry using a Thermo

Finnigan LCQ Duo mass spectrometer with an electrospray source and
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Xcaliber software. Sample was dissolved in 50 % (v/v) acetonitrile and 50
% of 0.1 % trifluoracetic acid (v/v) and analyzed by Electrospray
lonization (ESI). The spectra were obtained in the continuous acquisition
mode, scanning from m/z 400 to 2000 at a scan time of 5 sec. Both RP-
HPLC and MALDI-TOF MS analysis were performed by the peptide

synthesizers.
6.2.4 Antimicrobial assay

Antimicrobial activity of the synthetic ALF, PPA was checked against both
Gram-positive and Gram-negative bacteria employing liquid growth
inhibition assay as described by Huang et al. (2006) with modifications.
Six dilutions (ranging from 3 to 120 pM) of the recombinant peptides in

triplicates were subjected to assay.
6.2.4.1 Microorganisms used

The microbial strains used to determine antimicrobial activity included
two Gram-positive bacteria viz. B. cereus (MCCB 101) and S. aureus (MTCC
3061) and five Gram-negative bacteria viz. E. tarda (MTCC 2400), P.
aeruginosa (MCCB 119), A. hydrophila (MCCB 113), V. cholerae (MCCB
129) and V. parahaemolyticus (MCCB 133). The details are as given in
section 5.2.13.1 of Chapter 5.

6.2.4.2 Liquid growth inhibition assay

Antimicrobial activity was tested employing liquid growth inhibition
assayas described in section 5.2.13.2 of Chapter 5. Six dilutions of the
synthetic PPA ranging from 3-120 uM of the synthetic peptide PPA along
with positive and negative controls in triplicates were subjected to

antimicrobial assay.
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6.2.4.3 Minimum inhibitory concentration

Minimum inhibitory concentration (MIC) of the synthetic PPA was

determined as described in section 5.2.13.3 of Chapter 5.
6.2.5 Anticancer assay

The synthetic PPA was tested for its possible anticancer effect against 60
human cell lines at the National Cancer Institute (NCI), Maryland, US.
Anticancer assay was performed as part of the in vitro Cell Line Screening
Project (IVCLSP) of NCI, which is a dedicated service providing direct
support to the anticancer drug discovery program implemented in 1990.
The operation (NCI60) of this screen utilizes 60 different human tumor
cell lines, representing leukemia, melanoma and cancers of the lung,
colon, brain, ovary, breast, prostate, and kidney. The details of the 60
human cancer cell lines used for the assay are as given in Figure 6.9. As
per the NCI instruction, the compound needs to be subjected to an initial
virtual screening by in silico methods. The structure of the compound in
.mol format will be subjected to virtual screening. Only compounds that
give satisfactory results during in silico analysis will be accepted for the
NCI60 programme. Following that the anticancer activity will be screened
in a two-stage process. First the activity of 10 uM (single dose) of sample
is evaluated against the 60 cell lines and then the samples which exhibit
significant growth inhibition are further evaluated at five concentration

levels against the 60 cell lines.

Following the NCI instructions, the structure of PPA in .mol format was
send to NCI for in silico analysis (Fig. 6.1). Subsequently, obtaining
satisfactory results for synthetic PPA (results not provided by NCI), 10-12

mg of the synthetic PPA was sent to NCI for conducting single dose assay
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at 10 uM conc. Briefly, the cell lines were grown in RPMI 1640 medium
containing 5 % fetal bovine serum and 2 mM L-glutamine. The cells were
then inoculated into 96 well microtiter plates in 100 pL at plating
densities ranging from 5,000 to 40,000 cells/well depending on the
doubling time of individual cell lines. After inoculation, the microtiter
plates were incubated at 37 °C, 5 % CO2, 95 % air and 100 % relative
humidity for 24 h. After 24 h incubation, two plates of each cell line were
fixed in situ with trichloro acetic acid (TCA) so as to keep a record of the
cell population for each cell line at the time of adding the sample (Tz). PPA
was solubilized in dimethyl sulfoxide (DMSO) and stored frozen prior to
use. At the time of drug addition, an aliquot of frozen concentrate was
thawed and diluted to a concentration of 10 uM with complete medium
containing 50 pg/ml gentamicin. Following addition of PPA, the plates
were incubated for an additional 48 h at 37 °C, 5 % CO2, 95 % air, and 100
% relative humidity. For adherent cells, the assay was terminated by the
addition of cold TCA. Cells were then fixed in situ by the gentle addition of
50 ul of cold 50 % (w/v) TCA (final concentration, 10 % TCA) and
incubated for 60 min at 4 °C. The supernatant was then discarded, and the
plates were washed five times with tap water and air dried.
Sulforhodamine B (SRB) solution (100 pl) at 0.4 % (w/v) in 1 % acetic
acid was added to each well, and plates were incubated for 10 min at
room temperature. After staining, unbound dye was removed by washing
five times with 1 % acetic acid and the plates were air dried. Bound stain
was subsequently solubilized with 10 mM trizma base, and the
absorbance was read on an automated plate reader at a wavelength of
515 nm. The methodology followed for suspension cells was almost same,

except that the assay is terminated by fixing settled cells at the bottom of
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the wells by gently adding 50 pl of 80 % TCA (final concentration, 16 %
TCA). Using the absorbance measurements [time zero, (Tz), control
growth, (C), and test growth in the presence of sample (Ti)], the

percentage growth was calculated as:
Growth % = [(Ti-Tz)/(C-Tz)] x 100

6.2.6 Cytotoxicity / Methyl thiazol tetrazolium (MTT) assay with NCI-
H460 cells

Cytotoxicity assay was performed for synthetic PPA employing MTT assay
on NCI-H460 cells as explained in the section 5.2.14. of Chapter 5.

6.3 Results

6.3.1 Design, sequence analysis and synthesis of the target peptide

for synthesis

PpALF1, a novel ALF isoform, identified and characterized from P.
pelagicus was selected for synthesis and for analyzing its biological
activity. Amino acid sequences of known crustacean ALFs were aligned
using the ClustalW program to identify the LPS binding region located
between the conserved cysteine residues (Fig. 6.2). The mature peptide
region of PpALF1, containing the active region i.e. the LPS binding domain
corresponding to amino acids 54 to 77 of the mature peptide consisting of
the sequence CCFLRRPPIIRIFLLHHEGFFWCA was commercially
synthesized at VCPBIO Ltd., China by standard solid phase synthesis
method. This synthetic LPS binding domain of PpALF1 is designated as
PPA. The amino acid sequence comparison of the full length PpALF1 and
the synthesized active LPS region (PPA) is as given in Fig. 6.3. The linear
synthetic PPA was synthesized with a purity of 71.61 % without any
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further modification and was subjected to structural and functional
characterization. About 12.5 mg of the lyophilized synthetic peptide was

supplied by the manufacturers.
6.3.2 Analysis of peptide characteristics

The physico-chemical properties of the synthetic peptide including its
molecular weight, net charge, isoelectric point and hydrophobicity
predicted using PROTPARAM, ExPASy, APD and HELIQUEST programs are
described in Table 6.1. The synthetic peptide PPA possessed a length of 24
amino acids and a molecular weight of 2.975. The PPA was found to be
highly cationic with a net charge of +2. The synthetic PPA possessed an
isoelectric point (pl) of 8.74 and hydrophobicity of 62 % as predicted by
the PROTPARAM and HELIQUEST programs. The synthetic PPA molecule
also showed the conservation of two cysteine residues at positions Cys>
and Cys2s, important for one disulfide bond (loop) formation in the
peptide. The percentage of each amino acid of the synthetic PPA is given
in Table 6.2. PPA was found to be rich in Phenyl alanine (16 %) which was
followed by equal concentration of amino acids such as arginine, cysteine,

leucine and isoleucine (12 % each).

The antimicrobial property of the synthetic ALF, PPA was predicted using
APD and HELIQUEST programs. The results clearly indicated that the
synthetic peptide taken for analysis possesses antimicrobial property.
Among the residues taken for analysis, 62 % of amino acids of synthetic
ALF, PPA were hydrophobic residues and its total net charge was
determined to be +2, thereby confirming the antimicrobial nature of the
peptide. Based on the prediction of APD program, PPA may form a-helices

and possess at least five hydrophobic residues on the same hydrophobic
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surface. The peptide was predicted to interact with membranes and
possess a chance to be a potential AMP (result based on APD program
http://aps.unmc.edu/AP/main.php). The a-helix wheel projections for
PPA constructed using HELIQUEST program is given in Fig. 6.4. The
analysis confirmed the peptide to be amphipathic in nature due to the
presence of hydrophobic face. Analysis of results obtained from SWISS-
MODEL server showed that PPA exists as anti parallel 3-sheets (Fig. 6.5).

