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1.1  Introduction 

The marine ecosystem represents the greatest biodiversity as oceans 

comprise more than two-thirds of the earth’s surface. In order to survive 

in a microbe laden environment, most aquatic animals ought to depend on 

a network of host defence mechanisms. The initial contact of fastidious 

microorganisms with the host usually occurs at inner or outer body 

surfaces; hence they are the primary site for an immune reaction to occur. 

Thus, innate immune responses refer to the first line of host defence 

which acts within a few hours after microbial exposure. Antimicrobial 

Peptides (AMPs) are one of the key elements directly implicated in the 

innate immune response of their hosts. In lower eukaryotes, mostly 

invertebrates, AMPs constitute the main component of their biochemical 
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defence, while these peptides ensure the first line of defence in vertebrates 

complementing the adaptive immune system (Hancock and Scott, 2000; 

Wiesner and Vilcinskas, 2010). AMPs are plethoric and represent a 

hyphen between innate and adaptive immunity (Iwanaga and Lee, 2005; 

Lawniczak et al., 2007).  

AMPs are low molecular weight, biologically active peptides 

produced by wide variety of organisms ranging from microorganisms to 

superior mammals. AMPs are generally oligopeptides, comprising of 

approximately less than 50 amino acids. Most of them are cationic and 

amphipathic, though some AMPs consist of anionic peptides (Brogden             

et al., 2003). The fundamental role of AMPs is host defence by exerting 

its cytotoxic effect on the invading pathogenic microorganisms, though 

they also serve as immune modulators in higher organisms. Consequently, 

they have been termed as ‘natural antibiotics’, because they are active 

against a large spectrum of microorganisms, including bacteria, viruses 

and filamentous fungi, in addition to protozoan and metazoan parasites 

(Liu et al., 2000; Vizioli and Salzet, 2002). The smaller size of AMPs 

facilitate the rapid diffusion and secretion of peptide outside the cells, 

which is required for eliciting immediate defence response against 

pathogenic microbes (Nissen-Meyer and Nes, 1997). With the rise of 

antibiotic resistance, the search for alternative antibiotic chemotherapeutics 

has emerged as a priority to enable the treatment of imminent antibiotic 

resistance strains. As a result, the ability of these natural compounds                  

to interact with microorganisms has raised interest for promising 

pharmacological and therapeutic applications (Falanga et al., 2016). 

Compared to antibiotics, these peptides kill bacteria rapidly, have broader 
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spectrum of activity and furthermore, they are not affected by resistance 

mechanisms since their mode of action is presumed to be substantially 

different from existing antibiotics. 

1.2  Classification of AMPs 

The diversity of antimicrobial peptides discovered is so vast that it 

is difficult to categorize them on the basis of origin, size, amino acid 

sequence, biological action etc., but can be broadly classified based on 

their secondary structure (Epand and Vogel, 1999; van't  Hof et al., 2001). 

The principal structural characteristic of AMP is their ability to adopt a 

shape in which clusters of amphipathic and cationic amino acids are 

spatially arranged in discrete parts of the molecule. AMPs are grouped 

into four classes according to their secondary structure as proposed by 

van't Hof et al. (2001) (Fig. 1.1).  

1.2.1 AMPs with an α-helical structure  

One of the largest and most studied classes of antimicrobial 

peptides are those forming cationic amphipathic helices. These peptides 

adopt a disorganised structure in aqueous solution while assume an                  

α-helical conformation upon interaction with hydrophobic solvents or 

lipid surfaces. Often, α-helical peptides are found to be amphipathic and 

possess a tertiary structure with a kink or a hinge in the middle (Gennaro 

and Zanetti, 2000; Tossi et al., 2000). 

They can either absorb onto the membrane surface or insert into the 

membrane as a cluster of helical bundles. Majority of the cytotoxic 

amphipathic helical peptides are cationic and exhibit selective toxicity for 
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microbes. One of the best studied cationic, antimicrobial, amphipathic 

helical peptide is a 23 amino acid peptide, magainin, obtained from the 

skin of the African clawed frog, Xenopus laevis (Zasloff, 1987). 

Hydrophobic or slightly anionic α-helical peptides also exist. Typical 

example of a hydrophobic and negatively charged cytotoxic peptide is 

alamethicin, produced by the fungus, Trichoderma viride (Duclohier and 

Wroblewski, 2001; Kikukawa and Araiso, 2002).  

1.2.2 AMPs with β sheet structure 

In contrast to the linear α-helical peptides, β-sheet peptides are 

peptides conformationally constrained by one or more disulfide bonds. 

This group of peptides largely exist in the β -sheet conformation in 

aqueous solution that may be further stabilized upon interactions with 

lipid surfaces. Different mechanisms involving either the perturbation of 

lipid bilayers or the formation of discrete channels have been suggested 

for these peptides based on high resolution crystallography (Hill et al., 

1991) and 2D-NMR studies (Zhang et al., 1992). Critical parameters 

associated with the antimicrobial action of these groups of peptides 

appear to be the maintenance of a certain hydrophilic-hydrophobic 

balance, cyclic structure and number of disulfide bridges (Matsuzaki et al., 

1997b; Tamamura et al., 1998; Rao, 1999).  Defensins represent the most 

characterized β-sheet-forming antimicrobial peptide (Hancock, 2001), 

while tachyplesins (Matsuzaki, 1999), protegrins (Harwig et al., 1995), 

and lactoferricin (Jones et al., 1994) constitute other noteworthy members 

of this group.  

 



General Introduction 

Antimicrobial Peptides from Marine Fishes: Molecular Characterization and Evaluation of Bioactive Potential 5 

1.2.3 AMPs with a looped structure  

In particular, proline-arginine-rich peptides cannot form stable 

amphipathic structures due to the incompatibility of high concentration of 

proline residues. Hence, such structures have been proposed to adopt a 

polyproline helical type-II structure (Boman et al., 1993; Cabiaux et al., 

1994). Nisin, one of the lantibiotics, contain small ring structures 

enclosed by a thioether bond (Montville and Chen, 1998). Upon binding 

to lipid membranes the cyclic peptides can stack to form hollow, β-sheet-

like tubular structures increasing membrane permeability. Owing to their 

very short size, easy to synthesize and stable nature, this class of peptides 

holds considerable potential in fighting existing and emerging infectious 

diseases. 

1.2.4 AMPs with an extended structure 

This group of peptides have an unusual amino acid composition and 

are often characterized by an overexpression of one or more specific 

amino acid. For example, the histatin peptide which is produced in the 

saliva, is highly rich in histidine residues (Brewer et al., 1998; Tsai and 

Bobek, 1998; Helmerhorst et al., 1999). The cathelicidin family of 

antimicrobial peptides produced by porcine neutrophils are very rich                

in proline and arginine or proline and phenylalanine and are termed 

PR-39 and prophenin, respectively (Zhao et al., 1995; Linde et al., 2001). 

Tryptophan rich peptides, tritrpticin (Lawyer et al., 1996) and indolicidin 

(Selsted et al., 1992) are generally noteworthy since tryptophan is not an 

abundant amino acid residue in peptides and their presence is important 

with regard to the partitioning of peptides into membranes because of its 
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propensity to position itself near the membrane/water interface (Persson              

et al., 1998; Yau et al., 1998).  

 

 
Fig. 1.1 Molecular models of different structural classes of antimicrobial 

peptides. (A) β-sheeted peptide, (B) α-helical peptide, (C) looped structure 

peptide and (D) extended peptide (Adopted from Hancock, 2001).   

 

1.3  Physicochemical parameters of AMP 

Several structural factors affect the efficiency and activity of AMPs 

and many levels of interactions exist between these factors. Even a single 

change in primary sequence can affect many other physicochemical 

parameters which are often vital for the activity of an antimicrobial peptide 

and the range of target cells (Giangaspero et al., 2001; Dennison et al., 2010; 

Gomes et al., 2018).  

1.3.1 Charge (Q) 

Most of the cytotoxic peptides are positively charged due to the 

presence of lysine and arginine residues (and to a lesser extent, histidine) 
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in their sequences. The overall charge of an AMP is the sum of all 

charges of ionizable groups present in the peptide. Typically, the net 

charge of these molecules ranges from +2 to +9. The net charge of an 

AMP facilitates the binding of antimicrobial peptides to negatively 

charged membranes which could vary with pH as a result of the 

ionization state of various residues. However, when the positive charge 

becomes too high, the membrane activity of the peptides may decrease 

because the strong electrostatic interactions anchor the peptide to the lipid 

head group region (Dathe and Wieprecht, 1999). Moreover, the ability of 

amphipathic peptides to penetrate or disrupt the membrane is dependent 

on the charge and the size of the lipid head group (Wieprecht et al., 1997; 

Vogt and Bechinger, 1999; Lee et al., 2006). 

1.3.2 Length 

The length of an AMP is particularly vital for its activity since at 

least 7–8 amino acids are required to form amphipathic structures with 

hydrophobic and hydrophilic faces on opposite sides of a peptide 

molecule. For example, the size for an AMP to penetrate the lipid bilayer 

of bacteria in the barrel-stave model should be at least 22 amino acids for 

α-helical AMPs, while eight amino acids are needed for β-sheet AMPs 

(Westerhoff et al., 1989). 

1.3.3 Amphipathicity (A) and hydrophobic Moment (MH) 

Amphipathicity is a measure for the relative abundance of hydrophilic 

and hydrophobic residues within the AMP. They are generally determined 

by calculating the hydrophobic moment which is the vector sum of the 

hydrophobicities of individual amino acid perpendicular to the axis of the 
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helix. Amphipathicity of AMP is essential for a strong partition into the 

membrane interface and is normally achieved via, a multitude of protein 

conformations, the simplest one being the amphipathic helix. It was 

further revealed that amphipathicity of the peptide was more decisive than 

its hydrophobicity for binding to microbial membranes (Mihajlovic and 

Lazaridis, 2012). 

1.3.4  Hydrophobicity (H) 

 Hydrophobicity of an AMP is usually defined as the percentage of 

hydrophobic residues within a peptide (Eisenberg et al., 1984) and is 

typically 50 % for most AMPs. It governs the extent to which a peptide 

can partition into lipid bilayer. However, an increased level of 

hydrophobicity is strongly correlated with mammalian cell toxicity and 

loss of antimicrobial specificity (Javadpour et al., 1996; Skerlavaj et al., 

1996). The decrease in antimicrobial activity when the hydrophobicity is 

increased could be attributed to the increased likelihood of dimerization, 

thereby preventing access of the peptide to the bacterial membrane. 

Also, the breach in the membrane discrimination mechanism with 

enhanced hydrophobicity of peptides may be due to their penetration 

deep into the hydrophobic core of the mammalian membrane (Chen                

et al., 2007; Yin et al., 2012).  

1.3.5 Polar angle (θ) 

 Polar angle of an AMP represents the relative proportion of polar 

versus nonpolar facets of a peptide, standardized to an ideal amphipathic 

helix. A reduced segregation between these domains or an increased 

hydrophobic proportion of the helix would proportionately reduce the 
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polar angle. Antimicrobial peptides with smaller polar angle are directly 

associated with increased capacity to permeabilize the membranes (Dathe 

et al., 1997; Wieprecht et al., 1997; Uematsu and Matsuzaki, 2000). 

Furthermore, the polar angle has also been shown to correlate with the 

overall stability and half-life of peptide induced membrane pores. 

Peptides with smaller polar angles induced greater membrane 

permeabilization, translocation and pore formation rates (Uematsu and 

Matsuzaki, 2000). However, AMPs with smaller polar angles achieve less 

stable pore structures compared with those having larger polar angles. In 

general, peptides with relatively high cationicity, a large hydrophobic 

moment and a small hydrophilic angle tend to have higher activity against 

microbial membranes, low haemolytic activity, and a tendency for carpet-

like mechanism of action. On the contrary, peptides possessing a low 

positive charge, a small amphipathic moment and high intrinsic 

hydrophobicity display higher activity to microbial as well as host 

membranes and have a preference to form barrel-stave-like pores (Shai, 

1999). 

1.4  Mechanistic classes of AMPs 

Majority of the antimicrobial peptides studied so far, regardless of 

their size, sequence, charge, structure and diastereomerism, kill bacteria 

in the micromolar range supporting a non-receptor mediated mechanism 

for their mode of action (Prenner et al., 1999). The net positive charge 

of antimicrobial peptides promotes their preferential binding to more 

than one negatively charged target on bacteria, which may account for 

the selectivity of AMPs (Hancock and Scott, 2000). Likewise, it has also 
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been described that not only the nature of the peptide but also the 

characteristics of cell membrane, as well as the metabolic state of the 

target cells determine the mechanisms of action of antimicrobial peptides 

(Liang and Kim, 1999). Majority of antimicrobial peptides kill microbes 

by membrane depolarization and pore formation on a nanometer scale 

followed by membrane disruption. By way of action of AMPs, they can 

be broadly classified under two main heads: membrane active AMPs 

and non-membrane active AMPs (Fig. 1.2). The balance between these 

two modes of action depends mainly on the peptide concentration.  

 

 

 

Fig. 1.2  Proposed mechanism of action of membrane active and non-membrane 

active AMPs (Adopted from Mai et al., 2017).   
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1.4.1 Membrane active AMPs 

One of the main modes of action of AMPs is their ability to 

interact with membranes, and the characteristic feature is membrane 

permeabilization. General model for mechanism of action of AMPs that 

target membrane follows three important consecutive steps: AMP-

microbe membrane attraction, accompanied by attachment of the peptide 

onto the membrane and finally insertion of the AMP into the membrane 

causing its disruption. So far, α-helical peptides have been the most 

studied, whereas little is known in comparison about the mechanism of 

action by which β-sheet peptides use to permeabilize the membrane. The 

peptides possess hydrophilic positively charged domains, interact with 

the negatively charged microbial surfaces, and head groups of bilayer 

phospholipids (mainly by hydrophobic and ionic interactions) leading to 

cell membrane penetration. Further, the transmembrane potential and pH 

gradient are destroyed, the osmotic regulation is affected and respiration 

is inhibited. As indicated by the previous studies and the literature, 

peptide–membrane interactions play a crucial role in determining the 

activity of these membrane-active AMPs (Pandey et al., 2011). Several 

mechanistic models of membrane active AMPs have been proposed, 

viz., barrel-stave, carpet like, wormhole or toroidal and aggregate 

channel model and the mechanism of their actions are summarised in 

Fig. 1.3.  
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Fig. 1.3  Models explaining the mechanisms of membrane permeabilization              

(A) barrel- stave (B) carpet-like (C) wormhole or toroidal and                     

(D) aggregate channel model. When the peptide reaches a threshold 

concentration at the outer surface of the membrane, they can insert 

themselves into the membrane and eventually form peptide lined pores 

according to the barrel-stave model; create micellar structures with the 

membrane by interacting with its lipids, in the carpet model; form 

peptide-and-lipid lined pores according to the toroidal pore model or; 

generate a non-bilayer intermediate form according to the aggregate 

channel model (Modified after Bahar and Ren, 2013). 

 

1.4.2 Non-membrane active AMPs 

Besides the ability to interact with membranes, several metabolic as 

well as intracellular targets also have been described for AMPs (Fig. 1.4). 

AMPs have developed unique mechanisms to translocate to the cytoplasm, 

in order to alter the cytoplasmic membrane septum formation, inhibit cell-

wall synthesis, nucleic acid synthesis, protein synthesis or inhibit enzymatic 

A B C D 



General Introduction 

Antimicrobial Peptides from Marine Fishes: Molecular Characterization and Evaluation of Bioactive Potential 13 

activity (Cudic and Otvos, 2002; Brown and Hancock, 2006). AMPs rich in 

arginine are able to translocate across both the cellular and nuclear 

membranes, where they interact with DNA, RNA and/or proteins to inhibit 

synthesis pathways (Futaki et al., 2001). Cell penetrating property have been 

described for an increasing number of AMPs such as buforin II (Jang et al., 

2015), PAF26 (Munoz et al., 2012) or histatin 5 (Orrapin and Intorasoot, 

2014). Furthermore, peptides can interfere with bacterial cytokinesis by cell 

filamentation provoked by several types of AMPs in vitro or in vivo. 

Antimicrobial peptides such as those originally isolated from insects, 

drosocin, pyrrhocoricin, and apidaecin, act on heat shock proteins (DnaK and 

GroEL) and repress the stress response of cells (Otvos, 2000). Besides, some 

peptides can even use multiple antimicrobial mechanisms (Nguyen et al., 

2011). This multiple-hit strategy may be effective in increasing antimicrobial 

efficiency and evading potential resistance mechanisms. 

 
Fig. 1.4  Various intracellular targets of different non-membrane 

active AMPs (Adopted from Brogden, 2005). 
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1.5 Multifaceted roles of AMPs 

Ubiquitous in nature, AMPs typically have broad-spectrum activity 

against both bacteria and fungi. Moreover, their toxicity could also be 

seen extended towards enveloped viruses, exo- and endoparasites, and 

subsequently to cancerous cells (Li et al., 2012). Apart from its action 

against microorganisms, AMPs also have been shown to modulate the 

innate and adaptive immunity via, expression induction, modulation, or 

production of proinflammatory cytokines and chemokines, apoptosis, and 

gene transcription. Thus, recent findings have implicated AMPs as host 

defence peptides (HDPs) that also functions as immunomodulators, 

adding a layer of complexity to their functional role in defence against 

pathogens (Kumar et al., 2018; Semreen et al., 2018). 

1.5.1 Antibacterial Peptides 

Antibacterial AMPs are the most studied AMPs till date and most            

of them are cationic which target bacterial cell membranes without 

specifically interacting with the receptors (Shai, 2002; Zhang et al., 2001). 

The AMPs exploit the fundamental difference in design between the 

bacterial membrane and the membrane of multicellular animals. The outer 

leaflet of the bacterial lipid bilayer is largely composed of lipids with 

negatively charged head groups, such as phosphatidylglycerol and 

cardiolipin, while the outer monolayer of the animal membranes are rich in 

zwitterionic phospholipids such as phosphatidylcholine, sphingomyelin and 

other neutral constituents such as cholesterol (Zhang et al., 2001). More 

importantly, the outer surface of Gram-negative bacteria and Gram-positive 

bacteria contains lipopolysaccharide and teichoic acid, each conferring 
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overall net negative charge on the surface allowing the initial electrostatic 

attraction with cationic AMPs (Shai, 2002; Yeaman and Yount, 2003). 

Upon interacting with the membranes, the peptide assumes an 

amphipathic conformation and the positive charges of AMPs cluster at the 

lipid–peptide interface establishing strong electrostatic interactions with 

the membrane of pathogens. The non-polar facets of the peptides will 

then insert into the membrane through hydrophobic interactions, and 

cause increased membrane permeability through different perturbation 

mechanisms (Papo and Shai, 2003; Bowdish et al., 2005; Teixeira et al., 

2012).  Antibacterial AMPs usually disrupt the cytoplasmic membrane, 

though some seem to merely pass the membrane to target intracellular 

processes such as DNA, RNA, and protein synthesis (Park et al., 1998; 

Krijgsveld et al., 2000; Xiong et al., 2002). Antimicrobial peptides exhibit 

selectivity against different microorganisms, of which the molecular basis 

is not fully understood. On the contrary, several antimicrobial peptides 

display broad-spectrum activity against Gram-negative bacteria and 

Gram-positive bacteria (Miyasaki and Lehrer, 1998). However, some 

peptides, e.g., andropin and insect defensins preferentially kill Gram-

positive bacteria (Samakovlis et al., 1991; Meister et al., 1997), while 

others, e.g., apidaecin, drosocin and cecropin P1 preferentially kill Gram-

negative bacteria (Boman et al., 1991; Casteels and Tempst, 1994; Bulet 

et al., 1996).  

1.5.2 Antiviral Peptides 

Antiviral peptides share the same biophysical properties as other 

AMPs, but have different mechanism of action towards the targets 
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(Jenssen et al., 2006). Antiviral AMPs can neutralize viruses by 

integrating into either the viral envelope or the host cell membrane.  

Studies reveal both enveloped RNA and DNA viruses can be targeted by 

antiviral AMPs (Bastian and Schäfer, 2001; Horne et al., 2005), with the 

exception of non-enveloped adenovirus (Bastian et al., 2001) and 

echovirus (Pietrantoni et al., 2006). Another mode of action of antiviral 

AMPs is to integrate into viral envelopes and cause membrane instability, 

rendering the viruses unable to infect host cells (Robinson et al., 1998; 

Sitaram and Nagaraj, 1999). Also, AMPs can reduce the binding of 

viruses to host cells preventing their entry into cells (Belaid et al., 2002). 

Some antiviral AMPs can prevent viral particles from entering host cells 

by occupying specific receptors on mammalian cells (Tamamura et al., 

1996; Song et al., 2001; Gomes et al., 2017). For example, heparan 

sulfate is important for the attachment of HSV viral particles to the host 

cell surface (WuDunn and Spear, 1989). The heparan sulphate molecules 

are negatively charged glycosaminoglycan molecules (Laquerre et al., 

1998). Some others do not compete with viral glycoproteins for binding 

to the heparin sulphate receptors on cell surface, instead, these antiviral 

AMPs can traverse the cell membrane and localize in the cytoplasm and 

organelles, causing changes in the gene expression profile of the host 

cells, which help the host defence system to fight against viruses or block 

viral gene expression. Representative member of this group of antiviral 

AMP is NP-1, an AMP from rabbit neutrophils that prevents Vero cell 

lines from infection by herpes simplex viruses type 2 (HSV-2), by 

preventing the migration of a major viral protein, VP16, into the nucleus 

(Liu et al., 1999; Sinha et al., 2003). 
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1.5.3 Antifungal Peptides 

Similar to antibacterial AMPs, antifungal peptides can kill fungi by 

targeting either the cell wall (De Lucca et al., 1998; De Lucca and Walsh, 

1999) or intracellular components (Lee et al., 1999). However, the 

contents of bacterial membrane and fungi cell wall are different. Some of 

antifungal peptides are capable of binding to chitin, which is one of the 

major components of fungal cell wall (Fujimura et al., 2004; Yokoyama 

et al., 2009; Pushpanathan et al., 2012). Cell wall targeting-antifungal 

AMPs kill the target cells by disrupting the integrity of fungal membranes 

(Lehrer et al., 1985; Terras et al., 1992), by increasing permeabilization of 

the plasma membrane (van der Weerden et al., 2010) or by forming pores 

directly (Moerman et al., 2002). Despite the fact that majority of 

antifungal AMPs have polar and neutral amino acids in their structures, 

there does not appear to be a fair correlation between the structure of an 

AMP and the type of cells that it targets (Jenssen et al., 2006).  

1.5.4 Antiparasitic Peptides 

Compared to the other three AMP classes, antiparasitic peptides 

form a smaller group. The first antiparasitic peptide reported is magainin, 

which is able to kill Paramecium caudatum (Zasloff et al., 1987). Later, a 

synthetic peptide was developed against Leishmania parasite (Alberola    

et al., 2004). Reports of fish derived AMPs with antiparasitic properties 

are considerably very less. One such example of antiparasitic peptide is 

cathelicidin, which kills Caenorhabditis elegans by forming pores in the 

cell membrane (Park et al., 2004). Another fish AMP, epinecidin-1, have 

also demonstrated antiparasitic activity against Trichomonas vaginalis 
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(Pan et al., 2009). The hybrid striped bass piscidin-2 synthetic peptide 

was also shown to be lethal to fish ectoparasites such as Cryptocaryon 

irritans, Trichodina sp., Amyloodinium ocellatum and Ichthyophthirius 

multifiliis (Colorni et al., 2008). Recently, two piscidins, piscidin-5 and 

piscidin-6, isolated from the white bass, Morone chrysops, were identified 

to have activity against the parasite Tetrahymena pyriformis (Salger et al., 

2016). Even though some parasitic microorganisms are multicellular, the 

mode of action of antiparasitic peptides is the same as other AMPs. They 

kill cells by directly interacting with cell membrane (Park et al., 2004).  

1.5.5 Anticancer and Antitumor peptides 

Some cationic antibacterial peptides also exhibit a broad spectrum 

of cytotoxic activity against cancer cells. Three mechanisms have                

been proposed against cancer cells and they are namely: (1) lysis of the 

cell membrane, (2) activation of extrinsic apoptotic pathways, and                              

(3) inhibition of angiogenesis. Most of the anticancer peptides (ACPs) 

adopt either a bioactive α-helical conformation or a β-sheet structure at 

the cell surface upon interacting with the membranes. The cancer cell 

selectivity of AMPs is mainly due to the phenotype of the membrane 

surface in cancer cells. The negatively charged lipid, phosphatidyl serine 

exposure, the presence of O-glycosylated mucins, sialylated gangliosides, 

and heparin sulfate, in conjugation with an increased transmembrane 

potential, surface area, and membrane fluidity (Schweizer, 2009; Hilchie 

et al., 2011), promote the specific activity of AMPs towards cancer cells 

without being affected by tumor heterogeneity (Kelly et al., 2016). 
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The antimicrobial peptides, magainins and their analogs have been 

found to lyse solid tumor and hematopoietic tumor cells displaying 

minimal toxicity against normal blood lymphocytes (Cruciani et al., 1991; 

Baker et al., 1993). Magainin was proposed to target cell membrane by a 

non-receptor pathway (Baker et al., 1993). As a matter of fact, certain fish 

AMPs have also demonstrated antitumor activity. Tilapia hepcidin,             

TH2-3 that showed potent activity against human fibrosarcoma cells seemed 

to target tumor on the basis of charge rather than cell growth (Chen et al., 

2009a). While antitumor activity of piscidin family members appear to occur 

through membrane permeabilization and pore formation as well as the 

induction of reactive oxygen species and apoptotic pathways (Cho and Lee, 

2011; Hilchie et al., 2011; Morash et al., 2011; Lin et al., 2012).  

1.6  Resistance mechanisms against AMPs 

Bacterial pathogens have developed various means to curtail the 

effect of antimicrobial peptides. There are mainly two different types of 

resistance mechanisms against AMPs: constitutive resistance and 

inducible resistance (Yeaman and Yount, 2003). The inducible resistance 

mechanisms include substitution (Lewis et al., 2009), modification  

(Gunn, 2001), and acylation (Guo et al., 1998) of the membrane molecules, 

activation of some proteolytic enzymes (Guina et al., 2000)  and efflux 

pumps (Shafer et al., 1998), and modifications of intracellular targets (del 

Castillo et al., 2001). The constitutive resistance mechanisms comprise of 

electrostatic shielding (Campos et al., 2004), alteration of membrane 

potential during different stages of cell growth (Yeaman et al., 1998), and 

biofilm formation (Yeaman and Yount, 2003). 
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Direct degradation of antimicrobial peptides and modification of 

cell surface properties are two major strategies used by Gram-negative 

bacteria to resist the bactericidal activity of antimicrobial peptides. It has 

been found that E. coli outer membrane protease OmpT cleaves the 

antimicrobial peptide, protamine before it enters the bacterium (Stumpe  

et al., 1998). Resistance mechanisms established in Salmonella typhimurium 

are slightly different from those found in other bacteria.  Salmonella 

typhimurium has a membrane bound lipid A modification system, which 

defend themselves against AMPs from the host (Miller et al., 1989). In 

this system, PhoQ is a membrane bound sensor kinase and PhoP is 

intracellular response regulator.  PhoQ generally gets activated in the 

presence of high level positive charges outside the cells. It then 

phosphorylates the PhoP causing up-regulation of some genes including 

those related to AMP resistance. It is promising to observe that, although 

bacteria have diverse mechanisms of resistance to AMPs, the general lipid 

bilayer structure of bacterial membranes make it hard to develop a 

complete resistance against AMPs. Also, the resistance against AMPs 

reported to date is not as strong as seen against antibiotics and it only 

covers a limited number of AMPs. 

1.7 Strategies for the production of AMPs 

In order to become real alternatives for conventional antibiotics, it 

is essential that the cost of AMPs should be reduced significantly as long 

as cheap conventional antibiotics are in the market.  Also, in order to 

better characterize a novel AMP, i.e., to determine its mechanism of 

action, to report the structure and function, or its potential use as a 
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pharmaceutical drug, a substantial amount of active purified molecule is 

needed.  

In general, there are three different approaches that are employed to 

obtain a reasonable quantity of AMPs: direct isolation from natural 

sources, chemical synthesis, or recombinant expression (Li and Chen, 

2008). However, as very low concentrations of AMPs are present in most 

organisms, direct isolation of peptides from natural sources is time 

consuming, environmentally hostile and involves a high-cost strategy             

(Li et al., 2010; Meneguetti et al., 2017). The chemical synthesis allows 

the production of both natural and synthetic AMPs. Chemical peptide 

synthesis using the established solid-phase techniques is faster, easy to 

automate, and requires only simpler purification steps. Besides, this 

technique enables studies on structure-activity relationships without 

biological restrictions due to toxicity. Also, it is possible to incorporate 

unnatural amino acids during synthesis (Nilsson et al., 2005). Nevertheless, 

high cost for large-scale peptide synthesis has been observed. Moreover, 

these costs can step-up especially for the synthesis of peptides that               

have disulphide bonds, which hampers the production of such molecules 

(Li et al., 2010). Therefore chemical synthesis of AMPs is restricted to 

smaller AMPs lacking post-translational modifications and low cysteine 

content. Considering the fact that AMPs are simple gene translation 

products, it is relatively simple to produce them by recombinant expression 

methods at the place of action, thus avoiding problems associated with 

proteolysis and rapid clearing. Moreover, peptide production using 

advanced molecular techniques can unfold its applications in different 

industrial sectors and increase the knowledge of the mechanism of action. 
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This technology has the advantage of cloning foreign genes in specific 

vectors for expression in prokaryotic and/or eukaryotic host cells. This 

has been considered the most effective method regarding time and 

production costs (Rao et al., 2005; Xu et al., 2007).  

There are several expression systems available to produce 

heterologous peptides with different sizes, folds, and complexities. Among 

the various expression systems, bacteria, yeast, and plants are proposed as 

promising candidates for peptide production (Fig. 1.5). Several features that 

are to be carefully considered while selecting a host system for peptide 

production are their size, intracellular localization or secretion, proper 

folding, and glycosylation pattern (Desai et al., 2010).  Bacteria and yeasts 

are regarded as the main hosts for AMP production, representing 97.4 % of 

the heterologously expressed AMPs (Li and Chen, 2008). Recently, plants 

also have emerged as a promising host for AMP production since transgenic 

plants can be directly used for microbial control by simply expressing the 

peptide in the desired crop without the need for purifying the peptide.  

 
Fig. 1.5  Characteristics of the major expression systems used for heterologous 

production of AMPs (Adopted from Parachin et al., 2012). 
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1.8 Marine fish AMPs and their importance 

Fishes live in a microbe-rich environment thus requiring to have a 

robust system of host defence. Fishes rely heavily on their innate 

immune defences for initial protection against pathogens invasion, both 

during the initial and later stages of their lives (Smith et al., 2000). 

During the early phase of their life, the adaptive immunity is ineffective 

and when they are completely developed the adaptive immune system 

display a scarce memory and short-lived secondary responses (Du 

Pasquier, 2001). Furthermore, specific immunity in fish is limited by 

environmental factors such as low temperature (Magnadόttir, 2006). 

Innate immunity may be of particular importance in suboptimal 

environments and included in the realm of innate defence components 

are antimicrobial peptides (Van Muiswinkel and Vervoorn-Van Der 

Waal, 2006).  

A number of antimicrobial polypeptides and other defence 

components have been established in many fish species. Among them, the 

fundamental ones are apolipoproteins (Concha et al., 2003, 2004), 

permeability-increasing protein (Xu et al., 2005), a number of different 

isotypes of muramidase (lysozyme) (Aoki et al., 2002), Squalamine 

(Moore et al., 1993) and other miscellaneous antimicrobial factors (Ourth 

and Chung, 2004) (Fig. 1.6). 
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Fig. 1.6  Schematic illustration of the antimicrobial defence mechanism present 

in the fish. When chemical or mechanical injury occurs, via, bacteria or 

viruses, the epithelial cells start to release cytokines such as IL-1β, 

which attract neutrophils and T cells to the superficial parts of the 

epidermis. Simultaneously, the mucous goblet cells start to secrete 

mucus, which contains antimicrobial peptides (AMPs). AMPs like 

hepcidins are involved in the immune response to bacteria, whereas 

AMPs such as cathelicidins directly opsonize bacteria (Modified after 

Rakers et al., 2010).  
 

1.8.1 Families of fish AMPs 

Reports of fish AMPs only began to emerge in the late 1990s, 

despite their identification in amphibians and humans in the late 1970s 

and early 1980s. The first fish AMP to be discovered was the α-helical 

pardaxins, isolated from the skin glands of red sea moses sole, 
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Pardachirus marmoratus, based on their cytotoxic and pore-forming 

activities (Lazarovici et al., 1986; Thompson et al., 1986). Till date, over 

90 fish AMPs have been identified and fall into five major families based 

on their structure; fish specific piscidins, β-defensins, cathelicidins, 

hepcidins, and histone-derived peptides, each of which has got its own 

unique characteristics and properties. Despite the differences, these fish 

AMP families appear to retain an overall similar structure, broad-

spectrum antimicrobial activity and immunomodulatory function to that 

of other vertebrate AMPs (Shabir et al., 2017). A brief description about 

each of the class and their biological activities are as follows. 

1.8.1.1 Piscidins 

Piscidins family of peptides represent an evolutionarily conserved 

family of peptides, unique to fish, which exhibits broad homology to the 

linear, amphipathic class of antimicrobial peptides (Tamang and Saier, 

2006). The first member of the family to be discovered was a 25 residue 

peptide, isolated and characterized from skin mucous secretions of the 

winter flounder, Pleuronectes americanus, called pleurocidin (Cole et al., 

1997). Other representative members of the piscidin family include misgurin 

(Park et al., 1997), moronecidin (Lauth et al., 2002), chrysophsin (Iijima               

et al., 2003), piscidin (Sun et al., 2007), dicentracin (Salerno et al., 2007), 

epinecidin (Pan et al., 2008), gaduscidin (Browne et al., 2011) and 

chionodracine (Buonocore et al., 2012).  The diverse piscidin family 

members are classified under the same evolutionarily related group, based 

on the analysis of their gene structures (Salerno et al., 2007; Sun et al., 

2007) as well as on the similarities of the mature peptide and predicted 

secondary structure (Syvitski et al., 2005; Peng et al., 2012).  
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Genomic organization of majority of the piscidin gene has a four-

exon/three-intron gene structure (Cole et al., 2000; Lauth et al., 2002; Sun 

et al., 2007). However, deviations from the general gene organization 

exist and include a three-exon/two-intron structure in one piscidin gene 

from nile tilapia (Oreochromis niloticus) (Peng et al., 2012) and the 

yellow croaker (Larimichthys crocea) (Niu et al., 2013; Zhou et al., 

2014), together with two epinecidin genes with a five-exon/four-intron 

structure in the grouper (Epinephelus coioides) (Pan et al., 2008). 

Piscidins are produced as a prepropeptide that undergoes proteolytic 

cleavage both at the N-terminus to remove the signal peptide and at the  

C-terminus to cleave away the prodomain, releasing an 18–26 amino acid 

mature peptide that is approximately 2.5 kDa (Cole et al., 1997; Cole et al., 

2000; Peng et al., 2012). All members of the piscidin family are no more 

than 26 amino acids long with the exception of a novel type of piscidin 

isolated from hybrid striped bass, piscidin 4 that is 44 amino acids long 

with a size of 5.33 kDa (Noga et al., 2009). Little sequence homology 

could be seen amongst the mature peptides, although the members share a 

similar structure. Conventionally, the mature piscidin peptides assume an 

amphipathic α-helical conformation with the hydrophilic side being 

cationic, capable of interacting with pathogen membranes in a parallel 

fashion (Chekmenev et al., 2006; Bae et al., 2014; Olivieri et al., 2015). 

On the other hand, positive selection has been found to influence the 

evolution of these peptides, where the highest sequence diversity could be 

found in the mature peptide that suggest adaptation for attacking new 

pathogen strains (Tennessen, 2005; Fernandes et al., 2010).   
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Attractive features of piscidin includes their ability to retain 

antibacterial activity at high salt concentrations (Lauth et al., 2002), 

thermostability (Sun et al., 2012) while maintaining relatively low 

cytotoxicity against mammalian cells (Kim et al., 2010). Members of the 

piscidin family exhibit antimicrobial activity towards a wide array of 

Gram-negative and Gram-positive bacteria with varying bacterial 

selectivity in a time-dependent fashion and over a considerable temperature 

and salt range (Cole et al., 1997; Lauth et al., 2002; Douglas et al., 2003; 

Patrzykat et al., 2003; Chiou et al., 2006; Noga et al., 2009; Ruangsri et al., 

2012; Acosta et al., 2013; Shin et al., 2017; Zhuang et al., 2017;  Houyvet 

et al., 2018). Piscidins also exhibit anti-viral activity under a broad range 

of physiological conditions and temperatures (Chinchar et al., 2004),  

anti-fungal activity (Sung et al., 2008a; Sung et al., 2008b), anti-parasitic 

activity at physiological concentrations of piscidins found in fish (Colorni 

et al., 2008; Dezfuli et al., 2008; Park et al., 2011; Niu et al., 2013) and 

antitumor activity towards mammalian cells (Chen et al., 2009b; Lin               

et al., 2009; Hilchie et al., 2011; Lin et al., 2012). Studies on the mechanism 

of action about the anti-bacterial activity exhibited by piscidins reveal that 

they interact with acidic phospholipids to form toroidal pores in the 

membrane (Yoshida et al., 2001; Saint et al., 2002; Campagna et al., 

2007). However, the extent of anti-fungal and anti-mammalian tumor 

activity varies with the piscidin genes expressed.   

1.8.1.2 β-defensins 

Defensins display general conformation consisting of cysteine-

stabilized α-helical and β-sheet folds. However in fish, sequence and 

structural analysis have revealed that fish defensins are solely β-defensin-
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like including the conserved six cysteine motif (Cuesta et al., 2011; Zou                 

et al., 2007; Falco et al., 2008). Fish defensins, resemble that of mammalian              

β-defensins and were first identified in zebrafish (Danio rerio), fugu 

(Takifugu rubripes) and tetraodon (Tetraodon nigroviridis) by a database 

mining approach (Zou et al., 2007). Gene duplication events have led to 

the existence of multiple copies and up to four genes and five isoforms of 

defensins have been found in a single species, olive flounder, Paralichthys 

olivaceus (Nam et al., 2010; Casadei et al., 2009; Zhu and Gao, 2013). Key 

features of the fish β-defensin family include their small-size, cationic and 

amphipathic nature with six conserved cysteine residues (Casadei et al., 

2009; Cuesta et al., 2011; Zou et al., 2007). A negatively charged glutamic 

acid residue is also found conserved at the end of the loop.  

The fish β-defensins are produced as a prepeptide and are cleaved to 

produce the mature peptide. The prepeptide is commonly synthesized as a 

precursor that is composed of a 18–24 amino acid leader signal sequence 

followed by a 39–45 amino acid mature peptide, with the exception of 

olive flounder which has a 15 amino acid proregion (Zou et al., 2007; 

Falco et al., 2008; Nam et al., 2010). The mature β-defensin peptides are 

small (4–6 kDa), with 6 conserved cysteine residues, the CPRRYK/R 

motif between the 4
th

 and 5
th

 cysteine and an overall cationicity between 

+1 and +7 (Casadei et al., 2009; Zhao et al., 2009; Chen et al., 2013). The 

β-defensins of fish seem to fall into two main groups; one having an 

overall three beta-strand secondary structure and the other possessing an 

extra alpha-helix at the N-terminus of the three-beta strand structure (Zou 

et al., 2007; Ruangsri et al., 2013).  
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Recombinant as well as synthetic fish defensins have demonstrated 

antimicrobial activity towards Gram-negative bacteria (Zhao et al., 2009; 

Nam et al., 2010; Cuesta et al., 2011; Chen et al., 2013; Zhu et al., 2017), 

Gram-positive bacteria (Wang et al., 2012; Dong et al., 2015) with 

moderate activity. Besides, fish defensins also inhibit the activity of 

various fish specific viruses such as Singapore grouper irido virus, viral 

nervous necrosis virus, haemorrhagic septicaemia virus, and the frog-

specific Rana grylio virus (Guo et al., 2012; Jin et al., 2010; Falco et al., 

2008). The antimicrobial activity was found to be dependent on the fish 

species and the defensin gene itself. However, fish β-defensins have not been 

tested against fungi, human viruses and parasites till date, thus representing 

an area of study that requires further investigation. Apart from their 

antimicrobial activities, fish β-defensins have shown to exhibit multiple 

immunomodulatory activities. The β-defensins from the gilthead seabream 

was shown to attract head-kidney leukocytes (Cuesta et al., 2011), while               

β-defensin from Atlantic cod was capable of stimulating antimicrobial 

activity in phagocytes (Ruangsri et al., 2013). Collectively, the studies 

suggest that fish β-defensins function similarly to their mammalian 

counterparts, contributing to the innate host defence in multiple ways.        

1.8.1.3 Cathelicidins  

This family of peptides are constituted by peptides in which the               

C-terminus of the precursor form shares homology with a porcine serine 

protease known as cathelin, hence the name, cathelicidins (Zanetti et al., 

1995). They were first identified in Atlantic hagfish, Myxine glutinosa 

(Uzzell et al., 2003). The majority of the cathelicidins possess a four-
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exon/three-intron structure like that of mammalian cathelicidins (Maier            

et al., 2008; Chang et al., 2005). It has been proved that cathelicidins are 

produced as a pre-pro-protein, with a signal peptide at the N-terminus, a 

conserved cathelin-like domain and a variable C-terminal antimicrobial 

domain (Tomasinsig and Zanetti, 2005). The variable C-terminal domain 

contains a QKIRTRR elastase cleavage site and a unique cathelicidin 

mature peptide (Lu et al., 2011; Chang et al., 2006). When the signal 

sequence is cleaved off, the pro-protein is further cleaved by elastase or 

other proteases (Shinnar et al., 2003) to form the bioactive peptide. The 

mature peptide is formed of 47–69 amino acids, carrying a charge of                

+8 to +17 (Chang et al., 2005; Maier et al., 2008; Scocchi et al., 2009).  

Regarding the structure, fish cathelicidins are mainly composed of                    

β-sheets and random coils (Zhang et al., 2015). 

In contrast to the mammalian cathelicidins, a high degree of homology 

is maintained in the cathelin domain of the fish cathelicidins. Also a higher 

degree of sequence similarity of the mature peptide could be seen than 

observed in mammals (Scocchi et al., 2016). Thus, fish cathelicidins are 

subdivided into two classes: linear peptides, and those that exhibit a 

characteristic disulphide bond. Fish cathelicidins have broad-spectrum 

activity against Gram-negative bacteria, Gram-positive bacteria (Chang            

et al., 2005; Bridle et al., 2011; Lu et al., 2011; Li et al., 2013; Zhang              

et al., 2015), and fungi (Broekman et al., 2011; Li et al., 2013). Early 

studies in rainbow trout have demonstrated cathelicidins capability to 

bind LPS in a dose-dependent manner and exert their antimicrobial 

activity through membrane permeabilization. Deletion studies in rainbow 

trout have also showed that the N-terminus of the mature cathelicidin 
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domain is vital for its antimicrobial activity, although the extent of 

activity loss in these deletion mutants was found to be variable (Zhang              

et al., 2015). The activity profiles of cathelicidins are likely to be directed 

by the hypervariable nature of the mature cathelicidins, with structural 

differences at the C-termini (Tossi et al., 2017). 

1.8.1.4 Hepcidins 

Hepcidins are cysteine rich antimicrobial peptides that were 

originally identified in humans (Krause et al., 2000; Park et al., 2001), since 

then they have been identified in a number of vertebrates (Fu et al., 2007; 

Hu et al., 2008; Hao et al., 2012). In mammals, hepcidins are expressed 

predominantly in the liver and plays an important role in maintaining iron 

homeostasis as well as possess direct antimicrobial activity towards 

pathogens in vitro (Shi and Camus, 2006). Basically, hepcidin gene has a 

conserved three-exon/two-intron structure in fishes (Chen et al., 2005; 

Rodrigues et al., 2006; Yang et al., 2007). Despite the fact that a single 

hepcidin gene exists in humans, whole genome duplications have led to 

some fish species having multiple gene copies of hepcidin in fishes. Fish 

hepcidins are encoded as prepropeptides having three main domains; a 

22–24 amino acid leader domain, followed by a 40–47 amino acid 

proregion domain, tailed by a 20–26 amino acid mature peptide domain 

that contain the 6–8 cysteine residues that are vital for the formation of 

the 3–4 disulphide bridges (Chen et al., 2005; Chen et al., 2007; Huang               

et al., 2007; Wang et al., 2009; Srinivasulu et al., 2008; Lin et al., 2014). 

The sequences of the mature hepcidin peptides from mammals to fish 

show high conservation of the eight cysteine residues found within the 
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mature peptide, with one of the four disulphide bonds forming a vicinal 

disulphide bridge (Hunter et al., 2002; Chaturvedi et al., 2014). The 

mature hepcidin peptides are cationic and rich in β-sheets with a tendency 

to primarily form amphipathic molecules (Zhang et al., 2004; Zheng et al., 

2006). Collectively, hepcidins of fish demonstrate antimicrobial activity 

towards a broad range of pathogens in vitro, including Gram-negative 

bacteria, Gram-positive bacteria, viruses, and parasites.  

1.8.1.5 Histone derived peptides 

Histone derived peptides are peptide fragments generated from the 

proteolytic cleavage of histones, which are basically a family of alkaline 

proteins involved in the packaging of DNA. Antimicrobial histone 

derived peptides have also been identified in fishes. Fish histone derived 

peptides have been discovered from both the N-terminus and C-terminus 

of H1 (Patrzykat et al., 2001; Fernandes et al., 2004; Luders et al., 2005) 

and H2A (Park et al., 1998; Birkemo et al., 2003) and have been reported 

to be present in the skin and skin mucus of several fish taxa (Smith and 

Fernandes, 2009). Few reports on fish histone peptides have revealed that 

they can originate in response to epidermal damage or LPS (Park et al., 

1998) and have antimicrobial activity against a broad spectrum of Gram-

positive and Gram-negative bacteria (Noga et al., 2011), dinoflagellates 

(Noga et al., 2001) and fungi (Robinette et al., 1998). Histone derived 

peptides in their active form are more structured, rigid and condensed than 

their inactive precursor peptides and they bind to anionic membranes 

(Patrzykat et al., 2001; Luders et al., 2005). However, some histone derived 

peptides bind and permeabilize the membrane (Bustillo et al., 2014; 
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Shamova et al., 2014), while others do not, suggesting that they require a 

binding partner to enter the cell (Patrzykat et al., 2001). Compared to 

other fish AMPs, there is relatively little information about the histone 

derived peptides in fish in terms of their distribution across species of 

fish, conservation of cleavage sites, the signal that triggers the cleavage of 

the histone-derived peptides from histones, their antimicrobial mechanism 

of action on pathogens and whether these peptides can act as host-defence 

peptides by modulating immune responses.  

1.8.2 Fish AMPs in therapeutics 

All AMPs share some common characteristics that support their 

development as therapeutic antimicrobials. One area where fish peptides 

may provide a value is in food preservation, as they are obtained from a 

natural food source, and thus may be more amenable to being consumed 

(Burrowes et al., 2004). For example, similar to other piscidins, pleurocidin 

retains its antibacterial activity even up to 300 mM NaCl (Cole et al., 1997; 

Lauth et al., 2002; Subramanian et al., 2009). Understanding the structural 

foundation that supports this salt-independency and activity could aid in the 

design of novel peptide mimetics that could address infections under a 

wide range of normal and abnormal salt concentrations, such as in serum, 

tear film hyperosmolarity or in saliva (da Silva et al., 2012; Mai et al., 

2011; Oli et al., 2012).  