6.3.3 Determination of purity and mass

The purity and molecular weight of the synthetic peptide was confirmed
by RP-HPLC and ESI-mass spectrometry. Purity of the synthetic peptide
was checked by RP-HPLC using C18 column. The HPLC chromatogram of
synthetic ALF, PPA is as shown in Fig. 6.6. The retention time of the
synthetic PPA was found to be 12.86 min. The molecular weight of
synthetic PPA (2.976 kDa) was verified by ESI mass spectroscopy. The ESI
mass spectrum of the synthetic PPA is as shown in Fig. 6.7. The mass
spectrum shows the mass to charge ratio (m/z) from 400 to 2000 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 744.95. This corresponds to
PPA ionized to +4 (rounded off MW = 2976 + 4H+ = 2980). The mass to
charge ratio is thus 2980/4 = 745. Two other relatively abundant ions
attributed to PPA were m/z of 596.20 ionized to +5 (MW = 2976 Da + S5H+
= 2981; 2981/5 = 596.2) and 9925 (MW = 2976 + 3 = 2979; 2979/3 =
993).

6.3.4 Antimicrobial assay

PPA was tested at concentrations ranging from 3 to 120 uM

concentrations against a group of Gram-positive and Gram-negative
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bacterial strains employing liquid growth inhibition assay. The
antibacterial activity of PPA, expressed as minimum inhibitory
concentrations (MIC) against two Gram-positive bacteria and five Gram-
negative bacteria tested is listed in Table 6.3. Analysis of the results
showed that, PPA possessed activity against both Gram-positive and
Gram-negative bacteria. However, all bacterial strains tested did not show
susceptibility to the antibacterial action of PPA. In particular, the peptide
was found to be highly active against Gram-positive S. aureus (MIC=124.4
uM), followed by Gram-negative V. cholerae (MIC=147.4 pM) and V.
parahaemolyticus (MIC=237.2 uM), but less active against P. aeruginosa
(MIC=1.04 mM), E. tarda (MIC=2.09 mM) and A. hydrophila (MIC50,=31.5
mM). PPA was not found to possess any activity against the Gram-positive
bacteria B. cereus. The antibacterial activity of synthetic ALF, PPA against

the tested bacteria at various concentrations is illustrated in Fig. 6.8 (a-f).
6.3.5 Anticancer assay

Screening for anticancer activity was performed at the National Cancer
Institute (NCI), Maryland, US against 60 human cancer cell lines. The
tested cancer cell lines included seven colon cancer cell lines, seven renal
cancer cell lines, eight non-small cell lung cancer cell lines, six CNS cancer
cell lines, nine melanoma cell lines, six leukemia cell lines, seven ovarian
cancer cell lines, six breast cancer cell lines and two prostate cancer cell
lines. The growth % of cancer cell lines against 10 uM of synthetic peptide,
PPA was determined. Analysis of the results received from NCI revealed
that 10 uM concentration of synthetic PPA could cause 12 % growth
reduction against a colon cancer cell line, HCT-116. Other cancer cell lines
inhibited by 10 uM PPA at a minor level includes 8.24 % growth reduction

against non-small cell lung cancer cell line, HOP-62; 7.28 % growth
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reduction against non-small cell lung cancer cell line, A549; 5.05 %
growth reduction against CNS cancer cell line, U251; 5.25 % growth
reduction against ovarian cancer cell line, IGROV1 and 4.95 % growth
reduction against breast cancer cell line, MDA-MB-231. The detailed
result of screening of PPA against 60 human cancer cell lines as received

from NCI is given in Fig. 6.9.

6.3.6 Cytotoxicity / Methyl thiazol tetrazolium (MTT) assay with NCI-
H460 cells

The cytotoxicity assay of PPA was performed against NCI-H460 cells
employing MTT assay. This assay measures the reducing potential of the
cell using a colorimetric reaction. Viable cells will reduce the MTT reagent
to a coloured formazan product. Analysis of the results proved that the
synthetic PPA is non-cytotoxic to the tested cells when compared to that
of the two control AMPs used. The control melittin, was found to be highly
cytotoxic even at smaller concentrations. A reduction of < 95 % was
observed for NCI-H460 cells even at a smaller tested concentration of 6.25
UM in case of melittin. The ICso of melittin against NCI-H460 cells was
estimated to be ~ 3.3 uM. Whereas, in the case of PPA, even at higher
concentrations,the peptide did not exhibit any inhibition of growth of NCI-
H460 cells. The result of cytotoxic assay against NCI-H460 cells is
represented in Fig. 6.10.

6.4 Discussion

The extensive clinical use of classical antibiotics has led to the growing
emergence of many medically relevant resistant pathogen strains.
Antibiotic resistance was known even before the widespread

manufacturing of antibiotics, starting with penicillin, but the pace of
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antibiotic resistance seems to have hastened. Therefore, the development
of a new class of antimicrobials with a different mechanism of action
other than the present conventional antibiotics has become critical. The
cationic AMPs represent such a new class of antimicrobials (Hancock
1997; Andreu and Rivas 1998; Sitaram and Nagara, 1999). The
development of resistance to membrane active peptides whose sole target
is the cytoplasmic membrane is not expected as this requires substantial
changes in the lipid composition of the microbial cell membranes
(Hancock 2001). ALFs have been described as highly cationic peptides
with a broad spectrum of antimicrobial activities. So far, ALFs have been
reported and characterized from only two groups of organisms viz.

marine chelicerates and crustaceans.

Out of the nine AMPs identified and characterized in the present study, an
AMP belonging to ALF family identified and characterized from the crab,
P. pelagicus was selected for chemical synthesis and for demonstrating its
biological activity. The active regions of ALF was selected because of the
following reasons: (a) Structural and functional characterization of
synthetic crustins and penaeidins have been studied in detail by several
researchers (Destoumieux et al., 1997, 1999; Cuthbertson et al., 2004,
2005, 2006; Li et al., 2005; Kang et al., 2007). (b) In case of penaeidins, the
active region to be synthesized is a 52 amino acid long region; and the
active region of crustin is comprised of 45 amino acid long WAP domain.
Hence, it was not economically feasible to synthesize longer peptides

corresponding to the active regions of crustins and penaeidins.

AMP belonging to ALF family identified and characterized in the present
study (PpALF1l) was selected for chemical synthesis and further

characterization, because of the fact that there are hardly any studies on
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synthetic ALFs especially from crabs. The only publication on chemical
synthesis and functional characterization of a crab ALF is by Imjongjirak
and co-workers (2007) of an ALF isoform from S. paramamosain and by
Sharmaetal. (2011) in S. serrata.

ALFs, possess a 24 residue LPS binding domain in their mature peptide
region that could recognize LPS, a major component of the Gram-negative
bacterial cell wall. This LPS-binding domain has been demonstrated as
pivotal for the antibacterial activity of ALF molecules (Supungul et al.,
2004; Nagoshi et al., 2006; Imjongjirak et al., 2007; de la Vega et al., 2008;
Rosa et al., 2013). LPS binding domain consists of conserved amino acid
residues exposed in the four-stranded (-sheet. An in vitro synthesized
peptide of LPS-binding domain has been demonstrated to interact with
LPS (Nagoshi et al., 2006).

The present study aims at designing, synthesis and evaluation of the LPS
binding domain of ALF family of AMPs for potential use in developing new
class therapeutics. The novel ALF isoform from P. pelagicus reported in
the present study, which showed only 46 % similarity to already reported
ALF isoforms, viz. PpALF1 was selected for chemical synthesis and its
further structural and functional characterization. PpALF1 is a 123 amino
acid long ALF isoform possessing a molecular weight of 13.86 kDa. In the
present study, the efficacy of amino acids corresponding to amino acids
54 to 77 of the mature peptide region, corresponding to the LPS binding
domain of PpALF1 was investigated. This 24 amino acid residue long LPS
binding domain, designated as PPA, was synthesized at VCPBIO Ltd,,
China.
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The synthetic peptide possessed the sequence:
CCFLRRPPIHRIFLLHHEGFFWCA. Synthetic ALF, PPA was found to be a
cationic peptide mainly enriched by residues such as phenyl alanine,
arginine, cysteine, leucine, isoleucine, with a pl of 8.74 and a net charge of
+2 at pH 7.0. PPA was synthesized as a linear peptide without any further
modification. About 12.5 mg of PPA was synthesized with a purity of
71.61 %, so that enough concentration of the peptide will be available for
the study and is also economically feasible. The purity and MW was
confirmed by HPLC and MS.

Its physicochemical parameters were in agreement with the required
properties of an AMP. The synthetic PPA possessed a molecular weight of
2.975 kDa and was found to be highly cationic with a net charge of +2 and
62 % hydrophobicity. The peptide structure consisted of two B-strands
which are in turn linked by a disulfide bond to form an amphipathic loop
rich in cationic amino acid side chains. The disulfide bond (loop)
formation in the peptide is effected by two conserved cysteine residues at
positions Cys, and Cysz3. Some earlier researchers have synthesized cyclic
peptides by introducing a disulphide loop between these cysteine
residues. According to analysis of the results the cyclic peptides are found
to be more active than the linear peptides synthesized. The antimicrobial
property of PPA predicted using APD and HELIQUEST programs also
clearly indicated the possible potential antimicrobial property of the

linear synthetic PPA.

Functional characterization including the demonstration of the
antimicrobial and anticancer activity as well as the cytotoxicity of the
synthetic PPA were carried out in the present study. Analysis of the
results showed that the synthetic ALF, PPA, exhibited both antibacterial

219



Chapter 6

activity as well as anti-cancer activity to some extent, without causing any

cytotoxicity to human cells.