Different applications of piscidins as antimicrobials have been 

promising. For example, epinecidin-1, when administrated orally or 

injected can significantly enhance survival in zebrafish and grouper that 

were challenged with Vibrio vulnificus (Pan et al., 2012). In conjunction 
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with this finding, electrotransfer of epinecidin-1 in zebrafish and grouper 

muscle showed significant reduction in V. vulnificus and Streptococcus 

agalactiae bacterial counts (Peng et al., 2010; Lee et al., 2013). Moreover, 

treatment of lethally challenged methicillin-resistant Staphylococcus aureus 

(MRSA) mice with epinecidin-1 enhanced the survivability of mice by 

lowering the bacterial counts, where also there was evidence of wound 

healing and angiogenesis enhancement (Huang et al., 2013).  

In oral disease treatment, piscidins are propitious, due to the potent 

effect of chrysophsin-1, in killing the cariogenic pathogen Streptococcus 

mutans (Wang et al., 2012). Further, pleurocidin also demonstrated            

anti-cariogenic activity against both S. mutans and S. sobrinus, where 

killing of biofilms occurred in a dose-dependent manner. In addition, it 

retained its activity in physiological or higher salt concentration, and was 

found to be relatively stable in the presence of human saliva (Tao et al., 

2011). Epinecidin-1 have shown to be a potential candidate for topical 

application that can prevent vaginal or skin infections due to the 

synergistic effect that it possessed with commercially available cleaning 

solutions. Moreover the response was not observed to be affected by low 

pH or storage at room temperature and at 4 °C for up to 14 days (Pan           

et al., 2010). Besides, antimicrobial surfaces have been created by the 

immobilization of chrysophsin-1 resulting in a surface with antibacterial 

activity capable of killing approximately 82% of E. coli (Ivanov et al., 

2012). 

Interestingly, fish AMPs have also been used to create inactivated 

virus for vaccination purposes. Huang et al. (2011) found that mice 
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injected with epinecidin-1-based inactivated Japanese Encephalitis Virus 

(JEV) displayed 100% survival, and its performance was better than the 

formalin-based JEV-inactivated vaccine. The effect was reported to be 

caused by the modulation of immune-related genes, including the 

augmentation of anti-JEV-neutralizing antibodies in serum, which 

subdued the multiplication of JEV in brain sections (Huang et al., 2011).  

Fish hepcidins are also under trial for development as therapeutics. 

More assuring results have been demonstrated by tilapia hepcidin TH2-3, 

where injections with pre-incubated TH2-3 and Vibrio vulnificus for 30 

min enhanced the survival of infected and re-infected mice, presenting up 

to 60% of survival with a dose of 40 μg/mice. Additionally, TH2-3 also 

exhibited significant prophylactic effect by administration prior to 

infection, where survival rate of 100% was recorded after 7 days of 

infection (Pan et al., 2012).  

1.9 Significance and objectives of the study 

Marine organisms, which regularly encounter extreme and stressful 

environments, are becoming a rich source of templates for the design of 

novel AMPs which could be developed into effective drugs for human 

and veterinary medicine. Serious problems caused by drug resistant 

bacteria have created an urgent need for the development of alternative 

therapeutics. Need to produce novel drugs with lesser chance of 

developing resistance has enhanced the interest towards molecules which 

target the cell membrane for which no resistance has been reported. In this 

regard, AMPs are considered as promising antimicrobial agents against 

emerging infectious diseases. AMPs have considerable advantages for 
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therapeutic applications, including broad-spectrum activity, rapid onset of 

activity, and relatively low propensity for emergence of resistance. In 

particular, marine AMPs have novel structures remarkably different from 

their terrestrial counterparts and are taxa-specific or even species-specific. 

In addition, they display a wide spectrum of anti-infective activities, a low 

bio-deposition rate in body tissues, and are highly specific to targets. 

Biodiversity of marine environment and versatility of marine 

derived bioactive peptides are under-explored. Fishes still remain an 

undisclosed source of bioactive molecules for developing novel drugs, as 

relatively small number of peptides that have been isolated and only a low 

percentage have been studied to date for their potential as commercial 

products. Unique for the field of fish AMPs are their potential application in 

aquaculture. The constant risk of large-scale microbial infection that can lead 

to significant economic losses demands new strategies to prevent or treat 

these pathogens. Identification of AMPs from fishes provide valuable 

information regarding the innate defence mechanisms in fishes which in turn 

would help to improve the health management practices in aquaculture.  

With the above mentioned viewpoints, the present study was 

undertaken with the following objectives: 

 Bio-prospecting for novel Antimicrobial peptides (AMPs) from 

fishes using gene based approach 

 Molecular and phylogenetic characterization of the AMPs  

 Heterologous production of AMPs and its functional 

characterization. 

 Structural and functional characterization of synthetic AMPs. 
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The thesis is presented in six chapters. Chapter 1 provides a general 

introduction about the research topic. Chapter 2 deals with the molecular 

characterization, recombinant production and functional analysis of a 

novel hepcidin from the common pony fish, Leiognathus equulus. 

Molecular characterization, recombinant production and functional 

analysis of histone derived peptide from flathead grey mullet, Mugil 

cephalus is presented in Chapter 3. Chapter 4 illustrates the molecular 

characterization of histone derived peptide from orange chromide, 

Etroplus maculatus and its functional analysis using the synthetic peptide. 

Structural and functional characterization of a synthetic peptide from the 

histone H2A peptide of Himantura pastinacoides is dealt in Chapter 5. 

The overall findings of the present work are summarized in Chapter 6, 

followed by References, GenBank accessions and Publications. 
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Chapter 2 

MOLECULAR CHARACTERIZATION, 
RECOMBINANT PRODUCTION AND FUNCTIONAL 

ANALYSIS OF A NOVEL HEPCIDIN FROM 
LEIOGNATHUS EQUULUS  

 

 2.1  Introduction 

 2.2  Materials and methods 

 2.3 Results 

 2.4 Discussion 

 

2.1  Introduction 

Hepcidin represents a family of cysteine-rich antimicrobial peptides 

that are basically involved in the immunological processes and antimicrobial 

activity in several vertebrate species. They were first identified by two 

independent research groups as a circulating antimicrobial peptide 

predominantly expressed in the human liver. Originally it was isolated 

from human blood ultra-filtrate and was termed as Liver Expressed 

Antimicrobial Peptide (LEAP-1) (Krause et al., 2000). LEAP-1 was found to 

be active against Gram-positive bacteria, Bacillus subtilis; Gram-negative 

bacteria, Neisseria cinerea as well as the yeasts Saccharomyces cerevisiae 

(Krause et al., 2000). Simultaneously, it was also isolated by another 

group from human urine, and was named as hepcidin (Park et al., 2001). 

Later, it was renamed as hepatic antimicrobial peptide (HAMP). Soon 
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after, a hepcidin homologue was isolated from the gills of a teleost fish, 

the hybrid striped bass (Morone saxatilis x Morone chrysops) with 

antimicrobial functions (Shike et al., 2002). From then on, different full-

length cDNA sequences of hepcidin genes were obtained from various 

teleosts. Currently, they are known by the term „hepcidin‟, replacing the 

initially reported LEAP-1, in order to reflect its hepatic site of synthesis 

and the antimicrobial properties (Nemeth et al., 2004). Subsequent studies 

have identified their role also as an iron regulatory hormone involved in 

hereditary haemochromatosis and anaemia of chronic disease (Nicolas et al., 

2002; Shi and Camus, 2006; Kwapisz et al., 2009).  

The hepatic hepcidin synthesised as an 84 amino acid precursor 

peptide matures after two-stage enzymatic cleavage at the C terminus in the 

cytosol of hepatocytes. Initially, the 24 amino acid N-terminal signal peptide 

is cleaved from the prepropeptide followed by final processing to 

biologically active C-terminal 25 amino acid peptide by furin and other 

convertase enzymes (Krause et al., 2000; Park et al., 2001). In fishes, the 

hepcidin gene is organised as three exons separated by two introns (Douglas 

et al., 2003). Like the human hepcidin, the fish hepcidin gene also encodes 

for a prepropeptide (81–96 residues) which consists of a highly conserved 

signal peptide (~24 residues), a prodomain (38–40 residues), and a mature 

peptide (19–27 residues) (Pigeon et al., 2001; Chen et al., 2005; Rodrigues  

et al., 2006; Yang et al., 2007). Moreover, the gene structure and gene 

sequence were shown to be remarkably conserved, both within fishes and 

between fish and mammals (Robertson, 2009). The prepropeptide precursor 

contains the consensus furin cleavage site and the mature peptide contains 

the eight conserved cysteines and a conserved glycine residue.  
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In mammals a single hepcidin gene exists playing dual roles in both 

iron metabolism regulation and antimicrobial response, with mouse being 

the only known exception (Ilyin et al., 2003). They serve as a negative 

regulator of iron homeostasis by interacting with its receptor ferroportin, a 

transmembrane iron-export protein, inducing its internalization and 

degradation by lysosomes, leading to a decrease in iron-export (Nemeth    

et al., 2004). However, studies performed with other fish species have 

shown that many teleosts present multiple copies of hepcidin genes 

(Hilton and Lambert, 2008; Masso-Silva and Diamond, 2014) especially 

in Perciformes and Pleuronectiformes.  These fish hepcidins are classified 

into two groups based on the degree of similarity of the predicted mature 

peptides, also on the overall cationicity and the presence or absence of the 

presumed iron binding motif QSHLS/DTHFP (Hilton and Lambert, 

2008). HAMP1 like peptides are homologous to mammalian HAMP and 

are distributed in all groups of fishes, while HAMP2 like group are 

delineated only from acanthopterygian fishes (Hilton and Lambert, 2008) 

with a single exception (Chaithanya et al., 2013). The HAMP2-type 

isoforms, of which many copies exist, can present unique characteristics, 

suggesting a singular role in the immune response against a variety of 

pathogens. Therefore, hepcidins are considered as key regulators of 

systemic iron metabolism with its antimicrobial role being relegated to 

the background in mammals (Shi and Camus, 2006; Ramey et al., 2010). 

In a broader token, the diversity of hepcidin isoforms may be attributed to 

the diversity of aquatic environments with varying degree of pathogen 

challenge, oxygenation and iron concentration, factors known to affect 

hepcidin expression in mammals (Xu, 2008). Moreover, the evolution of 
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hepcidin gene was found to be influenced by the environment in which it 

is found (Lee et al., 2012).  

Hepcidin genes have been identified in several species, including 

the mouse (Pigeon et al., 2001), dog (Fry et al., 2004), rat (Zhang et al., 

2004), pig (Sang et al., 2006), and camel (Boumaiza et al., 2014). To date, 

hepcidins have been identified in at least 40 fish species. Recently they 

have been identified and functionally studied in many such as Black rockfish, 

Seabastes schlegelli (Kim et al., 2008); Mud loach, Misgurnus mizolepis 

(Nam et al., 2011); Mozambique tilapia (Oreochromis mossambicus) 

(Huang et al, 2007; Chen et al., 2009a; Hsieh et al., 2010; Chang et al., 

2011); Javanese ricefish, Oryzias javanicus (Lee et al., 2011); Turbot 

(Scophthalmus maximus) (Chen et al., 2007; Pereiro et al., 2012; Zhang  

et al., 2014); Miiuy croaker, Miichthys miiuy (Xu et al., 2012); Orange-

spotted grouper, Epinephelus coioides (Zhou et al., 2011; Qu et al., 2013); 

Medaka, Oryzias melastigmus (Cai et al., 2012); Blunt snout bream, 

Megalobrama amblycephala (Liang et al., 2013); Common carp, Cyprinus 

carpio (Li et al., 2013; Yang et al., 2014); Blotched snakehead, Channa 

maculata (Gong et al., 2014); Zebrafish, Danio rerio (Shike et al., 2004; Lin 

et al., 2014);  Snow trout, Schizothorax richardzoni (Chaturvedi et al., 

2014); Spinyhead croaker, Collichthys lucidus (Sang et al., 2015); 

European sea bass, Dicentrarchus labrax (Neves et al., 2015; Álvarez                

et al., 2016); Convict cichlid, Amatitlania nigrofasciata (Chi et al., 2015); 

Chinese rare minnow, Gobiocypris rarus (Ke et al., 2015); Spotted scat, 

Scatophagus argus (Gui et al., 2016); Hamilton, Tor putitora (Chaturvedi 

et al., 2016); Siberian taimen, Hucho taimen (Wang et al., 2016); Yellow 

catfish, Pelteobagrus fulvidraco (Shen et al., 2009; Ren et al., 2014; Liu 
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et al., 2017), Mudskipper, Boleophthalmus pectinirostris (Li et al., 2016; 

Chen et al., 2017); Roughskin sculpin, Trachidermus fasciatus (Liu et al., 

2017); Jewfish, Argyrosomus regius (Campoverde et al., 2017) and Grass 

carp, Ctenopharyngodon idellus (Wei et al., 2018).  

The tissue distributions of fish hepcidins are not consistent across 

various species. In general, fish hepcidins, like mammalian hepcidins are 

predominantly expressed in the liver. Nevertheless, hepcidin mRNA has 

also been detected in other tissues such as spleen, head kidney, gill, 

intestine and skin (Douglas et al., 2003; Bao et al., 2005; Chen et al., 

2005; Feng et al., 2009; Robertson, 2009). In black porgy, hepc6 mRNA 

was expressed at a higher level in head kidney than in the liver (Yang              

et al., 2011) whereas in channel catfish, LEAP-2 levels were higher in 

muscle than in any other tissues (Bao et al., 2005). Also, hepcidin 

transcripts were found to be abundant in the liver, oesophagus, and 

cardiac stomach of winter flounder and in the liver, blood, muscle, gill, 

and skin of Atlantic salmon (Douglas et al., 2003). In ayu, hepcidin 

mRNA was mainly expressed in the liver, spleen, kidney, heart, and 

muscle (Chen et al., 2010). Besides, relative expression levels of hepcidin 

in the Pacific mutton hamlet, showed high basal values in liver and 

muscle (Masso-Silva et al., 2011). The red banded seabream encodes four 

different hepcidin genes, each with different expression patterns. HAMP1 

was expressed predominantly in kidney and spleen, while the HAMP2 

isotype was predominately expressed in kidney, spleen, and intestine. In 

addition, the HAMP3 and HAMP4 were mainly expressed in liver 

(Martin-Antonio et al., 2009). Considering, the wide tissue distribution of 

the different hepcidin isoforms, Neves et al. (2015) suggested that each 
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hepcidin isoform may assume a different biological role, depending on the 

tissue in which it is expressed. Fish hepcidins have been demonstrated to 

respond to a number of infectious stimuli, such as Gram-negative and Gram-

positive bacteria (Shike et al., 2002; Rodrigues et al., 2006; Chen et al., 2007; 

Cuesta et al., 2008; Kim et al., 2008; Cho et al., 2009; Yang et al., 2011; 

Zhou et al., 2011; Pereiro et al., 2012; Pridgeon et al., 2012; Li et al., 

2013; Liang et al., 2013; Wei et al., 2018), viruses (Cho et al., 2009; Zhou 

et al., 2011), parasites (Mohd-Shaharuddin et al., 2013; Zheng et al., 2018), 

LPS (Hirono et al., 2005; Huang et al., 2007; Martin-Antonio et al., 2009; 

Wang et al., 2009; Barnes et al., 2011; Nam et al., 2011) and in infection and 

inflammation (Chiou et al., 2007). HAMP-2 type of hepcidin transcription 

was significantly up-regulated in the skin of the common carp (Yang et al., 

2014); in the intestine of rainbow trout (Zhang et al., 2004) and in the 

liver of grass carp (Liu et al., 2010). Interestingly, qPCR studies performed 

by Pridgeon et al. (2012) analysed the relative transcriptional levels of 

seven channel catfish antimicrobial peptide genes (NK-lysin type 1,     

NK-lysin type 2, NK-lysin type 3, bactericidal permeability-increasing 

protein, cathepsin D, hepcidin and liver-expressed AMP-2) in response to 

Edwardsiella ictaluri infection, and observed that hepcidin was the only 

one that was significantly upregulated at 4, 6 and 12 h post-infection. In 

some cases, different isoforms exhibit varying expression patterns 

(Hirono et al., 2005; Huang et al., 2007; Cho et al., 2009; Neves et al., 

2011; Zhou et al., 2011; Liang et al., 2013). These patterns of differential 

induction of HAMP-2 isoform upon bacterial challenge indicate that its 

expressions may be species-specific in fish. Various other studies have 

investigated the effects of iron overload in hepcidin showing its involvement 
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in the control of iron levels in fish (Hirono et al., 2005; Rodrigues et al., 

2006; Huang et al., 2007; Cho et al., 2009; Neves et al., 2011; Zhou et al., 

2011; Pereiro et al., 2012).   

Hepcidin does not show sequence similarity to any of the known 

antimicrobial-peptides. However, structurally it resembles other β-sheet 

peptides like defensins, tachyplesins and protegrins due to the four 

disulfide bridges in its tertiary structure. The structure of fish hepcidin has 

been well defined as a small cationic and cysteine-rich peptide, as it is in 

mammals (De Domenico et al., 2014). Furthermore, based on research 

conducted in sea bass, it was noted that the mature synthetic hepcidin 

peptide exhibited a similar three-dimensional structure and have the same 

disulphide-bonding pattern to human hepcidin (Lauth et al., 2005). It forms 

a simple hairpin structure with 8 cysteines in a ladder-like configuration, 

where the two arms are linked by disulfide bridges. Studies with trout 

hepcidin have proved that disulphide bridges and oxidized state of hepcidin 

peptides are vital for its optimal conformation and antimicrobial activity 

(Hocquellet et al., 2012; Alvarez et al., 2014). Additionally, a study 

conducted using a series of synthetic peptides suggested that the five                     

N-terminal hepcidin amino acids are critical for its function (Pospisilova               

et al., 2006).   

Biological activities of AMPs are diverse, in particular, hepcidins. 

An increasing number of studies have showed that HAMP-2 types exhibit 

broad range of bactericidal activities against Gram-positive and Gram-

negative bacteria. Recently, Siberian taimen (Hucho taimen), hepcidin-2 

displayed antimicrobial activities against E. coli, Micrococcus lysodeikticus 
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and Staphylococcus aureus (Wang et al., 2016). Synthetic hepcidin-2 of 

orange-spotted grouper, Epinephelus coioides inhibited the growth of 

Vibrio vulnificus and S. aureus. At the functional level, synthetic trout 

hepcidin showed antimicrobial activity against Piscirickettsia salmonis, 

which is a bacterial pathogen causing an epizootic disease in salmonid 

fishes. Also, antifungal activity of marine fish hepcidin has been described 

against the fungi Aspergillus niger, Fusarium graminearum and Fusarium 

solani (Wang et al., 2009). Also, fish hepcidins display agglutination 

activities against a number of bacteria. Roughskin sculpin hepcidin was 

capable of agglutinating the Gram-negative Pseudomonas aeruginosa, 

Vibrio anguillarum, E. coli and Gram-positive Bacillus thuringiensis, 

Bacillus subtilis and S. aureus (Liu et al., 2017). Apart from the 

antimicrobial and agglutination activities, hepcidin-2 also possess  antiviral 

(Zhou et al, 2011; Zhang et al., 2014; Gui et al., 2016) and antitumor 

activities (Chen et al., 2009a; Chang et al., 2011; Cai et al., 2012; Qu et al., 

2013; Hassan et al., 2015).  

Leiognathus equulus, known as the common pony fish are normally 

found in the estuaries and rivers. They constitute the only other species 

of Leiognathidae family, along with Leiognathus robustus, that possess a 

non-sexually dimorphic light organ system. Being delicious, L. equulus finds 

great demand in Indian as well as foreign markets mostly in the dried and 

fresh forms. Although, a number of hepcidin isoforms have been reported 

from various fish species, to our knowledge, there are no reports of hepcidin 

genes identified from Leiognathidae family. Therefore, the aim of this study 

was to sequence and characterize L. equulus hepcidin cDNA and to 

describe its antimicrobial activity using the recombinant peptide, rmLeH. 
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2.2  Materials and Methods 

2.2.1 Experimental organism 

The experimental organism used for the study was the common 

pony fish, Leiognathus equulus belonging to the class Actinopterygii                  

(Fig. 2.1). The species is a part of the order Perciformes and is included in 

the family Leiognathidae. Live specimens of Leiognathus equulus were 

caught from Cochin estuary along the Vypeen coast of Kerala, India. The 

samples were transported to the laboratory in small tanks by providing 

aeration. 

 
Fig. 2.1 Experimental organism used for the study, common 

pony fish, Leiognathus equulus 
 

2.2.2 Precautions for RNA preparation 

The quality and quantity of extracted RNA greatly affects the fidelity 

of cDNA preparation. Ribonucleases (RNases) are enzymes that cleave and 

degrade the RNA. Moreover, they are ubiquitous, stable and difficult                   

to inactivate. Hence great care was taken to create a ribonuclease-free 

environment, which can otherwise negatively impact the resulting analysis. 

The precautions that were taken for maximizing the yield and quality of 
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sample RNA during sample collection, storage, and RNA isolation 

procedures includes: 

a) All the accessories/utensils used for RNA extraction were 

made freed of RNase by treating with Diethyl pyrocarbonate 

(DEPC). Treatment with DEPC involved overnight incubation 

of glass wares, homogenizers, scissors and forceps with 0.1 % 

DEPC at room temperature. The residual DEPC was removed 

by autoclaving at 15 lbs pressure for 1 hour. The procedure 

yields RNase free materials as all the DEPC would get 

evaporated as ethanol and CO2. These utensils were further 

autoclaved at 15 lbs pressure for 15 min to ensure a sterile 

condition. 

b) Gloves and mask were worn throughout the experiment to 

prevent contamination from RNases found on human hands 

and saliva. 

c) Dedicated set of pipettes that are only used for RNA related 

works were used. 

d) Sterile, disposable plastic wares (filter tips and tubes) that are 

tested and certified to be RNase free were used whenever possible 

to prevent the cross-contamination of  RNA samples and 

e) RNase-free chemicals and reagents that are reserved for RNA 

applications were used to avoid the introduction of RNases. 

These were stored separate from chemicals for other uses. 
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2.2.3 Tissue processing 

Live samples of Leiognathus equulus were killed humanely. Tissue 

samples such as gills, liver, kidney, muscle and intestine were dissected 

out and transferred to TRI™ reagent (Sigma). Blood was collected from 

the lamellar artery near the gill region and transferred to TRI™ with a 

syringe that was pre-rinsed with anticoagulant (RNase free, 10 % sodium 

citrate, pH 7.0). The samples were stored in TRI™ reagent (Sigma) at               

-20
 
C until processed. 

2.2.4 RNA isolation 

Total RNA was isolated from the gills preserved in TRI™ reagent, 

following manufacturer‟s instructions. Briefly, the tissue was homogenised 

in 1 ml TRI™ with a tissue homogenizer. The samples were allowed to 

stand for 5 min at room temperature to ensure complete dissociation of 

nucleoprotein complexes. To the homogenate 0.2 ml chloroform was 

added and shaken vigorously for 15s. The reaction mixture was allowed 

to stand at room temperature for 15 min and then centrifuged at 12,000 x g 

for 15 min at 4
o 
C. Centrifugation separated the mixture into three phases: a 

red organic phase (containing protein), an interphase (containing DNA) and 

a colorless upper aqueous phase (containing RNA). 

The aqueous phase was transferred to a fresh micro centrifuge tube 

(MCT) and added 0.5 ml of 2-propanol per ml of TRI Reagent used, and 

mixed well. The sample was allowed to stand for 5–10 min at room 

temperature and centrifuged at 12,000 x g for 10 min at 4 °C. The 

precipitated RNA in the form of a pellet was washed twice by adding                 

1 ml 75 % ice cold ethanol. The samples were vortexed and centrifuged at 



Chapter 2 

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

7500 x g for 5 min at 4
o
 C. The RNA pellets thus obtained were dried for 

10 min and dissolved in RNase free water by repeated pipetting with a 

micropipette. For complete dissolution the pellet was kept at 55
o 
C for 5 min. 

2.2.5 Determining quality and quantity of RNA 

Purity and quality of RNA was checked on 0.8 % agarose gel. RNA 

was quantified spectrophotometrically by measuring the optical density 

(O.D) at 260 and 280 nm in a UV Spectrophotometer (U-2900, Hitachi). 

Only good quality RNA with absorbance ratios (A260:A280) greater than 

1.8 were used for cDNA synthesis. For one cm path length an absorbance 

of 1 unit at 260 nm corresponds to 40 µg of RNA per ml. Hence RNA 

concentration was calculated as: 

RNA concentration (µg/ml) = OD at 260 nm  Dilution factor  40 

2.2.6 cDNA synthesis 

Single stranded cDNA was synthesized from total RNA using 

specific oligo-d(T20) primers. First strand cDNA was generated in a 20 µl 

reaction volume containing 5 µg total RNA, 1X RT buffer, 2 mM dNTP,          

2 mM oligo (dT)20, 20 U of RNase inhibitor and 100 U of MMLV Reverse 

transcriptase (New England Biolabs, USA). The reaction was conducted 

at 42 C for 1 h followed by an inactivation step at 85 C for 15 min. The 

synthesized cDNA was stored at -20 
o
C for further use. 

2.2.7 PCR amplification 

The PCR amplification of cDNA was initially carried out with                  

β-actin primers as an internal control to verify reverse transcription and 
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thereafter using hepcidin primers (Ren et al., 2006). Primer sequences 

used for β-actin and hepcidin genes are given in the Table 2.1.  

The PCR amplification of both the genes were carried out in 25 µl 

total reaction volume containing 1X standard Taq buffer (10 mM Tris-

HCl, 50 mMKCl, pH 8.3), 3.5 mM MgCl2, 200 mM dNTPs, 0.4 mM each 

primer and 1U Taq DNA polymerase (New England Biolabs). The PCR 

condition involved an initial denaturation of 95 C for 2 min followed by 

35 cycles of 94 C for 15 s, 60 C for 30 s and 72 C for 30 s and a final 

extension at 72 C for 10 min.  

2.2.8 Agarose gel electrophoresis  

PCR products were analysed by electrophoresis in 1.5 % agarose 

gel prepared in 1X 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 µl ethidium bromide (1 mg/ml stock) was added. After cooling 

down to ear bearing temperature, the agarose was poured on to gel tray 

and was allowed to solidify. The solidified agarose gel was then submerged 

in 1X TBE buffer, filled in a buffer tank of electrophoresis unit. About   

10 µl PCR product was mixed with 2 µl of 6X gel loading buffer                     

(1 % bromophenol blue– 250 µl, 1 % xylene cyanol– 250 µl, glycerol– 300 µl, 

double distilled water– 200 µl) and loaded into the well. Electrophoresis 

was carried out at a constant voltage of 3-5 volt/cm until the dye front is 

approximately 75-80 % of the way down the gel. The gel was visualized 

on a UV transilluminator using the Gel-DOC
TM

 XR+ imaging system 

(BioRad, USA).  
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2.2.9 Cloning of PCR product 

The purified PCR products were cloned into pGEM®-T Easy 

cloning vector (Promega, USA) using the TA-cloning technique. 

pGEM®-T Easy Vectors are linearized vectors with a single 3´-terminal 

thymidine at both ends that provides a compatible overhang for PCR 

products generated by some thermostable polymerases (Fig. 2.2). PCR 

products are usually amplified using Taq DNA polymerase which 

preferentially adds an adenine to the 3' end of the product. Moreover, the 

T-overhangs at the insertion site enhance the efficiency of ligation of PCR 

products by preventing recircularization of the vector.  

 
Fig. 2.2 Vector Map: pGEM®-T Easy cloning vector (Promega, USA) 

 

2.2.9.1 Ligation of the PCR product 

The reaction mix for ligation (10 μl) consisted of 5 µl ligation buffer 

(2X), 0.5 µl of the vector (50 ng/µl), 3.5 µl PCR product (600 ng/µl) and                

1 µl of T4 DNA ligase (3 U/µl). The ligation mix was incubated at 4 °C 

for 12 h. 
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2.2.9.2 Competent cell preparation 

E. coli DH5α cells were used as the competent cells for transformation 

of pGEM-T Easy vector with the insert. The competent cells were 

prepared as follows. Briefly, a single colony of E. coli DH5α was inoculated 

into 10 ml LB media and incubated overnight at 37 °C at 150 rpm. An 

aliquot of 5 ml of the overnight culture was seeded into 50 ml LB broth 

and incubated at 37 °C for 2 h at 250 rpm. The cells that are in their 

logarithmic phase were centrifuged at 6000 rpm for 20 min at 4 °C 

(Hitachi, Japan). The supernatant was decanted. The cell pellet was then 

re-suspended by gentle vortexing with 50 ml ice-cold 100 mM CaCl2. The 

suspended cells were kept in ice for 1 h 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 re-suspended 

using 1 ml of 100 mM CaCl2. Competent cells thus prepared was 

aliquoted to a 1.5 ml MCT (80 μl) and added 20 μl of sterile 60 % 

glycerol. The cells were stored at -80 °C for further use. 

2.2.9.3 Transformation into E. coli DH5α 

Transformation of the ligated cloning vector into E. coli DH5α 

competent cells was carried out using heat-shock method. In brief, the 

frozen competent cells of E. coli DH5α were thawed in ice for 5 min. The 

ligation mix was gently spun down and 5 μl was mixed with 50 µl of 

competent cells in a 1.5 ml MCT. It was then incubated on ice for 30 min. 

The cells were given a heat-shock for 60 s in a water-bath at 42 °C 

without shaking. Immediate to the heat shock, the tubes were returned to 

ice for 2 min. To the transformation tube, 450 μl of LB broth was added 



Chapter 2 

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

at room-temperature and incubated for 1.5 h at 37 °C with shaking 

(~150 rpm). The transformation mixture was then spread plated onto LB 

agar plates supplemented with ampicillin (100 µg/ml), IPTG (100 mM) 

and  X-gal (80 µg/ml). The plates were incubated at 37 °C for 16 h and 

the recombinant clones with the inserts were selected by blue white 

screening. Only the white colonies that appeared on the plate were 

selected and patched onto fresh LB + Ampicillin + X-gal + IPTG plates 

and incubated overnight at 37 °C.  

2.2.9.4 Confirmation of gene inserts  

The transformed cells were screened for the presence of the insert 

DNA by colony PCR using both vector, (T7 and SP6) as well as gene 

specific primers (Table 2.1). The PCR was carried out in 25 µl total 

reaction volume containing 1X standard Taq buffer (10 mM Tris-HCl,       

50 mM KCl, pH 8.3), 200 µM dNTPs, 0.4 µM each primer and 1U Taq 

DNA polymerase. The PCR programme used involved an initial 

denaturation of 95 °C for 5 min followed by 35 cycles of 94 °C for 15 s, 

annealing at  57 °C for 30 s, extension at  72 °C for 30 s and a final 

extension at 72 °C for 10 min. The PCR products were then analysed by 

electrophoresis in 1.5 % agarose gel. Positive clones with the required 

size insert were selected for plasmid isolation.  

2.2.9.5 Plasmid extraction 

Plasmid extraction was carried out using GenElute ™ HP Plasmid 

Miniprep Kit (Sigma) as per manufacturer‟s protocol. For this purpose, 

the positive clone was inoculated into LB broth supplemented with 

ampicillin (100 µg/ml) and incubated at 37 °C with shaking at 150 rpm 
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for 16 h. The culture was pelletized at 12,000 x g for 1 min. The pellet 

thus obtained was resuspended in 200 µl resuspension solution containing 

RNase A. The suspended cells were then lysed to release the cell contents 

by adding 200 µl of the lysis buffer. The contents were mixed gently by 

inverting the tubes until the mixture becomes clear and viscous. An 

aliquot of 350 µl neutralization solution was then added and centrifuged 

at 12,000 x g for 10 min to remove the cell debris.  

Meanwhile, the GenElute HP Miniprep binding column was 

activated by adding 500 µl of column preparation solution. The solution 

was then allowed to pass through the column by centrifugation at 12000 x 

g for 1 min. The cleared cell lysate from the neutralization step was 

loaded to the prepared column. The column was washed twice to remove 

any unbound materials and other contaminants with wash solution I and 

II, supplied with the kit, respectively. The flow through was discarded. The 

column was given an additional centrifugation at 12000 x g for 1 min to 

eliminate any residual ethanol from wash solution II. Plasmid DNA was 

eluted by centrifuging at 12000 x g for 1 min using 100 µl of elution 

buffer (10 mM Tris-HCl). The eluted plasmid DNA was stored at -20 °C. 

The plasmid DNA thus obtained was analyzed for the presence of the 

target insert by agarose gel electrophoresis.  

2.2.10  Plasmid Sequencing 

  Plasmids with the insert were sequenced with an ABI Prism 

Sequencing kit (Big-Dye Terminator Cycle) on an ABI Prism 377 DNA 

sequencer (Applied Biosystem) using primers T7 F and Sp6 R, at SciGenom 

sequencing facility, Kochi, Kerala, India.  
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Table 2.1 List of primers used. 

Target 

gene 
Sequence (5’-3’) 

Product 

size (bp) 

Annealing   

Temp. (°C) 

Hepcidin 
F: cgaagcagtcaaaccctcctaagatg 275 60 

R: gaacctgcagcagacaccacatccg   

β-actin 
F: gatcatgttcgagaccttcaacac 400 60 

R: cgatggtgatgacctgtccgtc   

T7 
F: tgtaatacgactcactataggg 

R: ctagttattgctcagcggtg 
750 57 

SP6 R: gatttaggtgacactatag _ _ 57 
 

2.2.11 Sequence characterization and phylogenetic analysis 

The nucleotide sequences were analysed, trimmed and assembled 

using GeneTool software. The assembled nucleotide sequence was 

translated to their respective amino acid sequence using ExPASy translate 

tool (http://web.expasy.org/translate/). Homology searches of nucleotide 

and the deduced amino sequences were performed using BLASTn and 

BLASTp algorithm of National Centre for Biotechnology Information 

(http://www.ncbi.nlm.nih.gov/). The enzyme cleavage sites, signal 

peptide and processing sites for pro-peptidases were determined using the 

PeptideCutter tool (http://web.expasy.org/peptide_cutter/), SignalP 3.0 

server (http://www.cbs.dtu.dk/services/SignalP-3.0/) and ProP 1.0 server 

(http://www.cbs.dtu.dk/services/ProP) respectively. The N-terminal 

transmembrane sequence was determined by DAS transmembrane prediction 

program (http://mendel.imp.ac.at/sat/DAS/DAS.html). Characteristic domains 

or motifs in the peptide were identified using PROSITE profile database 

(http://prosite.expasy.org/scanprosite/). Physico-chemical characteristics of 

the peptide and its mature peptide were analysed separately using ExPASy 
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ProtParam and APD programs (http://cn.expasy.org/cgi-bin/protparam;           

http://aps.unmc.edu/AP/main.php). Hot spots of aggregation and the 

aggregation propensity of the mature peptide were predicted using 

AGGRESCAN (http://bioinf.uab.es/aggrescan/). Amphipathicity and 

helical characters of the peptide were represented by Heliquest online  

tool (http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParamsV2.py). In order 

to analyse the stability of the mRNA, the cDNA sequence of the peptide 

was converted into their corresponding RNA sequence using Sequence 

editor (http://www.fr33.net/seqedit.php). The converted RNA sequence 

was then submitted to RNA fold server (http://rna.tbi.univie.ac.at/cgi-

bin/RNAfold.cgi) and the structure of RNA was predicted with minimum 

free energy (MFE). 

Conserved domains and residues were identified by multiple 

alignments with other similar sequences retrieved from the GenBank 

database using Clustal W algorithm of BioEdit software. The 

visualization of the consensus motif was performed with WebLogo 

(http://weblogo.berkeley.edu/logo.cgi). Phylogenetic analyses were carried 

out using MEGA version 6.0.6. The phylogenetic tree was constructed by the 

maximum likelihood (ML) method based on the Jones–Taylor–Thornton 

(JTT) model with complete deletion of gaps. The reliability of the resultant 

phylogenetic tree was examined using 1000 bootstrap replications. The 

antimicrobial property of active mature peptide was predicted using 

antimicrobial peptide database (APD) (http://aps.unmc.edu/AP/main.php). 

Furthermore antimicrobial domains within the peptide were predicted by 

various algorithms of Collection of Antimicrobial Peptides (CAMPR3) 

database (http://www.camp.bicnirrh.res.in/#). 
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Annotation of the secondary structure of the peptide from the 

sequence profile was carried out using POLYVIEW-2D online tool 

(http://polyview.cchmc.org/). The secondary structure of the peptide was 

generated by SWISS-MODEL server (Guex and Peitsch, 1997; Schwede 

et al., 2003; Arnold et al., 2006).  The PDB data thus obtained was used 

to visualise the spatial structure and bonding patterns of the residues in 

the structure using Python-enhanced molecular (PyMOL) viewer. The 

choice of homology model template was validated using PDBsum online 

tool (http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/). 

2.2.12 Selection of target gene for recombinant expression 

The bioactive domain of the precursor peptide i.e., the mature 

peptide region (target gene) was selected for recombinant expression.  

The recombinant production of the target gene was accomplished using              

pET-32a(+) and E. coli Rosetta-gami
TM 

B (DE3) pLysS expression system. 

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

The pET-32a(+) vector series are designed for cloning and high-

level expression of peptide sequences fused with the 109 amino acid 

Trx•Tag™ thioredoxin protein. Wide choices of cloning sites are 

available for the production of fusion proteins containing cleavable 

His•Tag® and S•Tag™ for efficient detection and purification. The 

Trx•Tag™ expressed from the vector not only enhances the solubility of 

many target proteins, but also catalyses the formation of disulphide bonds 

in the cytoplasm of trxB mutants. The sequences are numbered by the 

pBR322 convention and the unique sites in the vector are shown on the 

circle map (Fig. 2.3). 
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 Fig. 2.3 Vector circle map of the expression vector pET-32a(+) 

showing the multiple cloning sites (Novagen, UK). 
 

2.2.14 Designing of primers for cloning into expression vector 

Primers for restriction cloning were designed by adding suitable 

restriction sites to the 5‟ end of PCR primers. The restriction primers used 

for amplifying the mature peptide region of Leiognathus equulus hepcidin 

contained NcoI (CCATGG) restriction sequence in the forward primer 

and HindIII (AAGCTT) restriction site in the reverse primer. Choice of 

the restriction site from multiple cloning site (MCS) of vector was made 

based on the absence of that particular restriction sequence in the target 

gene. The details of the restriction primers used for Leiognathus equulus 

hepcidin are given in Table 2.2. Hence, for direct cloning, restriction sites 

of NcoI and HindIII enzymes were introduced at the 5' and 3' ends of the 

mature peptide sequence respectively. 
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Table 2.2 Sequence of restriction primer designed for Leiognathus equulus 

hepcidin mature peptide. 
 

Target gene Sequence (5’-3’) 

pET Le-Hepc F 5‟ TAAGCACCATGGGCCACAGCAATGCTGCTGGC 3‟ 

pET Le-Hepc R 5‟ CGAAGCTTTCAGAACCTGCAGCAGAC 3‟ 

* Colour definitions 

Nucleotide bases included to ensure enzyme digestion.  

Nucleotide bases added to make the frame correct 

Restriction enzyme site: NcoI in F and HindIII in R primer 

Target gene sequence 

2.2.15 PCR amplification of mature peptide  

The mature peptide region of Le-Hepc was amplified using the 

designed restriction primers mentioned in section 2.2.14. The PCR 

amplification was performed in a 25 μl reaction volume containing 1X 

standard Taq buffer (10 mM Tris HCl, 50 mM KCl, pH 8.3), 3.5 mM 

MgCl2, 200 μM dNTPs, 0.4 μM each primer and 1U Taq DNA 

polymerase. pGEMT-Le-Hepc was used as the template for the reaction. 

The thermal profile used was 95 C for 2 min followed by 35 cycles of 94 C 

for 15 s, 60 C for 30 s and 72 C for 30 s and a final extension at 72 C for 

10 min. Amplicons were analysed by electrophoresis in 1.5 % agarose gel 

stained with ethidium bromide and visualized under UV light.  

2.2.16 Restriction digestion 

Double digestion of both the expression vector pET-32a(+) (Novagen, 

UK) and the PCR products flanked by restriction sites was performed so 

that the gene was inserted in the correct orientation and in frame with the 

transcription promoter of the vector. Restriction digestion was carried out 
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in separate reactions by using the restriction enzymes NcoI and HindIII 

(FastDigest restriction enzymes, Thermo Fisher Scientific). For restriction 

digestion, 50 µl of PCR product was incubated with 5 µl of 10X reaction 

buffer and 0.5 units each of NcoI and HindIII and kept for 1 h at 37 °C 

followed by an inactivation at 65 °C for 20 min. Subsequently, the 

restriction digested products was resolved by agarose gel electrophoresis. 

2.2.17 Purification of restriction digested insert and expression vector 

The restriction digested insert and the expression vector, pET-32a(+)  

were purified using GenJET™ Gel Extraction Kit (Thermo Scientific, 

USA) following manufacturer‟s instructions. Briefly, the DNA fragment 

of appropriate sizes were excised from the agarose gel using a sterile 

scalpel and transferred to 1.5 ml pre-weighed vials. The excised gel was 

solubilized completely in binding buffer by incubating the gel mixture at 

60 °C with intermittent inversion. 1X gel volume of 100 % isopropanol 

was added to the solubilized gel solution and mixed well till it became 

homogenous. The homogenous gel solution was then loaded onto the 

binding column and centrifuged at 12000 x g for 1 min. The column was 

washed twice with 700 µl of wash solution and centrifuged at 12000 x g for 

1 min. The empty purification column was given an additional centrifugation 

for 1 min to remove the residual wash buffer. Finally the purified insert and 

vector were eluted from the column by centrifugation with 25 µl of elution 

buffer in a fresh 1.5 ml MCT. The purified DNA was stored at -20 °C                  

for further use. The purified products were visualized by agarose gel 

electrophoresis and the concentration was measured spectrophotometrically 

at 260/280 nm in a UV-VIS spectrophotometer (U2800, Hitachi, Japan).   
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2.2.18 Construction of recombinant expression vector and 

transformation into E. coli DH5α competent cells 

The recombinant expression vector was constructed by ligating the 

purified restriction digested target gene to the digested pET-32a(+) vector 

(Novagen, UK) following manufacturer‟s instructions. The ligation 

reaction was effected by T4 DNA ligase (Thermo Fisher Scientific).  

Briefly, 10 µl ligation mixture contained 1 µl pET-32a(+) vector  

(50 ng/µl), 4 µl target gene, 1 µl ligation buffer (10X), 1 µl T4 DNA 

ligase (1U/µl ) and 3 µl MilliQ. The ligation mixture was incubated 

overnight at 4 °C. The ligated products were then transformed to E. coli 

DH5α competent cells as discussed in section 2.2.9.3. Selected recombinant 

clones were then streaked on to LB/ampicillin (50 μg/ml) plates. Further, 

all individually streaked colonies were subjected to colony PCR using vector 

specific primers viz., T7 forward and T7 reverse primers (Table 2.1) as well 

as insert specific restriction primers (Table 2.2) to confirm the presence of 

vector with insert. The colony PCR was carried out in 25 µl total reaction 

volume containing 1X standard Taq buffer (10 mM Tris-HCl, 50 mM 

KCl, pH 8.3), 200 µM dNTPs, 0.4 µM each primer (T7 forward and T7 

reverse) and 1U Taq DNA polymerase. The thermal profile used for 

colony PCR was an initial denaturation at 95 °C for 5 min followed by 35 

cycles of denaturation at 94 °C for 15 s, annealing at 60 °C for 30 s and 

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

The amplicons were examined by electrophoresis in 1.5 % agarose gel. 

2.2.19 Plasmid extraction and sequencing  

Positive clones with the required size insert were selected for 

plasmid isolation. For this purpose, a single colony was inoculated into  
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10 ml LB broth supplemented with 50 µg/ml ampicillin and incubated at 

37 °C with shaking at 250 rpm for 16 h. Plasmid extraction was carried 

out as discussed in section 2.2.9.5. The recombinant plasmids were 

sequenced with an ABI Prism Sequencing kit by T7 F and T7 R sequence 

at SciGenom, Kochi, India. The sequences were analyzed using GeneTool 

software to ensure that the reading frame of pET-32a(+) expression vector 

and that of the target gene are preserved.  

2.2.20 Transformation into expression host, E. coli Rosetta-gamiTM 

B (DE3) pLysS 

2.2.20.1 Selection and characteristics of expression host 

E.coli Rosetta-gami
TM 

B (DE3) pLysS was selected as the expression 

host for heterologous production of Le-Hepc mature peptide. Rosetta-

gami
TM 

B strains combine the basic features of BL21, Origami, and 

Rosetta to enhance the expression of eukaryotic proteins. Also, by virtue 

of trxB/gor (thioredoxin reductase/glutathione reductase) mutation it 

effectively mediates the formation of target protein disulfide bonds in the 

bacterial cytoplasm. Besides, this strain, expresses six rare tRNAs (AGG, 

AGA, AUA, CUA, CCC, GGA) which facilitates the expression of genes 

that encode rare E. coli codons. Furthermore, this strain is a BL21 lacZY 

deletion mutant which allows production of protein from target genes 

cloned in pET vectors by induction with IPTG. pLysS strain expresses T7 

lysozyme, which further suppresses basal expression of T7 RNA polymerase 

prior to induction, thus stabilizing pET recombinants encoding target 

proteins that affect cell growth and viability. An additional feature of this 

strain includes deficiency in lon and the ompT outer membrane proteases 

that can degrade proteins during purification. All the above said features 
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of E.coli Rosetta-gami
TM

 B (DE3) pLysS enable successful expression of 

a eukaryotic gene (in particular, rich in disulphide bonds) in a prokaryotic 

cell. 

2.2.20.2 Transformation into expression host 

E. coli Rosetta-gami
TM

 B (DE3) pLysS competent cells were 

purchased from Novagen, UK and stored at -80 °C until use. About 5 µl 

of the recombinant pET-32a(+) plasmids with insert and control vector 

pET-32a(+) without insert were transformed to the competent cells using 

heat shock method as explained in section 2.2.9.3. The transformation 

mixture (200 μl) was plated on to LB agar plates, containing the antibiotics 

ampicillin (50 µg/ml), kanamycin (15 μg/ml), chloramphenicol (34 μg/ml) 

and tetracycline (12.5 μg/ml). The plates were then incubated overnight at 

37 °C for the development of colonies. Colonies obtained were patched onto 

fresh LB plates supplemented with ampicillin, kanamycin, chloramphenicol 

and tetracycline. Positive clones were determined by colony PCR with 

vector specific as well as gene specific primers. 

2.2.21 Induction and expression of fusion protein 

Single colonies of transformed expression host cells containing 

recombinant pET-32a(+) plasmid with Le-Hepc mature peptide insert and  

empty pET-32a(+) vector without insert (negative control) were selected 

for heterologous expression of the fusion protein. These transformed 

bacteria were cultured overnight in 10 ml LB broth containing antibiotics 

viz., ampicillin (50 μg/ml) and kanamycin (15 μg/ml) at 37 °C with shaking 

at 250 rpm. One ml of this overnight culture was then propagated in fresh 

100 ml LB broth (culture conditions provided as explained above) until 
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OD600nm reaches 0.6–0.8. Immediately, the cells were induced for expression 

with the inducer, IPTG. The effective IPTG concentration used for 

induction of the culture was 0.1mM. Uninduced culture, taken prior to 

IPTG induction, served to get track on the basal level expression of the 

recombinant protein. Both the culture sets (induced and the uninduced) 

were further incubated at 37 °C with shaking at 250 rpm for 4–8 h. On a 

time-course basis, 2 ml aliquot from both the sets were collected and 

centrifuged, upto seven hours. The cell pellet was stored at -20 °C for 

SDS-PAGE analysis.  