The antimicrobial activity of PPA was tested by liquid growth inhibition
assay (MIC) against seven bacteria including two Gram-positive and five
Gram-negative bacteria. The antimicrobial activity of PPA was tested at
various concentrations ranging from 3 to 120 uM. The peptide was found
to be equally active against Gram-positive and Gram-negative bacteria
with the exception of Gram-positive B. cereus, which was found to be
resistant to PPA. The highest activity was shown against important
pathogens such as Gram-positive S. aureus and the Gram-negative V.
cholerae with an MIC ranging from 124.4-147.4 uM. This was followed by
Gram-negative V. parahaemolyticus, P. aeruginosa, E. tarda and A.
hydrophila. The antimicrobial activity showed by the ALF, PPA against S.
aureus and V. cholerae strains is very interesting considering the fact that
both are clinically important pathogens. S. aureus is one of the most
common intestinal tract pathogenic bacteria in both animals and humans.
Moreover, S. aureus is also involved in food spoilage and an application of
PPA in the food processing may also be possible, along with application in
clinical or veterinary health. Previous studies on S. aureus have shown
that it is very resistant to AMPs found in human beings, such as defensins
(Peschel et al., 1999). Hence, new antimicrobial agents that are effective
against staphylococci and vibrios to treat infection are needed in the

present scenario.

Previous work on synthetic crab ALF from S. paramamosain (SpALF) by
Imjongjirak et al. (2007) has also showed high antimicrobial activity
against a wide range of Gram-positive and Gram-negative bacteria. In his

work he has used five gram-positive bacteria such as S. aureus, S.
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haemolyticus, A. viridans, B. megaterium and M. luteus and five Gram-
negative bacteria such as S. typhimurium, E. coli 363, Enterobacter cloacae,
V. harveyi and K. pneumonia. Analysis of the results has showed that the
synthetic LPS region of SpALF was found to be more active against Gram-
positive bacteria especially S. haemolyticus, A. viridans, B. megaterium and
M. luteus with an MIC ranging from 1-12 pM and was also found to be
active against S. aureus possessing an MIC of 50 pM. In the present study
the MIC calculated for S. aureus was found to be 124.4 uM.

Antibacterial activity of the synthetic LPS domain of S. serrata (SsALF) has
been studied by Sharma et al. (2011). In his study the antibacterial
activity of the synthetic LPS region of SSALF was tested against two Gram-
positive such as S. aureus and S. pyogenes and two Gram-negative bacteria
such as E. coli and P. aeuriginosa. Analysis of the MICs showed that the
synthetic peptide was more active against Gram-negative bacteria (MIC=
32-64 pM) than against Gram-positive bacteria (MIC > 65 uM). This is in
agreement with results of the present study as in this study also the
synthetic PPA was found be more active against Gram-negative when
compared to that of Gram-positive bacteria. The MIC of S. aureus is also in
agreement with the results obtained for that of synthetic SSALF (Sharma
etal., 2011).

Generally AMPs are known to exhibit antibacterial properties via their
interaction with the bacterial cytoplasmic membranes and this property
is attributed to the presence of hydrophobic and cationic residues which
are able to bind to negatively charged phospholipids such as
phosphatidylcholine and phosphatidylinositol, highly present in the
bacterial membranes (Hancock and Chapple, 1999). These interactions

are known to cause destabilization of microbial membranes, including
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pore formation, thereby resulting in the death of the target cells (Shai,
2002). This phenomenon has been extensively studied and proven using
artificial membrane models / liposomes as well as in the bacteria and

yeast cells (Lindgren et al., 2000).

According to previous literature, both Gram-positive and Gram-negative
bacteria have their own unique response system to AMPs (Gunn and
Miller, 1996; Moskowitz et al., 2004; Li et al., 2007). The majority of AMPs
act mainly on the membrane of pathogenic bacteria, by increasing their
permeability to ions and other metabolites to potentially lethal levels
through a detergent-like effect or pore formation. Limulus ALF has shown
to bind to LPS layer of bacteria and possess a strong antibacterial activity,
particularly on the growth of Gram-negative bacteria (Aketagawa et al.,
1986; Muta et al,, 1987) and has also been found to be effective in
protecting animals from an LPS challenge and/or Gram-negative bacterial
infection (Warren et al.,, 1992).

The positively charged amino acid, arginine, with its cationic nature, is
believed to provide means for electrostatic interaction with target
membranes and has the ability to form hydrogen bonds with negatively
charged parts of the bacterial membrane such as LPS, teichoic acid, or
phosphatidyl group. Also, when tryptophan is also present, arginine will
interact with tryptophan, thereby allowing an easier penetration into the
lipid bilayer (Chan et al, 2006). The ALF, PPA possesses high
concentration of arginine (125 %) which could be attributed to its
antimicrobial activity. Along with that the presence of 4.2 % tryptophan
adds up to its activity. Chan et al. (2006) have also proposed many
interactions between cationic amino acids and aromatic residues, which

was also present in high concentration in PPA i.e. phenyl alanine (16.7 %),
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which further improves the activity of PPA. The structure of PPA with an
extended [-conformation pointing in opposite directions also helps to
form a cationic amphipathic loop which adds up to its activity. A similar
structural conformation was observed for the SsALF peptide when
analyzed on the AMP database (Sharma et al., 2011). Also, studies have
suggested that the interaction between LPS and the amphipathic loop of
cyclic ALF peptides are of an electrostatic nature whereby the positive
charges of the peptides are assumed to bind to the negatively charged

groups of LPS (phosphates and carboxylates) (Andraa et al., 2004).

The antibacterial properties of PPA could be attributed to their high net
positive charge of +2 and a hydrophobic ratio of 62 %. The cation-m
interactions that are possible between all aromatic amino acids and
arginine/ lysine and combination of electrostatic and hydrophobic
interactions with membrane components, may be the reason behind
PPA’s exquisite ability to select between bacterial-like and eukaryotic-like
membranes. The antibacterial activity of PPA can also be attributed to the
presence of alternating series of positively charged and hydrophobic

residues.

Though the exact mode of action of PPA is not demonstrated in the
present study, it could be speculated that, as for other cationic non-
amphipathic AMPs, the positive charges carried by the peptide are
essential for membrane binding through electrostatic interaction between
residues with anionic phospholipids. The peptide-membrane interaction
could be responsible for membrane aggregation by peptides and further
disruption of the membrane, resulting in the death of the microbes
(Lamaziere et al., 2007).
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There have been reports regarding the effects of specific amino acids and
its relation with the antibacterial activity of synthetic peptides (Guo et al.,
2014). The basic amino acids along with the disulphide loop have been
found essential for the antibacterial activities of the LPS-binding domain.
However, for demonstrating anti-WSSV property, only the lysine residue

is indispensable.

The first attempt to testify the effects of the sequence features of the LPS-
binding domain on its antimicrobial activities was done by Guo et al,,
2014. They have demonstrated anti-WSSV property of shrimp ALF
(FcALF) with modified synthetic peptide. According to Guo et al. (2014),
replacement specific amino acids in the LPS domain with lysine residues
is indispensable for its antiviral property, which doesn’t showed the
antviral activity otherwise. Addition of modifications such as disulfide
loop between 2nd and 23rd cysteine residues, N-terminal acetylation, C-
terminal amidation, replacement of amino acids in the LPS binding
domain has proved to show key roles in its antibacterial and / or other
biological activities (Guo et al., 2014). The synthetic LPS domain peptide
of PmALF has showed protection to Hpt cell cultures from WSSV infection
(Tharntada et al., 2009). In a previous work by Guo et al., 2014, synthetic
LPS of F. chinensis (FCALF) were found to reduce its activity potential
against Gram-positive and Gram-negative bacteria when the disulfide
bond was broken up. Similar results have been reported by Pan et al.
(2007), where linear peptide (PmALF) lost its antibacterial activity for
most tested bacteria as compared to the cyclic peptide. As a result, the
synthetic SpALF peptide, which consisted of 24 amino acid residues in the

predicted LPS binding region exhibited potent antimicrobial activity
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against Gram-positive and Gram-negative bacteria. The result suggested

the antimicrobial activity of SpALF-derived peptide.

Screening for anticancer activity was performed at the National Cancer
Institute (NCI), Maryland, US against 60 human cancer cell lines. Analysis
of the results received from NCI revealed that even at 10 puM
concentration, synthetic ALF, PPA could cause 12 % growth reduction
against a colon cancer cell line, HCT-116 followed by 8.24 % growth
reduction against non-small cell lung cancer cell line, HOP-62; 7.28 %
growth reduction against non-small cell lung cancer cell line, A549; 5.05
% growth reduction against CNS cancer cell line, U251; 5.25 % growth
reduction against ovarian cancer cell line, IGROV1 and 4.95 % growth

reduction against breast cancer cell line, MDA-MB-231.