2.2.22 SDS-PAGE analysis of the recombinant protein 

Tricine–sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE) was carried out to check the level of expression of 

recombinant Le-Hepc mature peptide and control, thioredoxin (Trx) 

protein. The cell pellets (negative control, uninduced and induced cells 

taken at various time intervals) were boiled for 10 min with 100 μl of 

sample buffer containing 150 mM Tris-Cl (pH 7), 12 % SDS, 30 % 

glycerol, 6 % mercaptoethanol and 5 % coomassie brilliant blue R-250 

(CBB). The samples were centrifuged and the supernatant was loaded 

onto SDS-PAGE gel. Electrophoresis was carried out on a 4 % stacking 

and 16 % resolving gel using 4-gel Mini-PROTEAN® Tetra cell protein 

electrophoresis unit (BioRad, USA). 1X Tris (pH 8.9) and 1X Tris-tricine 

(pH 8.3) was employed as the anode and cathode buffer respectively. The 

samples were run at a voltage of 50 V for stacking gel and 120 V for 

resolving gel. After electrophoretic separation of proteins, gels were 

stained in staining solution (0.5 % coomasie brilliant blue R-250, 40 % 



Chapter 2 

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

methanol and 10 % acetic acid in distilled water) and de-stained using  

de-staining solution (10 % methanol and 10 % acetic acid in distilled 

water). Finally, the gel was documented using Gel-DOC
TM

 XR+ imaging 

system (BioRad, USA). BioLit low molecular weight protein ladder                

(3 – 40 kDa) was used for determining the molecular weight. Recombinant 

protein expression was confirmed by the presence of band at the expected 

size range. 

2.2.23 Western blotting 

Western blotting was carried out to demonstrate the ability of anti-

His tag antibody to detect hexa-histidine tagged fusion protein. For this, 

SDS-PAGE of recombinant proteins (rLe-Hepc mature peptide and rTrx) 

was performed as explained in the previous section. BioLit low range 

protein molecular weight standard (3–40 kDa) was used for determining 

the molecular weight. The cell pellets were boiled for 10 min in sample 

buffer and then electrophoresed on 16% SDS–PAGE gel. After 

electrophoresis the gel was transblotted onto a 0.2 mm PVDF membrane 

at 100 V for 1 h in Mini-PROTEAN® Tetra cell protein electro blotting 

unit (BioRad, USA). The membrane was blocked for 1 h in a 5 % non-fat 

dry milk solution in TBS-Tween20. 

The membrane was then washed and incubated overnight at 4 °C in 

His-Tag Mouse mAb (HRP conjugate) horseradish peroxidase-labelled 

anti-His tag antibody (Cell Signaling Technology
®
 Inc.) at 1:1000 

dilution in blocking buffer. After incubation, the membrane was rinsed in 

TBS-Tween20 buffer for 30 min. Finally, the membrane was incubated in 

1–Step™ Chloronaphthol reagent (Thermo Scientific, USA) for 10 min 
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and observed for blue colour development. The blue colour developed 

was documented using Gel-DOC
TM 

XR+ imaging system (BioRad, USA). 

2.2.24 Scale-up production of rLe-Hepc mature peptide 

To study the bioactive potential of rLe-Hepc mature peptide, the 

mass production of the recombinant peptide was carried out in 2 litre 

culture medium as explained in section 2.2.21.  Cell pellet with rLe-Hepc 

was collected and stored at -20 °C for SDS-PAGE analysis and purification. 

2.2.25 Affinity purification of recombinant protein 

Purification of the 6x-histidine tagged recombinant rLe-Hepc 

mature peptide and Trx from bacterial pellet was accomplished with 

immobilized metal affinity chromatography (IMAC) using nickel-

nitrilotriacetic acid spin columns (Qiagen®). The peptides were purified 

under denaturing condition following manufacturer‟s protocol. Briefly, 

cell lysates were prepared by mixing the thawed cell pellets with 700 µl 

of buffer B (7 M Urea, 100 mM NaH2PO4, pH 8.0) and was vortexed for 

15 min. It was then centrifuged at 6000 x g for 30 min. The supernatant 

thus formed was collected and stored at -20 °C. The Ni-NTA spin columns 

were equilibrated with 600 µl of buffer B followed by centrifugation at 

2900 rpm for 2 min. These equilibrated columns were loaded with 600 µl 

of cleared lysate containing 6x histidine tagged fusion proteins and 

centrifuged at 1600 rpm for 10 min at room temperature. The columns 

were washed twice with 600 µl buffer C (8 M Urea, 100 mM NaH2PO4, 

pH 6.3) and centrifuged at 2900 rpm for 2 min to remove unbound and 

untagged proteins. The recombinant protein was eluted by centrifugation 

(2900 rpm for 2 min) using 400 µl buffer E (elution buffer- 8 M urea,  
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100 mM NaH2PO4, pH 4.5). The flow through after each step was 

collected for SDS-PAGE analysis to check the binding efficiency of the 

column. The purification steps were repeated a number of times to obtain 

sufficient quantities of protein for various assays. The eluted protein was 

stored at -20 °C for further use. 

2.2.26 Concentration  and re-folding of the recombinant protein 

The Ni-NTA column purified samples were concentrated by 

centrifugation (5000 x g, 30 min) to one tenth the original volume using 

Millipore's Amicon Ultra-Centrifugal 3 kDa cut-off membrane. The 3 kDa 

cut-off membrane allows the passage of low molecular weight proteins 

through the filter while high molecular weight fusion proteins will be 

retained by the filter. The concentrated samples were then reconstituted to 

the original volume using the refolding buffer (50 mM Tris-Cl (pH 8)) 

and centrifuged at 5000 x g for 30 min. The concentrated samples were 

given repeated washes with refolding buffer to remove the denaturing 

salts (especially urea); thereby refolding the protein to its native form. 

The concentrated sample was finally constituted in refolding buffer to a 

desired volume. 

2.2.27 Quantification of recombinant protein 

The concentration of recombinant proteins (rLe-Hepc mature 

peptide and control-Trx protein) was quantified with Quant-iT
TM

 protein 

assay kit using Qubit fluorometer (Invitrogen, UK) following manufacturer‟s 

protocol. Briefly, the Quant-iT working solution was prepared by diluting 

the Quant-iT protein reagent in Quant-iT protein buffer (1: 200) and 

mixed well. About 190 μl of Quant-iT working solution was aliquoted to 
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fresh and clean 0.5 ml tubes. To this, 10 μl of the recombinant peptides 

were added and mixed by mild vortexing. The tubes were incubated for 

15 min at room temperature. The concentrations of the recombinant 

proteins were measured using the Quant-iT protein programme and the 

readings were recorded in μg/ml. The sample concentration was 

calculated using the following equation:  

Concentration of sample = QF value x (200/X) 

Where, QF value = the value given by the Qubit fluorometer, 

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

2.2.28 Haemolytic activity of recombinant proteins 

The ability to differentiate between bacterial and mammalian cells 

is an important characteristic of an ideal antimicrobial peptide. The 

cytotoxicity of the recombinant proteins was therefore determined using 

haemolytic assay. Haemolytic activity of the recombinant proteins was 

measured using human red blood cells (hRBCs) with a modified protocol 

of Onuma et al. (1999). In brief, freshly packed human erythrocytes 

were washed three times in 0.01M Tris–HCl (pH 7.4) buffer containing 

0.15 M NaCl until the supernatant was colorless. A 1:10 dilution of 

washed erythrocytes was prepared in the same buffer and about 100 μl was 

dispensed to 0.5 ml micro centrifuge tubes. An equal volume of recombinant 

proteins (serially diluted in Tris buffer) were added to the 1 % erythrocyte 

suspension. The final volume in each tube was 200 μl; 100 μl of a given 

peptide dilution plus 100 μl of the cell suspension. The tubes were 

incubated for 1 h at 37 °C. Samples were centrifuged at 3000 rpm for               

5 min and 100 μl aliquots of the supernatants were transferred into                
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96-well microtiter plates. Absorbance at 405 nm was determined using an 

ELISA plate reader (Tecan, USA). The 100 % lysis reference was 100 μl 

of 1 %(v/v) Triton X-100 added to 100 μl of the cell suspension; the 0 % 

reference was 100 μl of the cell suspension plus 100 μl of the Tris buffer. 

The assay was performed in triplicate. Concentration of the peptides that 

caused 50 % haemolysis of the cells was determined. 

Percentage haemolysis was calculated by the following formula: 

Percentage haemolysis = 100 [(As −A0) / (At−A0)] 

where As represents absorbance of peptide sample at 405 nm and A0 and 

At represent zero % and hundred % haemolysis determined in Tris buffer 

and 1 % Triton X-100, respectively. 

2.2.29 In vitro cytotoxicity assay 

Cytotoxicity of peptides against human cancer cells NCI-H460 was 

measured using the standard XTT assay in microtitre plates. About, 1×10
6
 

human lung cancer cells NCI-H460 were inoculated into each well of a 96 

well tissue culture plate containing minimal essential medium (MEM). 

The plates were then incubated for 12 h at 37 °C. Following incubation, 

the cells were washed with phosphate buffered saline (PBS) and the 

medium was exchanged with fresh MEM containing a series of two fold 

dilutions of rLe-hepc mature peptide. Cytotoxic AMP, Mellitin was used 

as the positive control and MEM without peptide served as the negative 

control. Cells were treated with peptides and incubated for another 24 h at 

37 °C. Subsequently, morphological changes of the cells were observed 

under inverted phase contrast microscope (Leica, Germany). The medium 
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was removed and 50 µl of 2, 3-bis[2-methyloxy-4-nitro-5-sulfophenyl]-

2H-tetrazolium-5-carboxanilide (XTT) solution (1 mg/ml in RPMI 1640 

medium) was added to each well and incubated for 2 h at 37 °C in a CO2 

incubator (Scudiero et al., 1988). All the experiments were performed in 

triplicate. The absorbance of each well was measured at 450 nm against a 

reference at 690 nm using Microplate reader (TECAN Infinite M200, 

Austria). Metabolically active cells cause the cleavage of the yellow 

tetrazolium salt XTT to form an orange formazan dye. The results are 

expressed as percentage of the inhibition rate for viable cells in the 

peptide treated group versus the control group. Cytotoxicity (IC50 value) 

was recorded as the lowest concentration of the protein that resulted in at 

least 50 % cell death. 

2.2.30 Antimicrobial assay 

The antimicrobial activity of the recombinant protein was examined 

against a panel of Gram-negative and Gram-positive bacterial pathogens. 

Microbial strains used to test the antibacterial activity of rLe-Hepc mature 

peptide are listed in Table 2.3. For the assay, bacterial strains were tested 

for purity by repeated streaking on sterile nutrient agar plates. The 

relationship between absorbance at 600 nm and colony-forming units 

(CFUs) was determined for each micro-organism by spreading serial 

dilutions of the cell suspension onto Nutrient agar or TCBS plates (for 

vibrios). All bacteria were grown aerobically and cultured at different 

temperatures: 28 °C for vibrios and 37 °C for rest of the organisms. 
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Table 2.3 Microbial strains used to test the antibacterial activity of the peptides. 
 

Gram reaction Micro-organism Strain description 

Gram-positive 
Bacillus cereus MCCB 101 

Staphylococcus aureus MTCC 3061 

Gram-negative 

Edwardsiella tarda MTCC 2400 

Pseudomonas aeruginosa MCCB 119 

Aeromonas  hydrophila MCCB 113 

Escherichia coli MTCC 483 

Vibrio cholerae MCCB 129 

V. vulnificus WV13 

V. proteolyticus M10W1 

V. alginolyticus VKF44 

V. parahaemolyticus MCCB 133 
 

2.2.30.1 Broth microdilution assay 

Antimicrobial activity of the peptides was assayed using broth 

microdilution method as described by Park et al. (2000) with minor 

modifications. Briefly, single colonies of bacteria were inoculated into the 

appropriate medium, and cultured overnight at 37 °C (28 °C for vibrios). 

Aliquots of each culture were transferred to 10 ml of fresh medium and 

incubated for an additional 2-4 h to obtain mid- logarithmic phase cells. The 

cells were then washed and resuspended in 50 mM 4-(2-hydroxyethyl)-1-

piperazine ethane sulfonic acid (HEPES) buffer, pH 7.4. The cell suspension 

was diluted to 10
4
 CFU/ml with 50 mM HEPES buffer. 10 μl of the diluted 

cell suspension and 10 μl of serially diluted peptide samples were added to 

96 well propylene microtiter plates (Costar, Cambridge, MA, USA). After 

incubation for 2 h at room temperature, Muller Hinton broth was added to 

the mixture and incubated at 37 °C or 28 °C (vibrios) for an additional 16 h. 

The inhibition of growth was determined by measuring absorbance at       
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600 nm with a Microplate reader (Tecan, USA). Peptides were substituted by 

HEPES buffer / diluent for the negative control whereas bacteria treated with 

thioredoxin fusion protein served as the negative control. Percentage of 

microbial growth inhibition was calculated using the following formula: 

Inhibition % = 100 – Growth percentage. 

Where,  Growth % = (OD of Test / OD of Control) × 100. 

Minimal Inhibitory Concentration (MIC) of the peptides was 

determined and was defined as the lowest concentration of the peptide 

that completely inhibited the growth of the microorganism. Three replicates 

of each MIC determination were performed. 

2.2.30.2 Bactericidal assay 

The bactericidal activity of the peptide was determined according to 

Steinberg and Lehrer (1997) with slight modifications. Bacterial pathogens 

were treated similarly as discussed in the previous section. After incubation, 

bactericidal effect of the peptide was determined by streaking a 10 µl 

aliquot of the microtiter plate reaction mixture onto Muller Hinton agar 

plate for the three serial dilution wells above the determined MIC. MH 

agar plates were incubated overnight at 37 °C and observed for the 

development of colonies. The minimal bactericidal concentration (MBC) 

of the peptide for a given bacterial strain was defined as the lowest 

concentration of the peptide that killed the bacteria. 

2.2.30.3 Bacterial membrane permeability assay (Propidium Iodide 

(PI) uptake assay) 
 

The integrity of the microbial membrane treated with rLe-Hepc 

mature peptide was determined by measuring the influx of Propidium 
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Iodide (PI) using a modified method of Wang et al. (2013). Bacterial 

pathogens found sensitive when treated with the recombinant mature 

peptide of Le-Hepc were analysed by the assay. Membrane permeability 

of rLe-Hepc mature peptide with the treated cells was finally visualized 

by epifluorescence microscopy. Briefly, bacterial suspension was prepared 

as discussed in previous sections and treated with peptide at the minimum 

inhibitory concentration obtained for that pathogen. The mixture was then 

incubated at 37 °C for 2 h followed by centrifugation at 5000 rpm for         

5 min. The pellet thus obtained was re-suspended and washed in PBS.           

200 µl of propidium iodide (PI, Sigma-Aldrich, 50 µg/ml) in PBS was 

added to the washed cell pellet and mixed well. After incubation at room 

temperature in dark for 5 min, cells were centrifuged and washed twice 

with PBS. Treated cells were spread in a glass slide and covered with a 

coverslip. Meanwhile, a bacterial suspension without peptides was 

included as the control. The influx of PI into bacterial cells was observed 

using a Fluorescence microscope (Leica DMRA, Heidelberg, Germany). 

Images were obtained by Leica DMDL digital camera and LEICA FISH 

software. Fluorescence of PI was observed using an excitation filter with 

wavelength of 540 - 580 nm and an emission filter of 600 - 660 nm. 

2.2.30.4 Scanning electron microscopy imaging 

Scanning electron microscopy (SEM) was performed to observe the 

morphological changes in bacteria after treatment with rLe-Hepc mature 

peptide. Bacteria in the mid-exponential growth phase were prepared and 

were diluted with distilled water to an OD600nm of 1. Microbial inoculum 

was treated with double the MIC of peptides to mediate the killing of 

higher number of microbes. After incubation of pathogens with peptide at 



Molecular Characterization, Recombinant Production and Functional Analysis of a Novel… 

Antimicrobial Peptides from Marine Fishes: Molecular Characterization and Evaluation of Bioactive Potential 75 

37 °C for 1 h, cells were centrifuged (5000 rpm for 5 min). The resulting 

pellet was washed twice with sterile 0.1 M sodium phosphate buffer and then 

fixed in 2.5 % glutaraldehyde for 2 h at room temperature. The cells were 

washed again, fixed with 1 % Osmium tetroxide for 30 min at 4 °C. Further, 

the cells were dehydrated in a graded series of ethanol solutions until a final 

concentration of 100 % ethanol was achieved. After critical point drying and 

sputter-coating with gold, the bacteria were observed with VEGA3 TESCAN 

Scanning electron microscope at a voltage of 10 kV. Bacterial cells that were 

not treated with the peptide were used as the control.  

2.3 Results 

In the present study, a novel HAMP2 isoform of an antimicrobial 

peptide, hepcidin could be identified, cloned and characterized from the 

common pony fish, Leiognathus equulus.  

2.3.1 Molecular characterization of hepcidin from Leiognathus equulus 

This section deals with the molecular and phylogenetic characterisation 

of hepcidin from Leiognathus equulus by various bioinformatics tools. The 

HAMP2 isoform of L. equulus hepcidin, hereafter would be designated as 

Le-Hepc. 

2.3.1.1 PCR amplification, TA cloning and sequencing of Le-Hepc 

A 261-bp fragment cDNA with a complete coding sequence for 86 

amino acids was obtained from the gill mRNA transcripts of L. equulus via, 

RT-PCR (Fig. 2.4). The amplicons were then cloned into pGEM
®
-T Easy 

cloning vector and insert was confirmed using vector-specific and gene 

specific hepcidin primers by colony PCR (Fig. 2.5a). Recombinant pGEMT-
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Le-Hepc plasmids isolated from the white colonies were sequenced and 

analysed (Fig. 2.5b). The Le-Hepc cDNA sequence and deduced amino 

acid sequence (Fig. 2.6) has been submitted to the NCBI GenBank under 

the accession number KM034809.  

 
Fig. 2.4  Agarose gel of PCR amplification of Le-Hepc. Lane M: 100 bp 

DNA marker, Lane 1:  Le-Hepc amplicons of 261 bp. 

 

 

           
                                             (a)                                                 (b) 

Fig. 2.5  Agarose gel (a) colony PCR of Le-Hepc. Lane M: 100 bp DNA ladder, 

Lane 1: ~ 400 bp amplicon obtained with vector specific primers and 

Lane 2: 261 bp amplicon obtained using gene specific primers                       

(b) Plasmid isolated from positive clones of pGEMT-Le-Hepc vector 

constructs. Lane M: 1 kb DNA marker, Lane 1: pGEMT plasmid with 

Le-Hepc insert. 
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Fig. 2.6  Nucleotide and deduced amino acid sequences of Leiognathus equulus 

hepcidin, Le-hepc (GenBank ID: KM034809). The single letter amino 

acid code is shown below the corresponding nucleotide sequences. The 

start and stop codons are highlighted in red bold letters. Region 

highlighted in turquoise colour specifies the 24 amino acid signal 

peptide. The yellow coloured region indicates the propeptide domain 

and the mature peptide region is highlighted in green colour. 
 

2.3.1.2 Sequence characterization and phylogenetic analysis using 

bioinformatics tools 

BLAST analysis of the nucleotide and deduced amino acid sequences 

revealed that the peptide belonged to hepcidin family. Similarity searches 

using BLASTn indicated that the nucleotide sequence of Le-Hepc showed 

only 88 % similarity with Dicentrarchus labrax (GenBank ID: KJ890400), 

87 % similarity with that of Morone chrysops (GenBank ID: AF394246) and 

83 % similarity with Pagrus major (GenBank ID: AY557619) hepcidin 

precursor nucleotide sequences. The deduced prepropeptide sequence of 

L. equulus showed 78 % similarity with the recombinant bass hepcidin 

precursor of M. chrysops x M. saxatilis followed by 77% similarity with 

that of D. labrax and 71 % similarity with Zanclus cornutus precursor 

hepcidin respectively. 

SignalP 3.0 analysis revealed the existence of a putative cleavage 

site for signal peptidase positioned between 24
th

 and 25
th 

amino acid, 

SSA-VP residue of Le-Hepc, producing a 24 amino acid signal peptide 

(Fig. 2.7a). ScanProsite analysis revealed that the Le-Hepc sequence 
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contains a region which is essentially cysteine rich (residues 67-84). 

Common motifs identified apart from the cysteine rich region includes 

one protein kinase C phosphorylation site at Ser
55

-Ser
56

-Arg
57

, one 

cAMP-CGMP-dependent protein kinase phosphorylation site at Lys
59

-

Arg
60

-His
61

-Ser
62

 and three N-myristoylation sites at Gly
66

-Cys
67

-Arg
68

-

Phe
69

-Cys
70

-Cys
71

,Gly
72

-Cys
73

-Cys
74

-Pro
75

-Asn
76

-Met
77

 and Gly
79

-Cys
80

-

Gly
81

-Val
82

-Cys
83

-Cys
84

. ProP 1.0 predicted the cleavage sites for 

propeptide convertase positioned between Arg
60

 and His
61

 after the motif 

RHKR, resulting in a 36 amino acid prodomain and 26-mer mature 

peptide with eight conserved cysteine residues (Fig. 2.7b). The 26 amino 

acid mature peptide of L. equulus hepcidin will be referred hereafter as 

mLeH. The DAS prediction server also identified the presence of a trans-

membrane amino acid sequence (6–19) in the N-terminal region of                 

Le-Hepc, encompassing the signal peptide region. In vivo aggregation 

propensity determined using AGGRESCAN predicted the presence of 

two hot spots in mLeH with a calculated value of 0.314 and 0.295 for the 

sequences (-CRFCCGC-) and (-CGVCCRF) respectively. 

  
                            (a)                                                               (b) 

Fig. 2.7 (a) Signal peptide analysis and (b) Propeptide analysis of Le-Hepc 

(GenBank ID: KM034809) as predicted by the SignalP 4.1 and ProP 

1.0 server respectively. 
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Peptide characterisation as predicted by ProtParam tool disclosed 

that the mLeH has a molecular weight of 2.73 kDa, a net positive charge 

of +2, theoretical pI of 8.23 and a total hydrophobic ratio of 53 %, while 

the precursor molecule possess no net charge and has a net hydrophobic 

ratio of only 45 %. Le-Hepc was found to be rich in amino acids such as 

Val (12 %), Cys (10 %), and Ala (8 %) while its mature region contained 

more Cys (30 %) and Gly (15 %). Amphipathic character of Le-Hepc as 

analysed by ProtScale tool is represented as Kyte-Doolittle plot (Fig. 2.8).  

 

Fig. 2.8 Kyte-Doolittle plot showing hydrophobicity of Le-Hepc 

(GenBank ID: KM034809). The peaks above the score 

(0.0) indicate the hydrophobic nature of the predicted 

peptide. 
 

Kyte-Doolittle plot demonstrated the presence of hydrophobic 

amino acids concentrated in the first 20 residues and last few residues of 

the peptide. The cationicity of the mature domain was found to be mainly 

contributed by histidine and arginine residues, as no lysine residue was 

found to be present. The estimated half-life of the mLeH is predicted to be 
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about 3.5 h in mammalian reticulocytes and greater than 10 h in 

Escherichia coli in vivo. The instability index of the mature peptide was 

computed to be 35.07 which classify the peptide as a stable peptide. 

Moreover, the predicted mRNA structure of Le-Hepc had a MFE value of 

-76.60 kcal/mol and indicated that the RNA is mostly paired with very 

few nucleotides left unpaired (Fig. 2.9). 

 

 
Fig. 2.9  mRNA structure of Leiognathus equulus hepcidin, Le-Hepc 

drawn using RNA fold server. The different regions of 

mRNA are appropriately marked. 

 
Multiple sequence alignment of Le-Hepc with the related pre-

propeptide hepcidin sequences retrieved from the GenBank outlined the 

conserved domains and residues in fish, amphibian, and mammalian 

hepcidins (Fig. 2.10A). Multiple sequence aligned members showed high 

similarity in the signal peptide region, though a great variation could be 

observed in the prodomain (Fig. 2.10B a and b). The 8 cysteine residues 

that participated in disulphide bond formation were found to be highly 

conserved in the mature realm of all the representative group members 

(Fig. 2.10B c). Moreover, the C-terminus (–CCR/KF) of the mature 

domain showed a high degree of conservation among most of the fish 

hepcidins. 



Molecular Characterization, Recombinant Production and Functional Analysis of a Novel… 

Antimicrobial Peptides from Marine Fishes: Molecular Characterization and Evaluation of Bioactive Potential 81 

 
 

 

(a) 

 

   (b)

  

(c)

  
 

Fig. 2.10  (A) ClustalW multiple alignment of Leiognathus equulus hepcidin, Le-Hepc with 

other reported fish and non-fish vertebrate hepcidins obtained using BioEdit 

software. The relative positions of signal peptide, propeptide and mature peptide 

of all the sequences are marked. The identical residues are highlighted with 

background colours. (B) WebLogo visualization of the consensus motif based on 

multiple alignments of hepcidins. (a) Sequence logo of the signal peptide region, 

(b) sequence logo of the pro-peptide region and (c) sequence logo of the mature 

peptide region. The height of the letters indicates the relative frequency of the 

letter at that position and the overall height of the stack indicates the sequence 

conservation in terms of information content in bits.  

(A) 

(B) 



Chapter 2 

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

 

The phylogenetic tree constructed based on the prepro-hepcidin 

sequences, revealed the relationship of Le-Hepc (GenBank Protein ID: 

AIM47017) with other vertebrate hepcidins retrieved from GenBank. The 

unrooted phylogenetic tree (Fig. 2.11) of Le-Hepc showed a marked 

separation between the two largest branches, the mammalian–amphibian 

group and the fish group. The percentages of replicate trees in which the 

associated taxa clustered together in the bootstrap test (1000 replicates) 

are shown next to the branches of the tree. L. equulus hepcidin was found 

to be deeply nested within the fish clade and seen more closely related to 

Z. cornutus hepcidin (GenBank ID: JX13300) and D. labrax hepcidin 

(GenBank ID: KJ890397.1). The two broad evolutionary lineages of 

hepcidins, HAMP1 and HAMP2, were seen as distinct and separate 

clades as illustrated in the phylogenetic tree. Antarctic fishes formed a 

separate subcluster. Phylogenetic analysis reconfirmed the inclusion of 

Le-Hepc in the HAMP2-like group of peptides and its possible role as an 

antimicrobial peptide rather than an iron regulatory hormone. 
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Fig. 2.11  A bootstrapped Maximum Likelihood tree obtained using MEGA 

version 6.0.6, illustrating the phylogenetic relationship of 

Leiognathus equulus hepcidin, Le-Hepc with prepro-hepcidins of 

fishes as well as representatives from other vertebrate classes 

obtained from GenBank. The numbers shown at the branches denote 

the bootstrap majority consensus values of 1000 replicates. 
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Secondary structural analysis of Le-Hepc indicated an α-helical N-

terminal region followed by random coiled regions (Fig. 2.12a). 

Apparently, signal peptide residues constituted the α-helical regions while 

the propeptide domain formed the random coiled portion. Among the 26 

amino acids (aa) forming mLeH, only 21 residues were found to be 

largely involved in the formation of a stable secondary structural 

conformation. Secondary structure analysis of  mLeH (Fig. 2.12b), as 

predicted by PDBsum, revealed the presence of one β-hairpin-like 

structure, two β turns and two γ turns. The formation of a β hairpin 

involved two β strands that are adjacent in their primary structure, but 

oriented in an antiparallel direction. The amino acids Arg
68

, Phe
69

, and 

Cys
70 

constituted the β1 sheet while the amino acids Gly
81

, Val
82

, and 

Cys
83

 framed the β2 sheet. The two β turns present in the mature peptide 

are of type IV and are constituted by CCGC (Cys
70

- Cys
73

) and the 

CPNM (Cys
74

-Met
77

) motifs. Also, the two inverse γ turns are formed by 

the CPN (Cys
74

-Asn
76

) motif and the MHG (Met
77

-Gly
79

) motif. The 

secondary structure is strengthened by four disulphide bonds in the 

following patterns, Cys
67

–Cys
84

, Cys
70

–Cys
83

, Cys
71

–Cys
80

, and Cys
73

– 

Cys
74

.  The disulphide bonds in the Cys
70

–Cys
83

 and Cys
71

–Cys
80

 residues 

are of the right handed hook and short right handed hook types, 

respectively. 
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Fig. 2.12  (a) Secondary structure annotation of Leiognathus equulus hepcidin, 

Le-Hepc predicted using POLYVIEW-2D. The α-helix region is 

shown in zig zag red lines, β-strand is shown in green arrows, and the 

coil region is shown in blue lines. The conserved cysteine residues are 

highlighted in blue colour. (b) Secondary structure wiring diagram of 

the mature peptide of Le-Hepc as predicted by PDBsum. The residues 

or motifs forming the β hairpins, β turns and the γ turns are shown. 

The cysteine residues forming the four disulphide bonds are also 

indicated. 

 

The three-dimensional structure of Le-Hepc mainly consists of two 

antiparallel β sheets with intertwining random coiled portions stabilised 

by four disulphide bonds. It contains both charged residues and hydrophobic 

moieties that allow strong interactions between the peptides and the 

membranes. The spatial structure of Le-Hepc (Fig. 2.13) was constructed 

based on homology modelling using the solution structure of hybrid white 

striped bass hepcidin (PDB ID: 1S6W) as the template. Le-Hepc showed 

90.5 % structural similarity with hybrid white striped bass hepcidin 

against a 57.9 % similarity with the NMR structure of human hepcidin 20 

(PDB ID: 1m4e) as validated by PDBsum results.                                                                 
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Fig. 2.13 Spatial structure of Le-Hepc constructed by homology 

modelling using PyMOL software using the PDB ID: 1S6W, 

obtained from SWISS-MODEL server. The two antiparallel           

β-pleated structures are seen as yellow coloured ribbons. 

Cysteine residues that participate in disulphide bonds which 

stabilize the β -hairpin are highlighted.  

 

The Antimicrobial peptide (APD2) database prediction confirmed 

the antimicrobial property of mLeH. The mature domain net charge (+2) 

with protein binding potential (Boman index) of 0.99 kcal/mol ensured its 

antimicrobial property. APD2 analysis indicated the presence of 14 

hydrophobic residues on the hydrophobic surface of the mature peptide 

accounting for a grand average of hydropathicity (GRAVY) of 0.34, 

emphasising a strong interaction with the membrane of microbes and 

hence its role as an antimicrobial peptide. Additionally, sequence 

alignment of mLeH with other peptides in the APD2 database exhibited 

84 %, 73.07 %, 61.53 %, and 60.7 % similarity with Acanthopagrus 

schlegelii (hepcidin 2), hybrid bass hepcidin  (Morone chrysops x M. 

saxatilis), Sparus aurata hepcidin, and Oreochromis mossambicus hepcidin, 

respectively. The CAMPR3 database with its various algorithms indicated 

that the sequence His
61

-Arg
86

, i.e., the 26-mer mature domain, possessed 

the highest probability of being an antimicrobial peptide among all the 

segments of Le-Hepc. The support vector machine (SVM) {1}, random 
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forest classifier (RFC) {0.72}, discriminant analysis classifier (DAC) {1}, 

and artificial neural classifier (ANN) calculated the probability percentage 

of the mature peptide (values given in curly brackets) and classified 

mLeH as an antimicrobial peptide.  

2.3.2 Recombinant production and functional characterization of 

mLeH 

Analysis of Le-Hepc with various bioinformatics tools predicted the 

mature peptide of Le-Hepc, excluding the signal peptide possessed the 

biologically active region. Hence the selected region designated as mLeH, 

was subjected to recombinant expression and for analyzing its biological 

activity.  

2.3.2.1  PCR amplification and cloning of the target gene with restriction 

sites  

Selective amplification of the target gene, mLeH was performed 

using restriction primers designed (Table 2.2). Approximately 100 bp 

target gene amplicon was obtained by PCR amplification using pGEMT-

Le-Hepc as template (Fig. 2.14). The PCR product was purified and 

cloned into pGEM
®
-T Easy cloning vectors and transformed into E. coli 

DH5α competent cells. Colony PCR was performed with vector specific 

and gene specific primers to confirm the presence of plasmid with the 

target gene. Approximately 100 bp amplicons (comprising restriction 

sites) was obtained using gene specific (pET Le-Hepc F and R) and 241 bp 

(100 bp + 141 bp) with vector specific primers (T7 F and SP6 R) 

respectively (Fig. 2.15). From the positive colonies, plasmids with inserts 

were extracted and sequencing of the plasmid was done to check the 

presence of restriction site and orientation of target gene. 
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Fig. 2.14  Agarose gel of PCR amplified mature peptide region of 

Le-Hepc with restriction primers. Lane M: 100 bp ladder, 

Lane 1-2: PCR amplified product (100 bp). 

 

 
Fig. 2.15  Agarose gel image of colony PCR. Lane M: 1 kb ladder, 

Lane 1-2: amplicon (241 bp) of PCR using vector 

specific primers, Lane 3-4: amplicon (~100 bp) obtained 

for PCR with insert specific primers. 

 
2.3.2.2 Restriction enzyme digestion and cloning of target gene into 

pET-32a(+)  expression vector 

Recombinant plasmids after confirmation of the presence and 

orientation of the restriction sites and the target gene were subjected to 

restriction digestion using NcoI and HindIII restriction enzymes. Agarose 

gel analysis of the restriction digested products confirmed the release of 

inserts. Two distinct bands, one at the bottom of the gel (~100 bp) 

representing the released insert and other one at the top of the gel, the cut 

plasmid could be observed from the gel image (Fig. 2.16a). No much 
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difference in size in the digested recombinant pGEMT plasmid and the 

control pGEMT plasmid could be observed as only a small fragment is 

released by restriction digestion. Subsequently, pET-32a(+)  expression 

vector was also digested using the same RE (Fig. 2.16b). Following double 

digestion, the restriction digested insert and vector were gel eluted using 

GenJET™ Gel Extraction Kit. 

 
Fig. 2.16 Agarose gel image of plasmids digested with Nco1 and 

HindIII restriction enzymes. (a) Lane M: 1kb ladder, Lane 

1: Restriction enzyme digested pGEMT-mLeH plasmid 

with released insert, Lane 2: Un-digested pGEMT-mLeH 

plasmid (b) Lane 1: restriction enzyme digested linearized 

pET-32a(+) vector, Lane 2: Un-digested pET-32a(+) vector 
 

Restriction digested target gene and pET-32a(+) vector were 

subjected to ligation and transformed to E. coli DH5α. Screening for the 

recombinant clones were done by colony PCR.  Amplicons of size 850 bp 

(100 bp + 750 bp) and 100 bp were obtained for vector specific primers 

(T7 F and T7 R) and gene specific primers respectively (Fig. 2.17a). 

Plasmids were extracted from positive clones and sequenced using T7 F and 

T7 R primers to ensure correct orientation of the expression cassette without 

any frame shift (Fig. 2.17b). The recombinant vector pET-32a(+)-mLeH was 

transformed to expression host E. coli Rosetta-gami
TM

 B (DE3) pLysS and 

colonies were obtained in LB agar plates with ampicillin and kanamycin.  
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                                                   (a)                                             (b) 

Fig. 2.17  (a) Agarose gel image of colony PCR of pET-32a(+) vector construct 

with mLeH insert using T7 forward and T7 reverse primers. Lane M: 1 

kb DNA marker, Lane 1 and 2: 850 bp amplicons of PCR performed 

using vector specific primers, Lane 3 and 4: 100 bp PCR amplicons 

amplified using insert specific primers. (b) Plasmid gel image of the 

recombinant plasmid and the control pET plasmid. Lane 1: pET-32a(+) 

plasmid with the mLeH insert, Lane 2: pET plasmid without any insert.  

 
2.3.2.3 Recombinant expression of mLeH as fusion protein 

The mature peptide of HAMP2 isoform, mLeH from L. equulus was 

successfully produced as a fusion protein containing 6 x His tag and 

thioredoxin tag. Transformed Rosetta-gami
TM

 B (DE3) pLysS cells were 

cultured in LB both with preferred antibiotics by providing incubation at 

37 °C with orbital shaking at 250 rpm. E. coli Rosetta-gami
TM

 (DE3) 

pLysS cells harboring the recombinant expression plasmid, pET-32a(+)-

mLeH, expressed the target trxA-6 x His tag-mLeH fusion protein 

following induction with 0.1 mM IPTG. The fusion protein produced in 

the heterologous expression system appeared as a monomer and was 

found to be expressed in soluble form in the cytoplasm. Tricine- SDS-

PAGE analysis of the proteins expressed in E. coli from the pilot scale 

expression aliquots revealed a prominent band at 22.7 kDa corresponding 

to the size of recombinant hepcidin (Fig. 2.18). The observed molecular 
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mass of the fusion protein was in agreement with the calculated molecular 

mass based on their deduced amino acid sequences. i.e., 2.7 kDa of mLeH 

combined with approximately 20 kDa of the fusion thioredoxin protein. 

The intensity of expression increased from the time of induction with 

IPTG to a maximum by 5 h. The expression level was found to be fairly 

constant thereafter (Fig. 2.18). Also, no basal level expression was 

observed at the 0
th 

h. Hence mass production of mLeH was carried out at 

37 °C, with shaking at 250 rpm for 5 h post induction. The cells were then 

harvested and stored at -20 °C. 

 

 

Fig. 2.18  Tricine SDS-PAGE analysis of recombinant expression 

of mLeH, before and after IPTG induction on a time-

course basis. Lane M: Low-range protein ladder, Lane 1: 

uninduced control (before IPTG induction), Lane 2: 

recombinant cells at the time of induction; Lane 3-9: 

IPTG induced cells after 1-7 hours of induction. 

 

Meanwhile, heterologous production of thioredoxin (Trx) with                 

6x-His-tag (negative control) was also performed in a similar manner. 

The transformants with empty pET-32a(+) vector with no insert was 

induced with 0.1 mM IPTG, cultured under the same growth conditions. 
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A distinct band at 20.4 kDa representing Trx fusion protein was detected 

as early as 2
nd

 h post induction (Fig. 2.19). Hence mass production of the 

control protein was carried out in 2 l media and cells were harvested 

second hour post induction and kept at -20°C. 

 

 Fig. 2.19  Tricine SDS-PAGE analysis of recombinant expression 

of Thioredoxin, Trx, before and after IPTG induction on 

a time-course basis. Lane M: High-range protein ladder, 

Lane 1: un-induced control (before IPTG induction), Lane 

2-6: IPTG induced cells after 0-4 hours of induction.  

 
2.3.2.4 Purification, refolding and quantification of the recombinant 

protein 

The rmLeH and rTrx samples were purified by immobilized metal 

affinity chromatography (IMAC) using Ni-NTA columns. The eluted 

fractions were analysed by SDS-PAGE (Fig. 2.20a) and the N-terminal 

His tagged recombinant proteins were detected by Anti-His antibody in 

the western blot (Fig. 2.20b). Amicon cut off filtration unit was used for 

concentrating and refolding the purified recombinant proteins from the 

eluted fraction. Protein concentration of rmLeH and rTrx were quantified 

using Quant-iT
TM

 protein assay kit and the concentration was found to be 

2.47mg/ml and 1.42 mg/ml respectively.                 
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Fig. 2.20 (a) Tricine SDS-PAGE analysis of Ni-NTA purified proteins. Lane M: 

Low range weight protein marker, Lane 1: purified recombinant mLeH 
(22.7 kDa), Lane 2: purified recombinant Trx (20.4 kDa). (b) Western 
blot showing the purified recombinant proteins, Lane M: Mid-range 
coloured marker, Lane 1: purified rTrx, Lane 2: purified rmLeH. 

 
 
2.3.2.5  In vitro cytotoxicity and haemolytic activity of the recombinant 

proteins 

Cytotoxicity of rmLeH and rTrx control peptide was tested against 

NCI-H460 cell lines ranging from 0.625 µM to 20 µM by using XTT 

assay. rmLeH and rTrx demonstrated minimal cytotoxic activity at the 

tested concentration. At higher concentration of rmLeH and rTrx tested, 

the peptides exhibited only 4 % and 2 % growth inhibition and thus 

found to be non-cytotoxic to the NCI H460 cells. Melittin, a positive 

control, showed significant cytotoxic activity at the highest peptide 

concentration tested (20 µM) and exhibited an IC50 of 16.6 µM                 

(Fig. 2.21). 
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Fig. 2.21  In vitro cytotoxicity of the recombinant peptides rmLeH, rTrx and 
mellitin in NCI-H460 cells at various concentrations. 

 

Cytotoxicity against normal mammalian cells, the human RBCs was 

used to analyse the haemolytic activity of the recombinant peptides. The 

recombinant peptides, rmLeH and rTrx, demonstrated very weak haemolytic 

activity indicating that they might be safe to use in the concentrations tested. 

The highest concentration of rmLeH tested (20 µM), lysed only 0.3 % of 

erythrocytes, compared to the positive control mellitin (Fig. 2.22). 

 
Fig. 2.22  Haemolytic activity of the recombinant peptides rmLeH, rTrx and 

mellitin in human RBCs at various concentrations 
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2.3.2.6 Antimicrobial activity  

Broth microdilution assay was performed to analyse the antimicrobial 

activity of recombinant mLeH, at a concentration ranging from 20 µM  

to 0.625 µM. Thioredoxin protein, rTrx, expressed from the empty              

pET-32a (+) vector was maintained as the internal control. Incubation of 

the bacteria with the control peptide had no apparent effect on bacterial 

survival suggesting that the observed bactericidal effects were specific 

to recombinant mLeH. The test peptide rmLeH exhibited considerable 

antimicrobial activity towards Staphylococcus aureus (99 % growth 

inhibition; MIC of 5 µM and MBC of 10 µM) and Escherichia coli 

(99.8 % growth inhibition; MIC of 5 µM and MBC of 10 µM), 

Aeromonas hydrophila (99 % growth inhibition; MIC of 10 µM and 

MBC of 20 µM), and Edwardsiella tarda (99 % growth inhibition; MIC 

of 10 µM and MBC of 10 µM). Though, all the other tested pathogens 

were found to be sensitive to rmLeH, the MIC and MBC values were 

observed to be >20 µM.  

The growth inhibition percentage of rmLeH at 20 µM observed for 

rest of the organisms were B. cereus - 71 %, V. parahaemolyticus - 73 %,             

V. cholera - 85%, V. alginolyticus - 94 %, V. proteolyticus - 93 %,                          

V. vulnificus - 88%, P. aeruginosa - 88 % (Fig. 2.23).  
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Fig. 2.23 (a-k) Antimicrobial activity of rmLeH against various bacteria 

at different concentrations 
 

 

2.3.2.7 PI staining 

Fluorescence emission of propidium iodide was detected and used as 

a dead cell marker for recombinant peptide treated bacteria (S. aureus,               

E. coli, Aeromonas hydrophila, E. tarda). The dye cannot penetrate the live 

and intact cells but can easily enter cells whose membrane has been disrupted 

and intercalates the DNA, emitting fluorescence with high intensity. Figure 

2.24 represents the fluorescence images of susceptible bacteria taken at             

100 X magnification. The control live cells exhibit less fluorescence; 

whereas majority of the cells treated with the peptide appeared red, 

suggesting, possible mode of action of rmLeH causing membrane damage. 
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Fig. 2.24 Fluorescent microscopy images of bacterial cells stained with 

propidium iodide without peptide treatment and after incubation with 

rmLeH peptide. 
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2.3.2.8 SEM analysis 

The effect of rmLeH on the morphology of susceptible bacterial 

cells was analyzed using scanning electron microscopy (SEM).  

    
   Untreated S. aureus                 rmLeH treated S. aureus  

    
  Untreated E. tarda    rmLeH treated E. tarda  

Fig. 2.25 SEM images of representative members of pathogens, control-untreated 

and rmLeH peptide treated pathogens.  
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Fig. 2.25 shows the topography of control bacteria and bacterial 

cells treated with the peptide. Morphological changes including 

membrane bleb formation and complete disruption of cells are evident in 

rmLeH treated bacteria. On the contrary, control untreated cells were 

smooth with no ruptures or pores.  Thus, SEM analysis concluded that the 

peptide rmLeH attacks the cell membrane of the bacteria resulting in pore 

formation and eventually death confirming the potential antimicrobial 

activity of the peptide.  

2.4 Discussion 

A growing body of evidence indicates that the fish genome encodes 

several unique AMP genes that play a role in the innate immunity of the fish, 

particularly in environments that are rich in microbial pathogens. Hepcidins 

are comparatively a new addition to the AMP family that plays vital roles in 

combating infection and maintaining iron homeostasis in vertebrates (from 

fish to humans). Hepcidins represent a family of cysteine rich peptides that 

are primarily expressed in the liver of living organisms (Krause et al., 2000; 

Park et al., 2001; Ganz, 2003). Hepcidins or hepcidin isoforms have not yet 

been reported from Leiognathideae family and this is the first report from the 

common pony fish, Leiognathus equulus. The present study involves the 

identification, cloning, molecular and biological characterization of the 

hepcidin isoform from Leiognathus equulus. The characterized pre-

propeptide sequence, Le-Hepc, isolated and identified from the gill mRNA 

transcripts shared all the typical characteristics of hepcidin including 

hepcidin signature motif and showed significant sequence similarity with 

other reported hepcidin isoforms during homology searches.  
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It is widely known that the hepcidin family of peptides are generally 

synthesized as a prepropeptide and the bioactive mature peptide is 

produced by the proteolytic cleavage of the signal peptide and prodomain 

from the precursor peptide (Valore and Ganz, 2008). The 261 bp cDNA 

obtained from the gill mRNA transcripts of L. equulus coded for a 86 

amino acid peptide, comprised of a more or less conserved 24 aa signal 

peptide, 36 aa variable pro region followed by a highly conserved 26 aa 

mature peptide. The length of the signal peptide was found to be 

consistent with most of the reported fish hepcidins, in contrast to a 

slightly shorter counterpart observed in Zanclus cornutus and Gadus 

morhua which has only a 22 amino acid signal peptide. In conjunction 

with the above, signal peptide seemed to be enriched with hydrophobic 

amino acids such as Val (25 %), Ala (16.7 %) and Ser (12.5 %). Cleavage 

of the signal peptide would result in the formation of a prohepcidin which 

is exported to the lumen of endoplasmic reticulum. The prohepcidin 

undergoes a second cleavage by the action of furin and related propeptide 

convertases like PC5, PC7 and PACE4 (Schranz et al., 2009; Singh et al., 

2011) leading to consequential release of the bioactive mature peptide. 

The hepcidin cleavage site (RX(K/R)R) for propeptide convertase furin 

(Nakayama, 1997) known to cleave human prohepcidin is conserved in 

mammals, amphibians and fishes alike (Shi & Camus, 2006) and its 

presence was also detected in Le-Hepc. The propeptide possesses a 

negative charge and neutralizes the charge of the mature cationic domain 

protecting the host cell from its toxic effects and also helping in its 

transport via, subcellular compartments (Valore and Ganz, 2008). Unlike 

other cysteine rich AMPs like defensins, the release of mature peptide 
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from propeptide of hepcidin is usually fast, indicating the efficiency of 

hepcidin in immune response  (Valore and Ganz, 2008). 

 The mature peptide of L. equulus hepcidin was endowed with a net 

charge of +2, theoretical molecular weight of 2.7 kDa and a net 

hydrophobic ratio of 53 %. The NH2-termini of the mature peptides were 

assigned based on the amino acid sequence of human hepcidin  (Krause     

et al., 2000; Park et al., 2001) and the proximity to the RX(K/R)R motif 

characteristic of processing sites for the propeptide convertases, while the 

C-terminus (–CCR/KF) is conserved among most of the fish hepcidins. 