The outer layer of mammalian cells is mainly composed of the
zwitterionic phospholipids viz. phosphatidyl choline and sphingomyelin
along with cholesterol (Turner and Rouser 1970; Verkleij et al. 1973).
Whereas, the bacterial membranes contain mainly anionic phospholipids
and lack cholesterol (Brock 1974). Also, the outer surfaces of Gram-
negative bacteria contain lipopolysaccharides, while those of Gram-
positive bacteria contain teichoic acid, which in both cases add to the
negative charge of the bacterial surface (Brock 1974). The cationic nature
of the synthetic ALF, PPA clearly contributes to their preferential
recognition by the negatively charged outer surfaces of bacterial
membranes (Oren and Shai 1998; Shai 1999). Since AMPs are generally
cationic and amphipathic in nature it can bind to anionic constituents of
cells and cause membrane permiabilization. Because of these properties
some AMPs are known to cause harmful side effects, such as toxicity to

cells at peptide concentrations demonstrating inhibition of bacterial
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growth (Reddy et al., 2004). Hence a cytotoxicity assay on NCI-H460 cells
was performed employing MTT assay. The assay also two controls viz.
melittin and magainin which are also AMPs possessing broad spectrum of
activity. Melittin is an AMP isolated from honey bee and magainin from
frog. Analysis of the results showed that even at a high concentration of
50 uM PPA was not found to be cytotoxic to NCI-H460 cells. At the same
time, melittin was found to be highly cytotoxic even at very low conc of <
1 uM. Magainin was found tobe less cytotoxic. However exhibited Killing
properties of 20 % of cells > 6 uM range. This result is in agreement with

the cytotoxic effect of synthetic LPS of S. serrata (Sharma et al., 2011).

The cytotoxicity assay of PPA was performed against NCI-H460 cells
employing MTT assay. Analysis of the results proved that the synthetic
ALF, PPA is non-cytotoxic to the tested cells even at higher
concentrations. Even at higher concentrations PPA was not inhibiting the
growth of NCI-H460 cells.

This higher range of activity of the synthetic peptides of previous works
might be because of the peptide modifications they have performed such
as introducing disulfide bond between the 2nd and 23d cysteine residues,
N-terminal acetylation, C-terminal amidation and also the purity of the
synthetic peptide tested in previous cases was ~ 95 %. Comparison of our
linear peptide without modification at 76 % purity with the other
synthetic peptides itself explains the reason for reduced activity of PPA.
Also, cyclization of PPA by introducing the disulphide loop will surely
increase the antibacterial potential of PPA against wide range of bacteria.
It is interesting and quite promising to note that even without any of the

modifications, the 24 amino acid long synthetic PPA showed activity
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against both Gram-positive and Gram-negative bacteria and also

inhibition to growth of cancer cell lines at least to some level.

The synthetic PPA containing putative LPS binding domain revealed
antimicrobial activity against both Gram-positive and Gram-negative
bacteria especially on the growth of S. aureus and V. cholerae, which
suggested that PpALF1 could play an essential role in defence mechanism

in P. pelagicus.

Finally, the tested synthetic peptide is a good starting point to design new
synthetic derivatives with modified physico-chemical properties, so as to
enhance its antimicrobial activity against pathogens or against cancerous
cell lines and thereby improving its pharmaceutical potential (Huang et al.
2010; Brogden and Brogden 2011).The present study also proves the

importance of disulphide bond in the biological activity of ALFs.

In conclusion, PPA characterized in this study, fulfill important
requirements for its use as therapeutic agent to prevent or treat bacterial
infections and cancer to a lesser level. The synthetic PPA exhibiting a
bactericidal activity towards six bacterial species is reported in this study.
With some modifications in the peptide such as introduction of disulphide
bond, N-terminal acetylation, C-terminal amidation, cyclization,
antimicrobial activities and anticancer activity of PPA could be enhanced

for potential applications in aquaculture / medicine.
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Fig. 6.1 The 2-D structure of synthetic ALF, PPA in .mol format sent to NCI for in
silico analysis of possible anticancer activity

I LPS Domain I
60 |

Fig. 6.2 Multiple alignment of amino acid sequences of PpALF1 with other
crustacean ALFs performed to identify the LPS binding region. LPS binding
domain between the conserved cysteine residues has been indicated. Black and
grey indicates conserved sequences.

> AMINO ACID SEQUENCE of full length PpALF1

MKKGVAALLRLLLVMRLLLPPPSCDPHDDPLASSLLEILAGRCHNSSDDLVGP
CCFLRRPPIIRIFLLHHEGFFWCAGWPPFDGSTRTNRTAASSEDATDDLRRAF
LHKLL IPQDDAPRRMNN*

> AMINO ACID SEQUENCE of synthetic peptide, PPA

CCFLRRPPIIRIFLLHHEGFFWCA

Fig.6.3 Amino acid sequence comparison of full length PpALF1 and the synthetic ALF,

PPA. The amino acid sequence (54 to 77) corresponding to the LPS binding domain has
been underlined.
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Fig 6.4 The helical wheel diagram of PPA predicted using HELIQUEST tool. The
structure was constructed to find out the amphipathicity of the synthetic ALF,
PPA. The amino and carboxy terminal ends are mentioned as N and C,
respectively. Residues are numbered consecutively from the N terminus to the C
terminus, with hydrophobic residues shown in yellow.

Fig. 6.5 Structural model of synthetic ALF, PPA created using SWISS-Model
server depicting anti parallel B-sheets
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Fig. 6.6 RP-HPLC chromatogram of synthetic ALF, PPA. The retention time of the

synthetic PPA, 12.86 min, has been marked with an arrow.
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Fig. 6.7 ESI Mass spectrum of synthetic ALF, PPA demonstrating its molecular
weight. Most abundant ion in spectrum is seen at m/z of 744.95 [M+4H]4+

followed by 596.20 [M+5H]5+ and 992.50 [M+3H]3+.
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Fig. 6.8.(a-f) Antibacterial activity of synthetic ALF, PPA measured by liquid
growth inhibition assay at various concentrations against (a) V. cholerae (b) V.
parahaemolyticus (c) P. aeruginosa (d) E. tarda (e) A. hydrophila (f) S. aureus.
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Fig. 6.9 Results of anticancer assay of the synthetic ALF, PPA, performed against
60 human cancer cell lines as provided by NCI, USA. Growth % of tested 60
human cancer cell lines against synthetic ALF, PPA at a concentration of 10 uM.
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Fig. 6.10 Cytotoxicity assay of the synthetic ALF, PPA against NCI-H460 cells at

various tested concentrations

Table 6.1 Physico chemical parameters of the synthetic ALF, PPA used in the

study.

Parameters \ Results

Sequence CCFLRRPPIIRIFLLHHEGFFWCA
Length (No. of amino acids) 24 aa

Net Charge +2

Molecular weight 2.975 kDa

Isoelectric point (pl) 8.74

Hydrophaobicity 62 %

Molecular formulae C142H209N38027S3
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Table 6.2 Percentage of each amino acid present in synthetic ALF, PPA

The percentage of each amino acid:
The Ile ratio = 12 %%
The Val ratio = 0 %
The Leu ratio = 12 %%
The Phe ratio = 16 %
The Cys ratio = 12 %%
The Met ratio = 0 %%
The Ala ratio = 4 %
The Trp ratio = 4 %%
The Gly ratio = 4 %%
The Pro ratio = 8 %
The Thr ratio = 0 %o
The Ser ratio = 0 %
The Tyr ratio =0 %
The Gln ratio = 0 %%
The Asn ratio =0 %o
The Glu ratio = 4 %%
The Asp ratio =0 %o
The His ratio = 8 %o
The Lys ratio = 0 %
The Arg ratio = 12 %

Table 6.3 Antimicrobial activity and MIC of the synthetic ALF, PPA against
Gram-positive and Gram-negative bacteria as inferred from liquid growth
inhibition assay and Priprobit software. MIC is expressed as the lowest
concentration of the peptide that causes 100 % growth inhibition. NA: not active
up to 120 pM.

Microorganisms used MIC (uM)

Gram-positive bacteria

Bacillus cereus NA
Staphylococcus aureus 124.4 yM
Gram-negative bacteria

Edwardsiella tarda 2.09 mM
Pseudomonas aeruginosa 1.04 mM
Aeromonas hydrophila 31.5mM
Vibrio cholerae 147.4 uM
Vibrio parahaemolyticus 237.2 uM
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The emergence of pathogenic bacteria which are resistant to conventional
antibiotics calls for an increased focus on the identification and
characterization of antimicrobial compounds with novel and unique
mechanisms of action. Antimicrobial peptides (AMPs) have clear and
obvious therapeutic potential because of their broad spectrum of activity,
rapid killing property, lesser chances of development of resistance and
being active in animal models. It is generally accepted that these peptides
have the tendency to selectively interact with phospholipid bilayers in
negatively charged bacterial surfaces and membranes. AMPS possess
extremely broad spectrum of activity against Gram-negative and Gram-
positive bacteria, viruses, fungi, and protozoa. AMPs are active even at
low concentrations, i.e. in micromolar concentrations or below and
possess killing effect within minutes in vitro. In the aquatic environment,
marine invertebrates are exposed to millions of potential pathogens,
through contact, ingestion, and inhalation. As invertebrates rely purely on
innate immunity, to combat infectious agents, it is believed that the
immune effectors present in these animals are efficient and rapid

inhibitors of microbial growth. However, marine invertebrates, especially
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marine crustaceans, are still relatively less explored in terms of potential

bioactive molecules.

The present study was aimed at identification and characterization of
antimicrobial peptides (AMPs) present in marine crustaceans.
Recombinant production of a potent AMP in a prokaryotic expression
system, E. coli was also done. The recombinant and synthetic AMPs were
subjected to functional characterization in terms of antibacterial,

anticancer and cytotoxic activities.
Salient findings

v" From crustaceans totally nine AMPs belonging to ALF, crustin and

penaeidin family could be identified and characterized

v ALF genes with complete ORF could be identified from the
haemocytes of the mud crab, Scylla serrata (SsALF1, SSALF2) and
the blue swimmer crab, Portunus pelagicus (PpALF1, PpALF2).

v PpALF1, PpALF2 were the first ALF isoforms to be reported from P.
pelagicus. SSALF1 and SsALF2 were found to be new ALF isoforms

from S. serrata.

v Three crustin genes with complete ORF could be characterized
from the haemocytes of the mud crab, S. serrata (SsCrustinl,

SsCrustin2) and the blue swimmer crab, P. pelagicus (PpCrustinl).

v" PpCrustinl was the first crustin sequence to be reported from P.
pelagicus and SsCrustinl, SsCrustin2 were found to be new crustin

isoforms from S. serrata.
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v" From penaeid shrimps two penaeidin genes with complete ORF
could be characterized from F. indicus (FIPEN) and M. monoceros
(MmPEN).

v" MmPEN was the first penaeidin to be reported from M. monoceros
and FIPEN was found to be a new penaeidin isoform present in F.

indicus.

v' The phylogenetic analysis performed for these AMP families
revealed that the AMPs identified in the present study were
evolutionarily closely related to AMPs of other decapod species.
The molecular phylogenetic tree implied that each AMP family
possesses a same ancestral origin, which has subsequently

diverged at different phases of evolution.

v All the nucleotide sequences and the deduced amino acid
sequences were submitted to GenBank under the following

accession numbers:

v ALF
v' SsALF1 - HQ638024
v SsALF2 - JQ899453
v PpALF1-JQ745295
v' PpALF2 -]Q899452

v" Crustin
v" SsCrustinl- HQ638025
v SsCrustin2 - JQ753312

v PpCrustinl- JQ965930
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v

v" Penaeidin
v" FiPEN - JX657680
v' MmMPEN- KF275674

Heterologous expression of mature peptide region of the anti-
lipopolysaccharide factor, SSALF2 designated as SSA was
performed using pET32a+ expression vector system and E.coli

Rosetta-gami™ B (DE3) pLysS expression host system.

Functional characterization of recombinant ALF, rSSA in terms of

antimicrobial activity and cytotoxicity were analyzed.

Recombinant ALF, SSA was found to possess significant
antibacterial activity against Gram-negative bacteria but not
against the tested Gram-positive bacteria. Recombinant SSA was
found to be active against V. cholerae (MIC=11.5 uM), E. tarda
(MIC= 16.9 uM), P. aeruginosa (MIC= 77.1 uM) and showed no
activity against Gram-positive B. cereus, S. aureus and the Gram-

negative V. parahemolyticus and A. hydrophila
Recombinant SSA was not found to be cytotoxic to NCI-H460 cells

LPS binding domain of PpALF1, designated as PPA, was
synthesized and was subjected to functional characterization in

terms of antimicrobial, anticancer and cytotoxicity.

Synthetic ALF, PPA possessed antibacterial activity against both
Gram-positive and Gram-negative bacteria. Synthetic PPA was
found to be active against S. aureus (MIC=124.4 uM), V. cholerae
(MIC=147.4 uM) and V. parahaemolyticus (MIC=237.2 uM) and

less active against P. aeruginosa (MIC=1.03 mM), E. tarda
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(MIC=2.09 mM), A. hydrophila (MIC=31.5 mM). B. cereus was found
to be resistant to synthetic PPA.

v Synthetic ALF, PPA showed 12 % growth reduction against colon

cancer cell line, HCT-116 at a concentration of 10 puM.
v Synthetic PPA was found to be non cytotoxic to HEp 2 cells.
Conclusion

During the last two decades, much progress has been made in the
understanding of the invertebrate innate immune system, especially
AMPs. Knowledge of AMPs and its functions will be particularly important
for further establishment of disease control in aquaculture systems. The
present study provides new clues towards understanding the
fundamentals of crustacean immunity as well as its biological activity to
some extent. However, they need to be thoroughly investigated in terms
of their functional properties as well as its mechanism of action. Such
knowledge would form a baseline information for the use of these
peptides as prototypes of innovative drugs. Furthermore, it is likely that
new peptide antibiotics could be developed based on the known
structures of these molecules. The challenge in the near future will be to
produce them, at a reasonable cost and develop novel therapeutics with
powerful antimicrobial activity. Modification such as cyclization and / or
amino acid substitution might improve the activity of the synthetic
peptide also. New analogues of this molecule with improved antibacterial
activity and low toxicity could also be designed for applications in

aquaculture/medicine.
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AMPs are evolutional weapons, widely used by animals and plants in their innate immune system to
fend off invading microbes. The present study reports characterization of a new ALF isoform (Sc-ALF;
HQ638024) and the first crustin (Sc-crustin; HQ638025) from the mud crab, Scylla serrata. The full-
length cDNA of Sc-ALF consisted of 477 bp with an ORF of 123 amino acids and a putative signal peptide
of 26 amino acids. Sc-ALF had a predicted molecular weight (MW) of 11.17 kDa and theoretical
isoelectric point (pI) of 9.95. Two highly conserved cysteine residues and putative LPS binding domain
were observed in Sc-ALF. Comparison of amino acid sequences with neighbor-joining tree indicated
that Sc-ALF shared maximum similarity with ALF of S. paramamosain. Peptide model of Sc-ALF created
using SWISS-MODEL server was found to consist of two «-helices crowded against a four-strand
B-sheet. The full-length cDNA of Sc-crustin consisted of 433 base pairs with an ORF of 111 amino acids
and a putative signal peptide of 21 amino acids. Comparison of amino acid sequences with a neighbor-
joining tree revealed that Sc-crustin shared high identity with other known crustins characterized from
S. paramamosain, P. trituberculatus, H. araneus, C. maenas and F. chinensis. A whey-acidic-protein domain
could be detected at the C-terminus with the characteristic four disulfide core. Sc-crustin had a
predicted MW of 10.24 kDa and a pl of 8.76. Peptide model of Sc-crustin created using SWISS-MODEL

server indicated a random coiled structure that is with two possible f-sheets but no helices.

© 2011 Elsevier Ltd All rights reserved.

1. Introduction

The economic role of marine and freshwater crustaceans as a
food source in the export market demands the need to augment
fishery resources through the adoption of intensive culture
practices. This has led to physiological stress on cultured organ-
isms, often increasing the incidence of diseases [1]. Despite the
development of safe and potent antibiotics, bacterial diseases
remain a worldwide health crisis due to the emergence of multi-
ple drug resistant pathogens [2]. The use of antimicrobial pep-
tides (AMPs) as a therapeutic tool has been among the most
promising avenues investigated to date for addressing antibiotic
resistance [3]. AMPs are found in a wide range of prokaryotic and
eukaryotic organisms from plants to human beings [4-7]. In
crabs, several AMPs have been isolated and characterized, viz.
the 6.5 kDa AMP and a cysteine-rich 11.5 kDa AMP (carcinin)
from the shore crab, Carcinus maenas [8,9], callinectin from the

* Corresponding author. Tel.: +91 484 2368120; fax: +91 484 2381120.
E-mail addresses: rose@cusat.ac.in, rosammap®gmail.com (R. Philip).

2211-2839/$ - see front matter © 2011 Elsevier Ltd All rights reserved.
d0i:10.1016/j.rinim.2011.06.001

blue crab, Callinectes sapidus [10], scygonadin, an anionic anti-
microbial peptide from the mud crab, Scylla serrata [11], anti-
lipopolysaccharide factor (ALF) and crustin from the mud crab,
Scylla paramamosain [12,13] and arasin and hyasin from the
spider crab, Hyas araneus [14]. Hemocytes have been proved to
be the site of production and storage of AMPs in invertebrates
such as horseshoe crabs, mussels and decapod crustaceans
[9,15-18].