For the fish HAMP2 sequences, the mature peptide is cationic, but the 

prepropeptide and propeptide sequences are anionic. However, the 

predicted pI of 5.10, 4.75 and 8.23 for Le-Hepc prepropeptide, propeptide 

and mature peptide respectively were slightly lower than the recorded 

average pI of HAMP2 from other species of fish (Hilton and Lambert, 

2008). Moreover the cationic charge of the mature peptide arose from the 

amino-terminal portion of the mature peptide, same as observed for all the 

HAMP2 group of hepcidin peptides (Hilton and Lambert, 2008). On the 

contrary, the calculated pI (6.74) of the amino-terminal region of the 

mature peptide of Le-Hepc was a little less than the recorded pI of 7.79 

reported for most of the fish hepcidins, while the variable loop region of 

the mature peptide was anionic. 

By phylogenetic analysis, two classes of hepcidins (HAMP1 and 

HAMP2) are proposed. Every fish species has only one copy of the 

HAMP1 gene which is an orthologue of mammalian sequences; the other 

multiple copies always fall into the HAMP2 class (Hilton and Lambert, 
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2008). The functional divergence of duplicated genes occur through three 

main processes, i.e., neo functionalization, sub functionalization, and sub 

neo functionalization (Lynch et al., 2001; He and Zhang, 2005; Rastogi 

and Liberles, 2005). Phylogenetic analysis grouped Le-Hepc into the 

HAMP2 group of peptides owing to the absence of a Q-S/I-H-L/I-S/A-

like motif. This N-terminal signature motif (Q-S-H-L-S) represents the 

mammalian counterpart (D-T-H-E-P) that takes part in the internalization 

of the ferroportin molecule (Nemeth and Ganz, 2006). Moreover, the 

present results of the phylogenetic tree are in line with the suggested 

adaptive evolution probably associated with the host-pathogen interaction 

in different environments (Padhi and Verghese, 2007; Xu et al., 2008; Xu 

et al., 2012) due to positive Darwinian selection in HAMP2.  

The general structure of fish hepcidin (Huang et al., 2007; 

Chaturvedi et al., 2014) consists of a β-sheet with four disulphide bridges 

(formed by eight cysteines) with an unusual vicinal bridge at the hairpin 

turn. However, sequence analysis of fish hepcidins has shown the 

presence of hepcidins containing 7, 6 or 4 cysteines (Xu et al., 2008). 

Various hepcidin variants exist widely in fish more than in mammals and 

are thought to be associated with adaptive differentiation to the complexity 

of the aquatic environment (Wang et al., 2009). The eight cysteines 

involved in one vicinal and three interstrand disulphide bridges in human 

and bass hepcidin (Lauth et al., 2005) are conserved in the majority of 

hepcidins, including the L. equulus hepcidin. Kemna et al. (2008) 

speculated that the vicinal disulphide bonds formed at the hairpin turn 

(Cys
4
-Cys

5
)
 
could be the possible critical domain for biological activity of 

the molecule. Also, it has been demonstrated that the formation of a bond 
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between these adjacent cysteines may confer high chemical reactivity to 

this region (Hunter et al., 2002). The formation of a vicinal disulphide 

bond would create a closed eight-atom loop that may be conformationally 

mobile and shows the highest degree of sequence diversity between 

species. In addition, they are often located in the centre of a type VIII              

β-turn in the peptide backbone (Carugo et al., 2003). Thus the conserved 

cysteines in hepcidin and the variable loop have structural and functional 

roles in its spatial conformation (Douglas et al., 2003). Vicinal disulphide 

bonds share a number of common stereochemical features, including a 

non-planar peptide bond in the trans conformation. The mature peptide of 

Le-Hepc, mLeH, is well structured over the majority of its length 

(residues 7–24). The three-dimensional structure of Le-Hepc appeared to 

be consistent with the crystal structure of bass hepcidin. On comparison 

of their mature peptide sequences, apart from the total number of amino 

acids, the replacement of Asn7 and Ser13 in the mature bass hepcidin 

with Gly12 and His18 in the Le-Hepc mature region could only be seen. 

Taking into account the structural homology with bass mature peptide, it 

is reasonable to speculate that mLeH functions similarly to bass hepcidin 

and other hepcidins with a proven record of antimicrobial activity. Thus 

from the above facts, it is obvious that Le-Hepc belonged to HAMP2 

group of hepcidins, mainly attributed with antimicrobial functions. 

Most of the in vitro antimicrobial activities of fish and mammalian 

hepcidins are determined using synthetic mature hepcidin peptides (Yang 

et al., 2011; Zhou et al., 2011; Cai et al., 2012; Boumaiza et al., 2014; Ke 

et al., 2015; Alvarez et al., 2016; Liu et al., 2017). Majority of them 

demonstrated suspiciously low efficacy and in some cases no antibacterial 
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activity was observed (Huang et al., 2007; Yang et al., 2011). The low 

level activity may be associated with incorrect folding of the synthetic 

peptides and or abnormal disulfide bond formation. Proper folding of 

proteins is highly essential for the proteins to be functional. Also, the 

recombinant proteins are usually found expressed in E. coli as insoluble 

inclusion bodies. Other caveats that stand as a barrier to recombinant 

protein production are cytotoxicity to the expression host and sensitivity 

to proteolytic degradation. These challenges can sometimes be overcome 

by fusing the target protein to a highly soluble, non-toxic, anionic and 

proteolytically stable partner protein (Kozlov et al., 2008). In this study, 

pET-32a(+) was used to express  Trx–mLeH fusion protein. Thioredoxin 

is a disulphide reductase that can effectively catalyze disulfide bond and 

display chaperone-like activity (Stewart et al., 1998; McCoy and Ville, 

2001; Xu et al., 2006). Thioredoxin is a most widely used fusion partner 

that can promote the solubility and correct folding of fusion proteins 

(Huang et al., 2009). This is particularly important with short cysteine 

rich target peptides such as mLeH that is only 26 residues long (2.7 kDa) 

and with four disulphide bonds. Moreover, some AMPs fail to get 

expressed in certain hosts due to codon incompatibility (Qu  et al., 2013). 

Hence, Rosetta-gami
TM 

B (DE3) pLysS strain was selected and used for 

heterologous expression to overcome rare codon bias and to obtain 

soluble proper folded disulphide bonded peptide in E.coli cytoplasm. In 

this study, recombinant expression plasmid pET-32a(+)-mLeH was 

constructed and soluble recombinant product was successfully obtained in 

E. coli Rosetta-gami
TM 

B (DE3) pLysS cells. In a similar experiment, 

recombinant expression of channel catfish hepcidin mature peptide, mCH, 
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was carried out with pET-32a(+) vector in E. coli BL21 (DE3), but the 

recombinant fusion protein, trxA–mCH was solubly expressed at 25 C 

than at 37 C, using 1mM IPTG (Tao et al., 2014). On the contrary, 

soluble expression of mLeH in the expression host was achieved with 

relatively low levels of IPTG (0.1 mM) and also at comparatively higher 

temperature (37 C). Usually, an IPTG concentration of 0.1 mM to 1M is 

used for induction of culture (Moon et al., 2007; Srinivasulu et al., 2008; 

Liang et al., 2013). Higher concentrations of IPTG (1M), would yield low 

expression cell densities (Schein and Noteborn, 1998; Sorensen and 

Mortensen, 2005) and the hepcidin  would get expressed as inclusion 

bodies (Zhang et al., 2005). Also, the difference in temperature of induction 

for soluble expression might be due to different expression host used. 

Recombinant mLeH thus produced was purified, concentrated, refolded, 

and characterized for antimicrobial, cytotoxic and haemolytic activity. 

In general, hepcidins are active against wide range of Gram-positive 

and Gram-negative bacteria, fungi, parasites and viruses (Wang et al., 

2010; Pan et al., 2011; Masso-Silva and Diamond, 2014). Similarly, some 

recombinant hepcidins expressed in E. coli have showed that it could 

inhibit the growth of some Gram-positive bacteria (S. aureus, B. subtilis, 

Micrococcus luteus) and Gram-negative bacteria (E. coli, A. hydrophila,  

A. sobria, Pseudomonas aeruginosa, P.  fluorescens, Vibrio anguillarum) 

(Wallace et al., 2006; Srinivasulu et al., 2008; Cai et al., 2012; Gao et al., 

2012; Hao et al., 2012; Qu et al., 2013; Lin et al., 2014; Tao et al., 2014; 

Janakiraman et al., 2015). In certain cases, removal of the fusion partner by 

enterokinase digestion was found to be imperative for regaining the 
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antimicrobial activity of the released mature peptide (Gagliardo et al., 

2008; Tao et al., 2014; Wang et al., 2016) and in some cases it was not 

required (Lin et al., 2014).  Antibacterial activity of rmLeH was analysed 

against 11 different pathogenic strains. rmLeH exhibited noticeable activity 

towards Staphylococcus aureus and E. coli at 5 μM concentration and 

Aeromonas hydrophila, and Edwardsiella tarda at 10 μM concentration. 

The MIC values obtained for rmLeH were comparatively low with respect 

to the recombinant His-tagged mature peptide hepcidin-2 of zebrafish 

(rHCD). The rHCD inhibited the growth of the E. coli, V. anguillarum,            

S. aureus and B. subtilis with minimum inhibitory concentrations of 18, 

15, 13 and 9 µM, respectively (Lin et al., 2014). Moreover, no significant 

activity was demonstrated against B. cereus and the other vibrio strains 

tested, though varied levels of inhibition could be seen. Incubation of the 

bacteria with the controls had no apparent effect on bacterial survival 

suggesting that the observed bactericidal effects were specific to mLeH. 

Among the controls, thioredoxin favoured the growth of bacteria than the 

PBS control and hence antibacterial assay of mLeH was performed with 

the fusion recombinant protein. Similar experimental strategy used could               

be found in related reports (Krusong et al., 2012; Arockiaraj et al., 2013; Qu 

et al., 2013; Lin et al., 2014). Besides, minimum inhibitory concentrations of 

fish hepcidins vary widely depending on the particular pathogen, the fish 

species from which it is derived, and the hepcidin isoform itself (Lin et al., 

2014; Tao et al., 2014; Zhang et al., 2014). Hence inhibition pattern similar 

to previous reports could not be expected for a novel uncharacterized 

hepcidin isoform.   
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Antimicrobial property of hepcidin has been proven beyond doubt; 

even though, their exact mode of action is still not clear. Similar to the 

activity spectrum of various hepcidin isoforms, mode of action of 

different isoforms vary considerably. LEAP-2 disrupts the physical 

integrity of bacterial membranes (Townes et al., 2009) and human LEAP-2 

binds to the plasmid DNA (Hocquellet et al., 2010). Some hepcidin 

isoforms like, turbot hepcidin, tilapia hepcidin 1-5 etc. are membrane lytic 

in nature while certain others like medaka hepcidin (Om-hep1) exhibit an 

unknown mechanism of action apart from lytic mode (Cai et al., 2012 

Zhang et al., 2014). In addition, hepcidin may kill bacteria by a mechanism 

independent of membrane permeability. Antimicrobial activity of trout 

hepcidin was shown not to occur through membrane disruption but rather 

appeared to be through the interaction with the bacterial DNA (Alvarez              

et al., 2014). SEM analysis further affirmed the antibacterial activity of 

rmLeH. Clear morphological disruption of the bacterial cell as well as 

membrane blebbing in certain areas could be observed. Similar results 

were observed for other hepcidins including rHCD (Lin et al., 2014), 

SmHep1P and SmHep2P (Zhang et al., 2014) and AN-hepc (Chi et al., 

2015). In this study, alteration in the surface structure of susceptible 

bacteria treated with rmLeH was probably due to the destructive 

interactions between the peptide and the cells, which caused damage to 

the membrane. It is most likely that this membrane destruction is 

responsible for the bactericidal effect observed with rmLeH.  

Many AMPs like mellitin are known to be “double-edged swords” 

because of their capability to destroy both microbial membrane and the 

blood cell membrane. Thus haemolytic activity of AMPs potentially 
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limits their clinical applications (Ginsburg and Koren, 2008). Even the 

highest concentration of rmLeH (20 µM) lysed less than 0.5 % erythrocytes 

suggesting that there was no significant toxicity to haemocytes. Also, rmLeH 

was found to be non-cytotoxic to NCI-H460 cancer cell lines at the tested 

concentrations. mLeH could therefore be used as a potential antimicrobial 

agent, particularly in aquaculture.  

In conclusion, a novel HAMP2 isoform of hepcidin from the 

common pony fish named, Le-Hepc, was cloned and characterized. The 

peptide Le-Hepc encodes for a 24 amino acid (aa) signal peptide coupled 

to a 36 aa prodomain followed by a 26 aa mature peptide. Recombinant 

expression of the mature peptide mLeH, was done in E. coli Rosetta-

gami
TM 

B (DE3) pLysS and the purified and refolded peptide was found to 

be active against both Gram-positive and Gram-negative pathogens. Also 

the peptide demonstrated non-haemolytic and non-cytotoxic properties at 

tested concentrations. The antimicrobial activity against environmental as 

well as clinical isolates displayed in this study is also remarkable and 

reveals the antibacterial potential of this recombinant peptide. Hence, 

rmLeH is particularly significant as a prospective antimicrobial agent in 

aquaculture and human medicine. 
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Chapter 3 

MOLECULAR CHARACTERIZATION, 
RECOMBINANT PRODUCTION AND FUNCTIONAL 

ANALYSIS OF HISTONE DERIVED PEPTIDE              
FROM MUGIL CEPHALUS 

 

 3.1  Introduction 

 3.2  Materials and methods 

 3.3 Results 

 3.4 Discussion 

 

3.1  Introduction 

In eukaryotic cells, the genomic DNA is condensed into a complex 

nucleoprotein structure named chromatin which balances the compactness 

of the genome and the accessibility of regulatory proteins to DNA (Li and 

Fang, 2015). Histones represent the major components of chromatin, 

playing key roles in DNA replication, transcriptional regulation, and cell 

growth control (Parseghian and Luhrs, 2006). The basic structures of the 

nucleosome is formed by an octameric complex constituted by the core 

histones (H2A, H2B, H3 and H4), while the linker histones (H1) are 

involved in the generation of the higher-order chromatin structure which 

seal loops of DNA and maintains the nucleosome structure. Histones are 

highly abundant in animal cells due to their important structural role and 

most are highly conserved evolutionarily throughout eukaryotes. In addition 
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to their structural role, several other functions for histones have also been 

described including their roles in endotoxin-neutralization (Kim et al., 

2002), leucocyte stimulation and apoptotic signal transmission (Konishi            

et al., 2003; Pedersen et al., 2003), cellular signalling (Parseghian and Luhrs, 

2006), innate immunity (Brinkmann and Zychlinsky, 2012) and septic shock 

(Ginsburg et al., 2017). 

Initial investigations on potentials of histones as antimicrobial 

agents came from Miller et al. (1942) who showed that calf thymus 

histones and histone-like cationic proteins like protamines inhibited 

respiration in Gram-positive and Gram-negative bacteria. Later in 1958, 

Hirsch reported the antimicrobial activities of arginine-rich histones            

(H3 and H4) against various bacteria under different pH and salt 

concentrations. Although the antimicrobial properties of histone proteins 

have long been known, the discovery remained unattended till mid 1990s, 

as there was no theoretical concept as to how they might interact with 

bacteria for the host’s benefit. Decades later, Hiemstra et al. (1993) 

demonstrated the antimicrobial activity of three molecules isolated from 

the lysosomal fraction of murine macrophages and established the identity 

of those molecules as lysine rich histones H1 and H2B. In 1996, Frohm et 

al. reported the contribution of histone proteins in the antibacterial 

activity of wound blister fluid suggesting that histones may have a role in 

immune defence. Subsequently, a number of histones and their related 

fragments obtained from various sources in various animals were reported 

to have antimicrobial properties. 
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Amidst numerous scientific investigations for novel antimicrobial 

peptides, Park et al. (1996) described a new peptide from the stomach of 

Korean frog, Bufo bufo gargarizans, which they named as Buforin I. 

Buforin I turned out to be identical to the first 39 amino acids of histone 

H2A and was shown to have broad-spectrum antimicrobial activities 

(Kim et al., 1996; Park et al., 1996). Later in the same year, a more potent 

antimicrobial peptide, buforin II, the amino acid sequence of which 

corresponded to residues 16–36 of buforin I, was isolated (Park et al., 

1996). In subsequent studies, as part of the innate host defence, the same 

group designed a series of experiments to decipher the mode of histone 

H2A processing in the toad stomach. The scientific group observed that in 

the gastric mucosal cell, histone H2A is synthesized in excess of the 

amount required for DNA packaging and accumulates within cytoplasmic 

secretory granules. The biochemical and immunohistochemical analyses 

also revealed that a fraction of the synthesized histone H2A is acetylated 

and therefore targeted for translocation to the nucleus, whereas the rest of 

the unacetylated histone H2A, upon secretion into the gastric lumen is 

cleaved by pepsin isozymes to yield buforin I (Kim et al., 2000). 

A 19-amino acid peptide, Parasin I was isolated from the skin 

mucus of wounded catfish, Parasilurus asotus. Similar to buforin I, 

Parasin I, was also identified as an N- terminal peptide of histone H2A 

with broad-spectrum antimicrobial activity (Park et al., 1998). Mechanism 

of production of parasin I in Parasilurus asotus revealed that it is 

produced from unacetylated histone H2A via, specific cleavage by 

cathepsin D at the Ser19-Arg20 bond of histone H2A (Cho et al., 2002a). 

Also, cathepsin D was shown to be present in the mucus as an inactive 
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proenzyme, procathepsin D. Surprisingly, an injury-induced matrix 

metallo-proteinase 2 was found to cleave procathepsin D to generate the 

active cathepsin D (Cho et al., 2002b). Moreover, immunoreactive 

parasin-I was widely detected in the skin mucus of several fish species, 

indicating its role in the innate host defence of the fish against invading 

microorganism after injury. In 2003, another histone H2A-derived AMP 

was isolated from the epithelial mucous layer of Atlantic halibut, 

Hippoglossus hippoglossus L. The peptide was named as hipposin and 

was identified as an  N-terminal acetylated peptide, that corresponds to  

1–51 amino acid of histone H2A (Birkemo et al., 2003). Since then, 

histones have been reported to be present in the skin mucus of several fish 

taxa, including Salmoniformes, Siluriformes and Pleuronectiformes (Smith 

& Fernandes, 2009).  

Among the core histone proteins, histone H2A has demonstrated to 

be the most potent antibacterial agent. Fernandes et al. (2002) have 

reported that the 13.6 kDa, trout H2A protein expressed in the skin 

epithelium, exhibited antibacterial activity against Gram-positive bacteria 

at sub-micromolar (<0.4 µM) concentrations within 30 minutes of in vitro 

exposure. However, the histone H2A protein exhibited a weak antifungal 

activity against the yeast, Saccharomyces cerevisiae and did not show any 

haemolytic activity to trout erythrocytes at antimicrobial concentrations 

(Fernandes et al., 2002). Sooner or later, reports on the antimicrobial 

HDAPs isolated from marine invertebrates came pouring in. Histone H2A 

fragments with antimicrobial activity was reported from the shrimp 

Litopenaeus vannamei (Patat et al., 2004). A 2 kDa fraction of histone 

H2A, actin and filamin A, exhibiting antimicrobial activity were identified 
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from coelomocyte extract of the starfish Asterias rubens (Maltseva et al., 

2004, 2007). Li et al. (2007) was the first to report the presence of a H2A 

derived antimicrobial peptide from scallop Chlamys farreri. The              

full-length H2A DNA was identified by the techniques of homology 

cloning and genomic DNA walking. In 2009, De Zoysa and his                      

co-workers identified a 40 amino acid AMP designated as abhisin from 

the N-terminus histone H2A sequence of the disk abalone, Haliotis 

discus. The peptide exhibited significant antimicrobial activity against 

Listeria monocytogenes, Vibrio ichthyoenteri and fungi Pityrosporum 

ovale at 250 μg/ml.   

In 2012, a 4.27 kDa, 39 amino acid, histone derived AMP from 

round whip ray, Himantura pastinacoides was identified by Sathyan et al. 

and named it as himanturin (Sathyan et al., 2012a). Later, the same 

authors had described a couple of other H2A derived antimicrobial 

peptides named as molluskin from bivalves and gastropods (Crassostrea 

madrasensis, Meretrix casta, Saccostrea cucullata, Ficus gracilis and 

Bullia vittata) and sunettin from marine clam (Sunetta scripta) (Sathyan          

et al., 2012b; 2012c). In the subsequent year, employing an in silico 

approach, a 52 amino acid residue termed Harriottin-1, a 40 amino         

acid Harriottin-2, and a 21 amino acid Harriottin-3 were identified to 

possess antimicrobial sequence motif from the H2A gene of sicklefin 

chimaera, Neoharriotta pinnata (Sathyan et al., 2013). For the first time, 

Arockiaraj and his co-workers reported a histone H2A protein from fresh 

water prawn, Macrobrachium rosenbergii which was shown to exhibit 

antimicrobial activity against the Gram-positive bacteria Lactococcus 

lactis (Arockiaraj et al., 2013). Chen et al. (2015) identified a potent 
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histone H2A derived peptide, Sphistin, from the mud crab, Scylla 

paramamosain. The peptide exhibited antimicrobial activity against a 

broad range of pathogens including, Gram-positive bacteria, Gram-negative 

bacteria and yeasts.  

In case of fishes, histone H2A derived antimicrobial peptides have 

been reported from Amur catfish, Parasilurus asotus (Park et al., 1998), 

Atlantic halibut, Hippoglossus hippoglossus (Birkemo et al., 2003), 

Bengal tongue sole, Cynoglossus semifasciatus (Chaithanya et al., 2013) 

and black fin sea catfish, Tachysurus jella (Chaithanya et al., 2013). 

Antimicrobial histone derived AMPs are not only limited to the N-terminus 

of the histones as was found for the buforin peptide, but also can be found 

as fragments of both termini, from histones H1, H2B and H6. Onchorhyncin 

II from Oncorhynchus mykiss (Fernandes et al., 2004), Salmon antimicrobial 

protein from Salmo salar (SAM) (Richards et al., 2001) and flounder 

histone H1-like protein (fH1LP) from Paralichthys olivaceous (Nam et al., 

2012) were found as derivatives of histone H1. Synergistic properties of 

H1 derived peptides with other AMPs have also been reported. Peptides 

related to histone H1 was isolated from the blood and mucus of coho 

salmon, Oncorhynchus kisutch. Besides having no antimicrobial activity, 

they synergized the antibacterial activity of lysozyme and the AMP 

pleurocidin (Patrzykat et al., 2001). In case of H2B HDAPs, a C-terminal 

histone H2B fragment from the chicken liver, exhibiting activity against 

Gram-positive and Gram-negative bacteria was isolated along with the 

antimicrobial histones H2A and H2B.V (Li et al., 2007). In mollusc, a 

histone H2B fragment from the American oyster, C. virginica demonstrated 

strong activity against the Gram-negative Vibrio parahaemolyticus and                



Molecular Characterization, Recombinant Production and Functional Analysis of Histone Derived … 

Antimicrobial Peptides from Marine Fishes: Molecular Characterization and Evaluation of Bioactive Potential 119 

V. vulnificus (Seo et al., 2010). Moreover, Onchorhyncin III, a cleavage 

product of the non-histone chromosomal protein H6, displayed potent 

antimicrobial properties against all tested bacteria with MICs in the 

micromolar range. In particular, the MIC of Planococcus citreus was in 

the range of 0.06–0.12 µM, values approximately 30-fold lower than those 

observed for cecropin P1 against the same organism (Fernandes et al., 2003). 

Relatively less evidence for the antimicrobial activities of histones H3 

and H4 could be seen as they remain underexplored. In the meantime, few 

studies pertaining to H3 core histone HDAPs from skin mucus of hagfish, 

Myxine glutinous (Subramanian et al., 2008), synthetic H3 like peptides 

(Tsao et al., 2009) were reported to exhibit antibacterial activities. 

Antimicrobial property also has been reported for histone H4 protein. 

One of the active factors in human sebocyte secretions was found to be 

histone H4 (Lee et al., 2009) and histone H4 from Litopenaeus vannamei 

haemocytes was shown to have antibacterial properties (Patat et al., 2004).  