The brown mud crab, Scylla serrata, is a decapod crustacean of
the brachyuran family, Portunidae. They are tolerant to wide
range of environmental parameters and there has been a huge
interest in the aquaculture of this species due to its high demand/
price, high flesh content and rapid growth rates in captivity. Mud
crabs are a highly delicious seafood commodity and are therefore
an important candidate species for aquaculture. S. serrata is a well
known commercial species in India, Philippines and Vietnam. Like
many other decapod crustaceans [8,19-21], the mud crab also
possesses broad-spectrum antibacterial activity in its hemolymph
that constitutes part of its nonspecific defenses. However, there
are hardly any published works on major AMP families (ALF and
crustins) present in this species. The present study aims at the
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molecular characterization and phylogenetic analysis of two absorbance ratios (Azso:Azs0) greater than 1.8 were used for the
major families of AMPs, viz. anti-lipopolysaccharide factor and present work. First strand cDNA was generated in a 20 pl reaction
crustin from S. serrata. volume containing 5 pig total RNA, 1x RT buffer, 2 mM dNTP, 2 pM
oligo d(T3g), 20 U of RNase inhibitor and 100 U of M-MLV reverse
transcriptase (Ferementas, Inc.). The reaction was conducted at

2. Materials and methods 42 °C for 1 h followed by an inactivation step at 85 °C for 15 min.
PCR amplification of 1 ul of cDNA was performed in a 25 ul reaction
Healthy adults of S. serrata (~300g body weight) were col- volume containing 1x standard Taq buffer (10 mM Tris-HCl, 50 mM

lected from the backwater stream along Vypeen, Kochi, India. KCl, pH 8.3), 3.5 mM MgCly, 200 pM dNTPs, 0.4 uM each primer and
Hemolymph was collected from the base of abdominal appendages 1U Taq DNA polymerase (Fermentas Inc.). PCR primers were
using specially designed capillary tubes (RNase-free) rinsed using designed using GeneTool software based on consensus sequence.
pre-cooled anticoagulant solution (RNase-free 10% sodium citrate, Amplifications were performed using the primers (1) Sc-ALF-F (5'-
pH 7.0). Total RNA was extracted from the hemocytes using TRI ggacagaagaaacattgaggacgacgea-3'), Sc-ALF-R (5'-ggaaatcaaaaacatc-
reagent (Sigma) following manufacture’s protocol. RNA was quan-  cattacaggtca-3') and (2) Sc-Crus-F (5'-gagagcagaattagacactgt-3'),
tified by spectrophotometry at 260 and 280 nm. Only RNAs with Sc-Crus-R (5'-atatagtataacataaccatacttc-3'). The thermal profile used
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server. (C) Multiple alignment of nucleotide sequence of the Sc-ALF (HQG38024) with other ALFs (Scylla paramamosain EF207786, Scylla serrata FI013272, Portunus
trituberculatus GQ165621, Pacifastacus leniusculus EF523760, Marsupenaeus japonicas AB453738, Fenneropenaeus indicus GU727863, Farfantepenaeus paulensis EF601051,
Penaeus monodon EF523559, Homarus americanus EU625517, Litopenaeus vannamei DQ208706, Macrobrachium olfersii EU289220, Litopenaeus stylirostris DQ0O10421)
obtained using GeneDoc programme Version 2.7.0. Black and gray indicate conserved sequences. (D) A bootstrapped neighbor-joining tree obtained using MEGA version
4.0 illustrating relationships between the deduced amino acid sequence of the Sc- ALF (HQ638024) with other ALFs of decapod crustaceans (Scylla paramamosain
EF207786, Scylla serrata F|013272, Portunus trituberculatus GQ165621, Pacifastacus leniusculus EF523760, Fenneropenaeus indicus GU727863, Farfantepenaeus paulensis
EF601051, Penaeus monodon EF523559, Homarus americanus EU625517, Litepenaeus vannamei DQ208706, Macrobrachium olfersii EU289220, Farfantepenaeus paulensis
EF601052. Eriocheir sinensis (GU014699) was used as an outgroup. Values at the node indicate the percentage of times that the particular node occurred in 1000 trees
generated by bootstrapping the original deduced protein sequences.
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Table 1

Result of BLAST analysis of Sc-ALF (HQ638024).
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GenBank Des Query coverage E-value Max identity
no. (%) (%)
EF207786 Scylla p charide factor mRNA, complete cds 100 2e—65 100
Fj013272 Scylla serrata anti- prupnlysacchande factor precursor, mRNA, complete cds 100 4e—61 93
GQ165621 Portunus trituberculatus anti-lipopolysaccharide factor isoform 3 (ALF) mRNA, 98 6e—50 76
complete cds, alternatively spliced
EF523760 Pacifastacus leniusculus anti-lipopolysaccharide factor mRNA, complete cds 85 le—24 52
GU727863 I indicus anti-lipop charide factor (ALF) mRNA, complete cds a8 6e—23 41
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Fig. 2. (A) Nucleotide and amino acid sequences of Sc-crustin from the haemocyte of the mud crab, Scylia serrata (HQ638025). The underlined amino acid residues indicate
a putative signal sequence. Cysteine residues that participate in the formation of intramolecular disulphide bonds are highlighted in gray and the WAP domain is double
underlined. An asterisk is the stop codon. (B) Structural model of Sc-crustin (HQ638025) of Scylla serrata created using SWISS-MODEL server. (C) Multiple alignment of
nucleotide sequence of the Sc-crustin (HQ638025) with other crustins (Scylla paramamosain EU161287, Portunus trituberculatus F[612106, Hyas araneus EU921642, Hyas
araneus EU921641, Carcinus maenas AJ821889) obtained using GeneDoc programme Version 2.7.0. Black and gray indicate conserved sequences. (D) A bootstrapped
neighbor-joining tree obtained using MEGA version 4.0 illustrating relationships between the deduced amino acid sequence of the Sc-crustin (HQE38025) with other
crustins of decapod crustaceans (Scylla paramamosain EU161287, Portunus trituberculatus F]612106, Hyas araneus EU921642, Hyas araneus EU921641, Carcinus maenas
AJB21889, Carcinus maenas AJ237947, Pmmmbums clarkia GQ301202, Pacifastacus leniusculus EF523613, Marsupenaeus japonicus AB121744, Litopenaeus setiferus AF430079,
Penaeus don F|380049, Far P iliensis EF601055, Far subtilis EF450744, Fenneropenaeus chinensis F]853147, Litopenaeus vannamei AY488497,
Farfantepenaeus paulensis EF182747, Litepenaeus setiferus AF430078, Fenneropenaeus indicus GQ469987, Litopenaeus schmitti EF182748, Homarus americanus EF193003,
Homarus gammarus A]786653, Panulirus argus AY340636). Macrobrachium rosenbergii (EF364561) was used as an outgroup. Values at the node indicate the percentage of
times that the particular node occurred in 1000 trees generated by bootstrapping the original deduced protein sequences.
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Table 2
Result of BLAST analysis of Sc-crustin (HQ638025).

GenBank accession no. Description Query coverage (%) E-value Max identity (%)
EU161287 Seylla paramamosain crustin antimicrobial peptide mRNA, complete cds 100 3e—44 81
FI612106 Portunus trituberculatus crustin antimicrobial peptide mRNA, complete cds 100 le—-30 62
EU921642 Hyas araneus crustin Ha2 mRNA, partial cds 73 3e-29 73
AJ821889 Carcinus maenas mRNA for carcinin-like protein, isolate IV 99 2e-27 56
FJ853148 Fenneropenaeus chinensis crustin 3 mRNA, complete cds 67 2e—-08 39

was 94 “C for 2 min followed by 35 cycles of 94 “C for 15 s, 60 “C for
30 s and 68 °C for 30 s and a final extension at 68 °C for 10 min. PCR
products were analyzed by electrophoresis in 1.5% agarose gels in
TBE buffer, stained with ethidium bromide and visualized under UV
light. Purified PCR products were sequenced at Scigenom, India.

The sequence homology and the deduced amino acid sequence
comparisons were carried out using BLAST algorithm (tblastn) at the
National Center for Biotechnology Information (NCBI) (http://www.
ncbinlm.nih.gov/blast). Gene translation and prediction of deduced
protein were performed with ExPASy (http://www.au.expasy.org/).
The signal peptide was predicted by SignalP program (http://www.
au.expasy.org/). The multiple sequence alignments were performed
with amino acid sequences of known crustins and ALFs from
decapod crustaceans using CLUSTALW and GENDOC. Amino acid
sequences of all known crustins and ALFs were retrieved from
the NCBI GenBank and phylogenetic tree was constructed by the
Neighbor-Joining (NJ) method and the Maximum Likelihood (ML)
method using MEGA version 4.0 [22]. The structural models of the
AMPs were created using SWISS-MODEL server. The nucleotide
sequences and deduced amino acid sequences of the antimicrobial
peptides were submitted to GenBank.

3. Results and discussion

In the present study two AMPs belonging to ALF and crustin
families were characterized from the hemocytes of S. serrata,
herein after referred to as Sc-ALF and Sc-crustin, respectively. The
ORF of Sc-ALF consisted of 123 amino acids (Fig. 1A). BLAST
analysis of the nucleotide sequences revealed the relation of
Sc-ALF to other ALFs present in other decapod crustaceans. Sc-
ALF was found to be 93% similar to an ALF isoform characterized
from S. serrata. However, a 100% similar ALF molecule was found
to be present in S. paramamosain [12]. Sc-ALF also shared
similarity to ALFs of Portunus trituberculatus (76%), Pacifastacus
leniusculus (52%) and Fenneropenaeus indicus (41%) (Table 1).
Analysis with the SignalP software revealed the presence of a
signal peptide with 26 amino acids at the N-terminal region of the
Sc-ALF (Fig. 1A). The mature peptide consisted of 97 amino acid
residues with a predicted molecular weight (MW) of 11.17 kDa.
The Sc-ALF was highly cationic and the isoelectric point (pI) was
estimated to be 9.95 as predicted by the PROTPARAM software.
The sequence was deposited in the NCBI GenBank under acces-
sion number HQ638024. Sequence comparison of Sc-ALF amino
acid revealed conserved amino acid residues in the region of LPS
binding domain (Fig. 1A). The deduced amino acid sequence of Sc-
ALF showed a 24 amino acid domain from residue 54 through 77,
which was necessary for LPS binding and neutralization [12]. The
Sc-ALF molecule also showed the conservation of two cysteine
residues at positions Cys®> and Cys’®, important for one disulfide
bond (loop) formation in the peptide (Fig. 1A). The deduced
amino acid sequence of Sc-ALF was found to be rich in positively
charged amino acid residues, arginine (10.3%) and lysine (7.2%)
forming a cluster within the disulfide loop regarded as the
functional domain of ALF as described by Imjongjirak et al. [12].
Peptide model of Sc-ALF created using SWISS-MODEL server

consisted of two a-helices crowded against a four-strand p-sheet,
Two of the 3-strands are in turn linked by a disulfide bond to form
an amphipathic loop rich in cationic amino acid side chains
(Fig. 1B). Multiple alignment performed for Sc-ALF with other
ALFs revealed the presence of conserved regions within the
sequence (Fig. 1C). The phylogenetic relationship between Sc-ALF
and other ALFs of decapod crustaceans was analyzed using the
Neighbor-Joining (N]) method (Fig. 1D). Molecular phylogenetic tree
based on amino acid sequences suggests that all the ALF members
possess the same ancestral origin, which has subsequently diverged
at different phases of evolution. The tree could be broadly divided
into two major groups, Group [ included ALFs from shrimps and
lobsters and Group 1l consisted of ALFs from crabs and crayfishes.
The bootstrap distance tree calculated for the Sc-ALF clearly indi-
cated that the Sc-ALF possessed great similarity to ALFs of other
crabs (Fig. 1D).

The full-length ¢cDNA of Sc-crustin was 433 bp in length,
encoding 144 amino acids (Fig. 2A). The Sc-crustin cDNA encoded
a polypeptide of 111 amino acids in the ORF with a putative signal
peptide of 21 amino acid residues and a mature protein of
90 amino acids (Fig. 2A). The calculated molecular mass of the
mature protein was 10.24 kDa. The isoelectric point (pI) was
estimated to be 8.76 as predicted by the PROTPARAM software.
The full-length sequence was deposited in the NCBI GenBank
under accession number HQ638025. Sequence comparison using
BLAST algorithm showed that the deduced amino acid sequence
of Sc-crustin possessed an overall similarity of 81%, 62%, 73%, 56%
and 39% to the crustins of S. paramamosain, P. trituberculatus,
H. araneus, C. maenas and F. chinensis, respectively (Table 2). The
deduced amino acid sequence of Sc-crustin was found to be rich
in amino acid residues cysteine (13.3%) and proline (11.1%). A
WAP domain could be detected in the C-terminus of Sc-crustin. As
described by Imjongjirak et al. [13] a conserved eight-cysteine
residue region responsible for the formation of 4 disulfide core
(4-DSC) could also be detected in the C5-C12 position (Fig. 2A).
The 12 cysteines in Sc-crustin (Fig. 2A) are considered to be
important for maintaining the tertiary structure of the peptide
just as that reported in the case of shrimp crustins [23,24].
Peptide model of Sc-crustin created using SWISS-MODEL server
indicated a random coiled structure, that is, with two possible
B-sheets but no helices (Fig. 2B). Multiple alignment performed
for Sc-crustin with other crustins of decapods revealed the
presence of conserved regions within the sequence (Fig. 2C).

In the present study, the BLAST homology search for the AMPs
(Sc-ALF and Sc-crustin) from the brown mud crab, S. serrata
showed maximum similarity to those from the green mud crab,
S. paramamosain, a commercially important species in Queensland,
Australia. The brown mud crab is a well known commercial species
in India, Philippines and Vietnam. The brown mud crab differs from
the green mud crab in having one less spine on the wrist and behind
the fingers of the male. It also lacks the overall pale green mottling
on the legs/rear paddles and is comparatively small in size. The
study emphasizes the similarity in the defense peptides of these
taxonomically related species.

This report presents the characterization and phylogenetic
analysis of a new ALF isoform (Sc-ALF) and the first crustin
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sequence (Sc-crustin) from S. serrata. Sc-ALF gave 93% similarity
to an ALF isoform from S. serrata. Sc-crustin is the first report of a
crustin sequence from S. serrata, Discovery of novel AMPs and its
antimicrobial spectrum might pave way to unravel the obscurity
of crustacean immunity. Further research on the expression
profile of these molecules in response to various environmental
conditions and microbial infection would reveal their role in the
protection of the animals from the onslaught of diseases.
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Anti-lipopolysaccharide factors are small proteins that bind and neutralize lipopolysaccharide and exhibit
potent antimicrobial activities. This study presents the molecular characterization and phylogenetic analysis
of the first ALF isoform (Pp-ALF1; JQ745295) identified from the hemocytes of Portunus pelagicus. The full
length ¢cDNA of Pp-ALF1 consisted of 880 base pairs encoding 293 amino acids with an ORF of 123 amino
acids and contains a putative signal peptide of 24 amino acids. Pp-ALF1 possessed a predicted molecular

:mﬁgﬁbml peptide weight (MW) of 13.86 kDa and theoretical isoelectric point (pl) of 8.49. Two highly conserved cysteine res-
Portunus pelagicus idues and putative LPS binding domain were observed in Pp-ALF1. Peptide model of Pp-ALF1 consisted of

two w-helices crowded against a four-strand (3-sheet. Comparison of amino acid sequences and neighbor
joining tree showed that Pp-ALF1 has a maximum similarity (46%) to ALF present in Portunus trituberculatus
followed by 39% similarity to ALF of Eriocheir sinensis and 38% similarity to ALFs of Scylla paramamosain and
Seylia serrata. Pp-ALF1 is found to be a new isoform of ALF family and its characteristic similarity with other

Anti-lipopolysaccharide factor
Crustacean immunity

known ALFs signifies its role in protection against invading pathogens.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Fifteen divergent families of AMPs or single peptides sharing com-
mon molecular features with the known AMP families displaying anti-
microbial activities against a number of specific microorganisms have
been identified and characterized in a number of decapod crustaceans
(Rosa and Barracco, 2010). Anti-lipopolysaccharide factors (anti-LPS
factors or ALFs) are the potent antimicrobial peptides that can bind
and neutralize lipopolysaccharides (LPS) forming a key effector mole-
cule of the innate immune system in crustaceans. ALFs contain a signal
peptide and a conserved LPS-binding domain consisting of a conserved
cluster of positively charged residues within the disulfide loop (Hoess et
al,, 1993; Muta et al, 1987; Somboonwiwat et al., 2008; Yang et al.,
2009). These peptides are part of a very well-characterized family of
crustacean AMPs with different subgroups and variants that are either
encoded by distinct genes or generated by alternative mRNA splicing
(Tharntada et al., 2008). The high diversity of the variants (subgroups
and isoforms) found in most crustacean AMP classes can presumably
confer a broad spectrum of activity to a single AMP family. Limulus
ALF has proved to possess strong antibacterial activity, especially on
the growth of G-negative R type bacteria (Wang et al., 2002). Crusta-
cean ALFs are also multifunctional proteins exhibiting a potent

* Corresponding author. Tel.: +-91 4842368120; fax: +91 4842381120.
E-mail addresses: rosammap@gmail.com, rose@cusat.ac.in (R. Philip).

0044-8486/% - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.aquaculture.2012.05.028

(MIC<6.25 uM) and broad spectrum antimicrobial activity against a
large number of both Gram-positive and Gram-negative bacteria, in-
cluding several opportunistic/pathogenic Vibrio species, fungi and
human enveloped virus (Carriel-Gomes et al., 2007; Somboonwiwat
et al., 2005; Yedery and Reddy, 2009). ALF has been reported to have
a specific role in reducing white spot syndrome viral replication in
crayfishes and shrimps (Antony et al., 2011; Liu et al., 2006). Although
more than 200 penaeidin and crustin relative sequences have been reg-
istered in the GenBank to date, information on ALFs of crustaceans is
comparatively less. ALFs were first purified from the hemolymph cells
(amoebocytes) of two marine chelicerate arthropods, the horseshoe
crabs, Limulus polyphemus and Tachypleus tridentatus (Tanaka et al,,
1982). In crustaceans, homologues to horseshoe crab ALFs were first
identified from the hemocytes of the penaeid shrimp species
Litopenaeus setiferus (Gross et al, 2001) and Penaeus monodon
(Supungul et al, 2002) using an EST approach. To date, the genes
encoding ALFs have been identified only in decapod crustaceans, pen-
aeid shrimps (Ponprateep et al,, 2012; Tassanakajon et al., 2010), fresh-
water prawns (Lu et al, 2009; Ren et al, 2012; Rosa et al,, 2008),
crayfish (Liu et al., 2012), lobster (Beale et al., 2008) and crabs (Afsal
et al,, 2011; Imjongjirak et al, 2007; Li et al., 2008; Liu et al., 2012;
Yedery and Reddy, 2009; Yue et al., 2010). However, there is hardly
any published work on major AMP families present in the blue swim-
mer crab, Portunus pelagicus. This species is a large Portunid crab
found in shallow waters between 10 and 50 m depth, including
areas near reefs, mangroves, sea grass and algal beds. P. pelagicus is
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similar to Portunus trituberculatus in its general appearance but,
easily distinguished because it has four frontal teeth (three in case of
P. trituberculatus) and possesses three spines in the merus of chelipeds
(four in case of P. trituberculatus). Portunus sanguinolentus is easily dis-
tinguished by their three prominent maroon to red spots on posterior
1/3 of carapace. P. pelagicus is a highly prized commercially important
crab and their characteristic features such as fast growth, ease of
larviculture, high fecundity and relatively high tolerance to both nitrate
and ammonia make this species ideal for aquaculture.

Studies on characterization and structure elucidation of ALFs in
P. pelagicus may be useful in understanding the immune defense
mechanisms in crabs giving new insights into disease control in
crab aquaculture. This paper presents the molecular characterization
and phylogenetic analysis of a new isoform of ALF identified from
P. pelagicus and this could be the first report of an antimicrobial pep-
tide from the species.

2. Materials and methods

Healthy adults of P. pelagicus (~250 g body weight) were collected
from the backwater stream along Vypeen, Kochi, India. Hemolymph
was collected from the base of abdominal appendages using specially
designed capillary tubes (RNase-free) rinsed using pre-cooled antico-
agulant solution (RNase free 10% sodium citrate, pH 7.0). Total RNA
was extracted from the hemocytes using TRI Reagent (Sigma) follow-
ing the manufacturer's protocol. RNA was quantified by spectropho-
tometry at 260 and 280 nm. First strand cDNA was generated in a
20 Wl reaction volume containing 5 ug total RNA, 1x RT buffer, 2 mM
dNTP, 2 M oligo d(Tz), 20 U of RNase inhibitor and 100 U of
M-MLYV reverse transcriptase (Fermentas, Inc.). The reaction was con-
ducted at 42 °C for 1 h followed by an inactivation step at 85 °C for
15 min. PCR amplification of 1 pl of cDNA was performed in a 25 pl re-
action volume containing 1x standard Taq buffer (10 mM Tris-HC,
50 mM KCI, pH 8.3), 3.5 mM MgCl,, 200 uM dNTPs, 0.4 uM each prim-
er and 1 U Taq DNA polymerase (Fermentas Inc.). PCR primers were
designed using GeneTool software based on consensus sequences of
already reported ALFs of decapods. Amplifications were performed
using the primers Pp-ALF1-F (5'-agggagtgggtgatgagcta-3') and Pp-
ALF1-R (5'-tacggctattacgatccaaca-3'). The thermal profile used was
94 °C for 2 min followed by 35 cycles of 94 °C for 15 s, 60 °C for 30 s
and 68 °C for 30 s and a final extension at 68 °C for 10 min. PCR prod-
ucts were analyzed by electrophoresis in 1.5% agarose gels in TBE
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Fig. 1. Nucleotide and amino acid sequences of Pp-ALF1 from the hemocyte of the blue
swimmer crab, Portunus pelagicus (JQ745295). The underlined amino acid residues in-
dicate a putative signal sequence. LPS binding domain characteristic of the ALF family is
double underlined and the two conserved cysteine residues important for one disulfide
bond (loop) formation is highlighted in gray. An asterisk is the stop cedon.

Table 1
Result of BLASTp analysis of Pp-ALF1 (JQ745295).

Accession  Description of the AMP Query E Max
no. coverage value identity
ADU25043  Anti-lipopolysaccharide factor isoform  88% 3e 46%
2 [Portunus trituberculatus] =23
ADU25072  Anti-lipopolysaccharide factor 77% le 46%
[Portunus trituberculatus| —20
ADZ46233  Anti-lipopolysaccharide factor 85% Te 39%
3 |Eriocheir sinensis] -16
ABP96981  Anti-lipopolysaccharide factor 94% 5e 38%
[Seylia paramamosain] —18
ADWI11095 Anti-lipopolysaccharide factor 92% 8e 38%
[Seylla serrata) —~18

buffer, stained with SYBR® Safe and visualized under UV light. Puri-
fied PCR products were sequenced at SciGenom, India.

The sequence homology and the deduced amino acid sequence
comparisons were carried out using BLAST algorithm (BLASTn and
BLASTp) at the National Center for Biotechnology Information
(NCBI) (http://www.ncbi.nlm.nih.gov/blast). Gene translation and
prediction of deduced protein were performed with ExPASy (http://
www.au.expasy.org/). The signal peptide was predicted by SignalP
program (http://www.au.expasy.org/). The multiple sequence align-
ments were performed with amino acid sequences of known ALFs
from decapod crustaceans using CLUSTALW and GENDOC. Amino
acid sequences of all known ALFs were retrieved from the NCBI
GenBank and phylogenetic tree was constructed by the Neighbor-
Joining (NJ) method using MEGA version 4.0 (Tamura et al., 2007).
The structural models of the AMPs were created using SWISS-
MODEL server. The nucleotide and deduced amino acid sequences of
the antimicrobial peptide were submitted to NCBI GenBank.

3. Results and discussion

In the present study, an AMP belonging to ALF family was identi-
fied and characterized from the hemocytes of P. pelagicus, herein
after referred to as Pp-ALF1. An 880 bp fragment cDNA encoding an
ORF of 123 amino acids was obtained from the mRNA of P. pelagicus
hemocyte by RT-PCR (Fig. 1). BLAST analysis of the nucleotide se-
quences revealed the relation of Pp-ALF1 to other ALFs present in
decapod crustaceans. Pp-ALF1 showed only 46% similarity to ALF
isoforms present in P. trituberculatus followed by 39% similarity to
ALF of Eriocheir sinensis and 38% similarity to ALFs of Scylla para-
mamosain and Scylla serrata (Table 1). Analysis with the SignalP soft-
ware revealed the presence of a signal peptide with 24 amino acid
residues at the N-terminal region of the Pp-ALF1 (Fig. 1). The mature
peptide consisted of 123 amino acid residues with a predicted

Fig. 2. Structural model of Pp-ALF1 (JQ745295) of Portunus pelagicus created using
SWISS-MODEL server,
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Fig. 4. A bootstrapped neighbor-joining tree obtained using MEGA version 4.0 illustrating relationships between the deduced amino acid sequences of the Pp-ALF1 (]Q745295) with
other ALFs of decapod crustaceans. Values at the node indicate the percentage of times that the particular node occurred in 1000 trees generated by bootstrapping the original de-
duced protein sequences.
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molecular weight (MW) of 13.86 kDa. The Pp-ALF1 was highly cation-
ic and the isoelectric point (pI) was estimated to be 8.49 as predicted
by the PROTPARAM software. The sequence was deposited in the
NCBI GenBank under accession number JQ745295.

Sequence comparison of Pp-ALF1 peptide revealed that it pos-
sessed a signal peptide and conserved amino acid residues in the re-
gion of LPS binding domain (Fig. 1). The deduced amino acid
sequence of Pp-ALF1 showed a 24 amino acid domain from residue
54 through 77 that was necessary for LPS binding and neutralization
(Imjongjirak et al., 2007). The Pp-ALF1 molecule also showed the con-
servation of two cysteine residues at positions Cys®> and Cys’5, im-
portant for one disulfide bond (loop) formation in the peptide
(Fig. 1). The deduced amino acid sequence of Pp-ALF1 was found to
be rich in positively charged amino acid residues, arginine (10.6%)
forming a cluster within the disulfide loop regarded as the functional
domain of ALF as described by Imjongjirak et al. (2007). Peptide
model of Pp-ALF1 created using SWISS-MODEL server consisted of
two «-helices crowded against a four-strand [3-sheet. Two of the [3-
strands are in turn linked by a disulfide bond to form an amphipathic
loop rich in cationic amino acid side chains (Fig. 2). Multiple align-
ment performed for Pp-ALF1 with other ALFs revealed the presence
of conserved regions within the sequence (Fig. 3).

The phylogenetic relationship between Pp-ALF1 and other ALFs of
decapod crustaceans was analyzed using neighbor-joining (NJ) meth-
od (Fig. 4). The phylogenetic tree clearly showed that the ALF se-
quences clustered according to species. The crab and shrimp ALFs
were found to cluster separately. The tree could be broadly divided
into three major groups. Group | consisted of ALFs from shrimps;
whereas Group Il consisted of ALFs from all crustaceans including
shrimps, crabs, crayfishes and lobsters. Group 11l was found to consist
of ALFs found in crabs alone and Pp-ALF1 belonged to this group
(Group III). The analysis showed that Pp-ALF1 is more closely related
to crab ALFs rather than to the shrimp, crayfish and lobster ALFs. Also,
within the crab cluster, ALFs of Scylla sp. grouped together and were
found to be different from that of the Portunus and Eriocher sp. Also,
Pp-ALF1 was found to be different from the other ALF isoforms of P.
trituberculatus. The bootstrap distance tree calculated clearly indicat-
ed Pp-ALF1 to be a new isoform of the ALF family. The detection of
ALF in the blue swimmer crab indicated Pp-ALF1 to be an immune ef-
fector molecule that may play an essential role in defense mechanism
of these crabs. Also, molecular phylogenetic tree based on amino acid
sequence suggests that all the ALF members are of the same ancestral
origin, which has subsequently diverged at different phases of evolu-
tion (Fig. 4).

To conclude, this report presents the characterization and phylo-
genetic analysis of the first ALF isoform (Pp-ALF1) from the commer-
cially important P. pelagicus. Discovery of novel AMPs and its
antimicrobial spectrum might pave way to unravel the obscurity of
crustacean immunity. Further research on the expression profile of
these molecules in response to various environmental conditions
and microbial infection would reveal their role in the protection of
the animals from the onslaught of diseases.
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