Mugil cephalus, commonly known as the flathead grey mullet or the 

striped mullet is a cosmopolitan fish that can be found in tropical, 

subtropical and temperate rivers. Despite being a coastal species, it often 

enters estuaries and freshwater environments. Flathead mullet represents 

both fished and a farmed variety that forms an important aquaculture 

species particularly in many Asian and Mediterranean countries (Fischer 

and Bianchi, 1984). On the other hand, in case of Mugil cephalus, fish 

diseases due to bacterial infection, particularly Pseudomonas sp. and 

Aeromonas sp., causes severe economic losses to fish farms due to high 

mortality (Atallah and El-Banna, 2005; Saad et al., 2014; Saad and 

Atallah, 2014).  
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Keeping aside the facts, literatures relating to the antimicrobial 

components present in Mugil cephalus are scarce, although a few could be 

identified. Balasubramanian and Gunasekaran (2015) studied the amino 

acid and fatty acid profile of the epidermal mucus of Mugil cephalus and 

established the presence of 18 amino acids of which lysine, phenylalanine, 

glycine and proline were found to be dominant. Later, Balasubramanian                

et al. (2016) demonstrated the anticancer activities of the mucus extract             

of Mugil cephalus against laryngeal cancer cell lines. In addition, 

Deivasigamani et al. (2017) evaluated the antimicrobial activity of Mugil 

cephalus muscle tissue extract using disc diffusion technique and 

characterised the bioactive compounds by FTIR, GC-MS and SDS-PAGE 

analysis. The elixir demonstrated strong antimicrobial activity against 

Proteus mirabilis and Staphylococcus aureus and hypothesized the 

antibacterial potency of the extract to the proteins or glycoproteins present 

in the fish. However, studies pertaining to role of histone derived AMPs in 

the immune defence of M. cephalus have not been identified, to the best of 

our knowledge. Therefore, in the present study, with an aim to identify 

antimicrobial factors that contribute to the innate immunity of M. cephalus, 

we identified and characterised a H2A derived AMP from the flathead grey 

mullet and its antimicrobial activity with the recombinant H2A HDAP was 

studied. Also to elucidate the mode of action against bacterial pathogens, 

epi-fluorescence microscopy after PI staining and SEM analyses were 

performed. Finally, the toxicity of the recombinant HDAP against human 

erythrocytes and human lung cancer cells, NCI-H460 was analysed. Thus, 

altogether, the present study would provide an insight into the antimicrobial 

defence mechanism that exists in the flathead grey mullet, Mugil cephalus.  
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3.2  Materials and Methods 

3.2.1 Experimental organism 

The experimental organism used in the present study includes the 

flathead grey mullet, Mugil cephalus belonging to the mullet family, 

Mugilidae. Live and healthy specimens of Mugil cephalus were collected 

from Vypeen area, Kochi. Samples were brought to the laboratory in live 

condition by providing aeration.                                  

 
 Fig. 3.1 Experimental organism used for the study, 

flathead grey mullet, Mugil cephalus. 

 

3.2.2 Precautions for RNA preparation 

Basic precautionary measures were taken while working with RNA 

as explained in section 2.2.2 of Chapter 2. 

3.2.3 Processing of the tissue 

Live samples of Mugil cephalus were washed with DEPC treated 

water to remove the extraneous dirt and other organic matter. Blood was 

collected from the lamellar artery near gill region of the fish using 5 mL 

syringes (RNase free) rinsed in precooled anticoagulant solution (RNase 

free 10 % sodium citrate, pH 7). The samples were homogenised in TRI™ 

reagent (Sigma) and stored at -20
0 

C until processed. 
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3.2.4 RNA Isolation 

Total RNA was extracted from the haemocytes of Mugil cephalus 

with TRI reagent following manufacturer’s instructions. For details of 

RNA extraction, refer section 2.2.4 of Chapter 2. RNA pellets obtained 

were dissolved in 30 μl RNase free water by repeated pipetting with a 

micropipette at 55 C for 5 min.  

3.2.5 Determining Quality and Quantity of Extracted RNA 

 Quality and quantity of extracted RNA was assessed by a 

spectrophotometer and agarose gel electrophoresis as specified in section 

2.2.5 of Chapter 2. 

3.2.6 cDNA Synthesis 

Single stranded cDNA was synthesized using oligo (dT)20 primers by 

reverse transcription as described previously in section 2.2.6 of Chapter 2. 

3.2.7 PCR amplification 

PCR amplification of Histone Derived Antimicrobial Peptide 

(HDAP) gene from the cDNA of the fish was carried out using gene 

specific primers (Birkemo et al., 2003). β-actin was used as an internal 

control to verify the reverse transcription reaction. The sequences of 

primers used to amplify β-actin and HDAP genes are given in Table 3.1. 

Amplification of cDNA using gene specific primers was performed in a            

25 µl reaction volume as explained in section 2.2.7 of Chapter 2. The 

thermal profile used was 95 C for 2 min followed by 35 cycles of 94 C 

for 15 s, 60 C for 30 s and 72 C for 30 s and a final extension at 72 C for              

10 min.  
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3.2.8 Agarose Gel Electrophoresis  

The amplicons were visualized by electrophoresis in 1.5 % agarose 

gel. Electrophoresis was performed as described in section 2.2.8 of 

Chapter 2. 

3.2.9 Cloning of PCR product 

The PCR amplicons obtained were cloned onto the pGEM-T Easy 

vector employing TA-cloning technique as explained in section 2.2.9 of 

Chapter 2. Ligated cloning vector was transformed to E. coli DH5α 

competent cells. Presence of the insert DNA in the recombinant clones 

were confirmed by colony PCR using vector specific primers viz., T7 and 

SP6 as well as gene specific primers (Table 3.1). Plasmids with the insert 

were then extracted and purified using GenElute HP plasmid MiniPrep kit 

(Sigma). Recombinant plasmids were sent for sequencing at SciGenom, 

Kochi, India.  

 

Table 3.1 List of primers used in the study. 

Target gene Sequence (5’-3’) 
Product size 

(bp) 

Annealing   

Temp. (°C) 

Histone 
F: atgtccggrmgmggsaarac 250 60 

R: gggatgatgcgmgtcttcttgtt   

β-actin 
F: gatcatgttcgagaccttcaacac 400 60 

R: cgatggtgatgacctgtccgtc   

T7 
F: tgtaatacgactcactataggg 

R: ctagttattgctcagcggtg 
750 57 

SP6 R: gatttaggtgacactatag _ _ 57 
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3.2.10 Sequence characterization and phylogenetic analysis 

Analysis of the nucleotide sequence, amino acid sequence and 

peptide characterization were performed using various softwares and 

computer based algorithms as explained in section 2.2.11 of Chapter 2. 

Relevant histone H2A sequences of fishes as well as representatives from 

other vertebrate classes were retrieved from GenBank and multialigned 

using ClustalW. Phylogenetic tree was constructed based on nucleic acid 

sequences by the neighbour-joining (NJ) method using MEGA version 6. 

Analysis was carried out with complete deletion of gaps subjected to 

1,000 bootstrap repetitions. 

3.2.11 Selection of active peptide region for recombinant expression 

Analysis of the histone precursor peptide of Mugil cephalus by 

PeptideCutter tool of ExPASy identified certain enzyme cleavage sites 

within the peptide releasing a 52-mer active peptide, Mc-His. Thus the 

putative antimicrobial peptide identified from the histone H2A of Mugil 

cephalus, Mc-His, was considered for recombinant expression and further 

functional characterization. The active Mc-His sequence showed a high 

degree of variation from other fish HDAPs. Physico-chemical properties 

and phylogenetic analysis of the active peptide have already been studied 

and included in the previous section 3.2.10.  

3.2.12 Designing of primers for cloning into expression vector 

The restriction primers were specially designed to obtain the active 

peptide of Mugil cephalus histone H2A, Mc-His. The restriction primers 

used to amplify Mc-His, contained BamHI (GGATCC) restriction sequence 

in the forward primer and HindIII (AAGCTT) restriction site in the 
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reverse primer. Sequence and details of restriction primers designed are 

given in the Table 3.2. Recombinant expression of Mc-His gene was 

performed using pET-32a(+) expression vector system. For details and 

features of the expression vector, pET-32a(+), refer section 2.2.13 of 

Chapter 2. 

Table 3.2 Restriction primers designed for Mc-His. 

Target gene Sequence (5’-3’) 

pET Mc-His F 5’ TAAGCAGGATCCATGTCCGGGCGAGGGAAAAC 3’ 

pET Mc-His R 5’ TAAGCAAAGCTTTTATTACAGGTAGACGGGAGC 3’ 

* Colour definitions 

Nucleotide bases included to ensure enzyme digestion.  

Restriction enzyme site: BamHI in forward and HindIII in reverse primer 

Target gene sequence 

Stop codon 

 

3.2.13 PCR amplification  

The Mc-His active peptide region was selectively amplified using 

the designed restriction primers mentioned in Table 3.2. pGEMT plasmid 

with Mugil cephalus histone H2A precursor insert was used as the 

template for the PCR amplification. PCR was carried as explained in 

section 2.2.15 of Chapter 2. 

3.2.14 Restriction digestion 

Restriction digestion of both the amplicons with restriction site and 

pET-32a(+) expression vector was carried out in separate reactions by 

using BamHI and HindIII (FastDigest restriction enzymes, Thermo Fisher 

Scientific). For restriction digestion 50 µl of PCR product was incubated 
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with 5 µl of 10X reaction buffer and 0.5 units each of BamHI and HindIII 

for 1 h at 37° C. The enzymes were subsequently inactivated by elevating 

the temperature to 65° C for 20 min. The digested products were resolved 

in 1.2 % agarose gel. 

3.2.15 Purification of restriction digested insert and expression vector 

Restriction enzyme digested insert and pET-32a(+) vector, were gel 

purified using GenJET™ Gel Extraction Kit (Thermo Fisher Scientific, 

USA) as explained in section 2.2.17 of Chapter 2.  

3.2.16  Construction of recombinant expression vector and 

transformation into E. coli DH5α competent cells 

Restriction digested Mc-His gene and vector was ligated using             

T4 DNA ligase following manufacturer’s instruction. Ligation reaction 

was carried out as mentioned in section 2.2.18 of Chapter 2. The ligated 

recombinant construct was then transformed to E. coli DH5α competent 

cells as discussed in section 2.2.9.3 of Chapter 2.  

Recombinant colonies were selected on LB/ampicillin (50 μg/ml) 

plates. Presence of the vector with Mc-His gene insert was confirmed by 

colony PCR using insert specific restriction primers (Table 3.2) and 

vector specific T7 F and T7 R primers (Table 3.1) as discussed in section 

2.2.18 of Chapter 2. Single colony of the positive clone was then 

propagated in 10 ml LB broth supplemented with ampicillin (50 µg/ml) 

for plasmid isolation. The cultured cells were incubated at 37 °C with 

shaking at 250 rpm for 16 hrs. 
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3.2.17 Plasmid extraction and sequencing 

Plasmid extraction of pET-Mc-His was carried out from the overnight 

culture of recombinant clone as mentioned in section 2.2.9.5 of Chapter 2. 

The recombinant plasmids were sequenced by vector specific T7 F and 

T7 R sequence at SciGenom, Kochi, India. The sequences were analyzed 

using GeneTool software to ensure that the reading frame of pET32a(+) 

expression vector and that of the insert gene are in-frame. The sequence 

was also checked for the presence of stop codon in the insert gene for the 

proper production of the recombinant protein.  

3.2.18 Transformation into expression host 

The expression construct, pET-Mc-His was transformed into the 

expression host, E. coli Rosetta-gami
TM 

B (DE3) pLysS strain by heat 

shock method. The transformation mixture was then and plated onto LB 

agar plates, containing the antibiotics ampicillin (50 μg/ml), kanamycin 

(15 μg/ml), chloramphenicol (34 μg/ml) and tetracycline (12.5 μg/ml). 

For details, please refer section 2.2.20.2. Positive clones were selected 

and confirmed by colony PCR with vector specific as well as insert 

specific restriction primers.  

3.2.19 Induction and expression of pET-Mc-His fusion protein 

Cultures (100 ml) of transformed Rosetta-gami
TM 

B (DE3) pLysS 

cells were grown in LB media containing ampicillin (50 μg/ml) and                

15 μg/ml kanamycin. Cells were cultured at 37 °C with orbital shaking at 

250 rpm till OD600nm attained 0.6. Expression of Mc-His fusion protein was 

induced by adding IPTG to a final concentration of 0.1mM. Uninduced and 

also pET-thioredoxin cells were maintained as controls as mentioned in 
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section 2.2.21. Cells were further incubated at 37 °C for 6 h and aliquots of            

2 ml cultures were removed at hourly time intervals. Cell pellet was 

harvested by centrifugation and stored at -20 °C for SDS-PAGE analysis.  

3.2.20 SDS-PAGE analysis of the recombinant protein 

Time-point samples of transformed cells were analysed by                 

SDS-PAGE to detect the production of recombinant Mc-His (rMc-His). 

rMc-His as a fusion protein was detected as described previously in section 

2.2.22 of Chapter 2. 

3.2.21 Western blotting 

SDS-PAGE of recombinant peptide, rMc-His was done as explained 

in the previous section. Western blotting of rMc-His was performed as 

described previously in section 2.2.23 of Chapter 2. 

3.2.22 Scale-up production of rMc-His fusion protein 

Recombinant expression of Mc-His was done in Rosetta-gami
TM

 B 

(DE3) pLysS cells. The scale up production of rMc-His was carried out in 

a 2 litre culture medium as described in section 3.2.19. The culture was 

induced with 0.1 mM IPTG when OD600nm reached 0.6. The transformed 

cells were harvested by centrifugation at 12000 x g for 2 min after 5 h 

induction. The cell pellets were stored at -20 °C for further analysis.  

3.2.23 Affinity purification of recombinant Mc-His 

The rMc-His purification was performed in batch mode using 

nickel-charged agarose affinity chromatography spin column (Qiagen®) 

as described previously in the section 2.2.25 of Chapter 2. The eluted 

protein was stored at -20 °C for further analysis. 
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3.2.24 Concentration and re-folding of recombinant Mc-His 

The recombinant Mc-His was concentrated and refolded in 

refolding buffer using Amicon ultra centrifugal filters with 3 kDa cut-off 

membranes (Millipore) as defined in the section 2.2.26 of Chapter 2.  

3.2.25 Quantification of recombinant Mc-His 

Purified and concentrated rMc-His was quantified with Quant-iT
TM

 

protein assay kit using Qubit fluorometer (Invitrogen, UK) as described in 

section 2.2.27 of Chapter 2. 

3.2.26 Haemolytic activity of recombinant Mc-His 

Haemolytic activity of rMc-His was determined against human red 

blood cells (hRBCs). The haemolysis percentage was calculated and plotted 

as explained in the section 2.2.28 of Chapter 2.  

3.2.27 In vitro cytotoxicity assay 

Cytotoxicity of rMc-His was measured against human cancer cells 

NCI-H460 using the standard XTT assay. Inhibition percentage of the 

peptide treated against the control group was recorded and calculated as 

explained in section 2.2.29 of Chapter 2.  

3.2.28 Antimicrobial assay 

Antimicrobial activity of rMc-His was tested against bacterial 

pathogens by broth microdilution assay.  Microscopic observation of peptide 

treated pathogens was carried out using epifluorescence microscopy after 

propidium iodide staining. Moreover, morphological changes of peptide 

treated bacteria was analysed by scanning electron microscopy (SEM) as 

described in section 2.2.30 of Chapter 2. 
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3.3 Results  

3.3.1 Molecular characterization of a histone derived peptide from 

Mugil cephalus 

In the present study, a Histone Derived AMP (HDAP), from the 

haemocytes of M. cephalus was identified and characterized.  

3.3.1.1 PCR amplification, TA cloning and sequencing  

A 243 bp amplicon encoding 81 amino acids was amplified from 

the cDNA of M. cephalus via, RT-PCR (Fig. 3.2). The amplicons were 

then cloned into pGEM
®
-T Easy cloning vector and gene insertion was 

confirmed using vector-specific and gene specific primers by colony PCR 

(Fig. 3.3a). The recombinant pGEMT plasmids with the insert H2A gene 

(Fig. 3.3b), isolated from the positive colonies were sequenced and 

analysed. The nucleotide and deduced amino acid sequences of                         

M. cephalus histone H2A has been submitted to the NCBI GenBank 

under the accession number MF966482 (Fig. 3.4). 

 

Fig. 3.2 Agarose gel of PCR amplification of M. cephalus 

HDAP gene. Lane M: 100 bp DNA marker,            

Lane 1: 243 bp amplicon of M. cephalus HDAP 

gene. 
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                                              (a)                                            (b) 

Fig. 3.3 (a) Colony PCR gel image of M. cephalus HDAP gene amplicon 

obtained from the recombinant pGEMT vector. Lane M: 100 bp 

DNA ladder, Lane 1: 384 bp amplicon obtained with vector specific 

primers and Lane 2: 243 bp amplicon obtained using gene specific 

primers (b) Plasmid extracted from positive clones of pGEMT vector 

with M. cephalus HDAP gene insert. Lane M: 1 kb DNA marker, 

Lane 1: pGEMT plasmid with M. cephalus H2A gene insert. 
 

 
Fig. 3.4  Nucleotide sequence (grey colour) and deduced amino acid sequence 

(yellow and green) of histone H2A gene amplified from M. cephalus, 

(GenBank ID: MF966482). The highlighted region in yellow 

represents the biologically active peptide region (Mc-His).  

 
3.3.1.2 Sequence characterization and phylogenetic analysis  

BLAST analysis of the nucleotide and deduced amino acid 

sequences revealed that the peptide belonged to histone H2A family. The 

nucleotide sequences showed marked difference with other reported 

histone H2A sequences and shared only 94 % and 90 % identity to 

Larimichthys crocea  histone2A mRNA (GenBank ID: XM_019263858.1) 

and Lates calcarifer histone2A mRNA (GenBank ID: XM_018703374.1) 
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respectively. However, the deduced amino acid sequences of the                  

M. cephalus histone H2A shared complete sequence similarity with the 

predicted histone H2A like peptide of Oreochromis niloticus. A high 

degree of degeneracy of genetic code could be observed when compared 

with other fish H2A sequences as the nucleotide sequences of the fish 

exhibited considerable variation among themselves.  

SignalP analysis of the deduced M. cephalus H2A sequence revealed 

that it lacked a signal peptide region. However, the DAS prediction server 

identified the presence of two transmembrane amino acid spanning regions 

(residues 48–61 and 51–57) in the precursor peptide. ScanProsite analysis 

disclosed that the deduced amino acid M. cephalus histone sequence contains 

a histone 2A signature region at Ala
22

-Gly
23

-Leu
24

-Gln
25

-Phe
26

-Pro
27

-Val
28

. 

Other than this gene specific motif, M. cephalus histone contains 2 common 

motifs including one protein kinase C phosphorylation site at Ser
19

-Ser
20

-

Arg
21

 and two modified phophoserine residues at 2
nd

 and 19
th 

position.
 

Furthermore, a DNA binding (residues 30–78) site and two acetylation (Lys
6
 

and Lys
10

) sites were also found to be present in the precursor peptide.  

The PeptideCutter tool of ExPASy predicted that the 81-mer histone 

precursor peptide possessed a potential cleavage site at the C-terminal 

part of 52
nd

 residue for proteolytic enzymes chymotrypsin, pepsin, 

proteinase K, and thermolysin, releasing a 52-mer active peptide, herein 

denoted as Mc-His. ClustalW multiple alignment of Mc-His with other 

previously reported HDAPs revealed that Mc-His is highly similar to 

hipposin, a highly potent antimicrobial peptide reported from the skin 

mucus of Atlantic Halibut, Hippoglossus hippoglossus. Apart from the 
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initiator methionine, the only difference noted was His
41

 in hipposin 

replaced by Glu
42

 in Mc-His. Multiple sequence alignment also outlined 

the conserved domains and dissimilar residues found in teleost fish, 

scallop and the crustacean class from which each of those selected 

peptides taken for alignment were reported (Fig. 3.5a). 

(a)

  

(b)      

 
Fig. 3.5  (a) ClustalW multiple alignment of Mc-His with previously reported histone 

H2A derived AMPs, from fishes, molluscs and crustaceans obtained using 

MEGA version 6 software. The highly conserved regions are marked with 

an asterisk. Gaps are inserted to obtain maximum homology (b) WebLogo 

visualization of the consensus motif based on multiple alignments of 

HDAPs. The relative heights of the amino acid symbols at each position 

represent the degree of sequence conservation at each of these positions 

based on information content in bits.  

 
Peptide characterisation by ProtParam tool of ExPASy disclosed that 

the precursor peptide possessed a predicted molecular weight of 8.676 kDa, a 

theoretical pI of 11.76, total hydrophobic ratio of 38 % and a net positive 
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charge of 12.  The aforesaid parameters for the active Mc-His peptide were 

found to be 5.52 kDa, 12.01, 32 % and +12 respectively. The dominant 

amino acids found in Mc-His were Gly (17.6 %), followed by Arg (15.7 %), 

Ala (13.7 %), Lys (9.6 %),  Leu and Val contributing to 7.8 %, while its 

precursor peptide was rich in Ala (16 %), Arg (12.3 %) and Gly (12.3 %) 

residues. The cationicity of the active peptide was found to be mainly 

contributed by lysine and arginine residues. In vivo aggregation propensity 

determined using AGGRESCAN identified the presence of a hot spot in the 

precursor peptide, with a calculated value of 0.44 for the motif (Val
50

-Leu
66

), 

while no hotspots could be identified for the active peptide. The estimated 

half- life of  the active peptide, Mc-His, was found to be around 30 h in 

mammalian reticulocytes, greater than 20 h in yeast and greater than 10 h in 

Escherichia coli in vivo. The instability index of the active peptide was 

computed to be 38.71 and classified the peptide to be a stable one.  

The secondary structure analysis of M. cephalus H2A by POLYVIEW 

server showed that the peptide contained 58.02 % α-helical region                  

(47 residues) and 41.97 % random coiled regions (34 residues) (Fig. 3.6). 

However, no β strands or sheets could be observed. The helical and coiled 

regions of Mc-His accounted for 52 % (27 residues) and 48 %                           

(25 residues) respectively. In Mc-His, the coiled regions were found to be 

constituted by Met
1
-Ala

13
 and Lys

37
- Ala

48
 whereas the helical regions 

were framed by Lys
14

- Arg
36

 and Val
49

- Leu
52

.  

 
Fig. 3.6 Secondary structure of Mc-His precursor peptide predicted using 

POLYVIEW server. The alpha helical region is shown in zig zag red 

lines and the coiled region is shown in blue lines.  
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The helical structure of the peptide was further confirmed with helical 

wheel modelling of the histone H2A of Mugil cephalus. The helical wheel 

analysis of N-terminal region of the protein (52 residues) i.e., Mc-His clearly 

demonstrated the amphipathic nature of the peptide (Fig. 3.7). Hydrophilic 

residues such as serine (S), lysine (K), histidine (H), arginine (R), asparagine 

(N), glutamine (Q) and hydrophobic residues such as methionine (M), valine 

(V), glycine (G), alanine (A), phenylalanine (F), tyrosine (Y), leucine (L), 

proline (P) are positioned opposite to each other in the helical wheel. 

Moreover, analysis of the Mc-His sequence using the Kyte-Doolittle plot 

demonstrated that the hydrophobic amino acids are localized towards the 

middle (residues 23–27  and residues 30–32) and terminal portion of the 

peptide (residues 44–52 ) (Fig. 3.8).   

 
Fig. 3.7  Helical wheel diagram of Mc-His demonstrating its predictive α-helical 

amphipathic conformation. Helical wheel projects the positional 

arrangement of amino acids where hydrophobic and hydrophilic residues 

face opposite facets of the wheel. The values for hydrophobic moment 

displacement (5.16) and hydrophobic moment angle (12.9) are indicated 

respectively. 
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Fig. 3.8  Kyte-Doolittle plot showing the hydrophobic nature of               

Mc-His. The peaks above the score (0.0) indicate the 

hydrophobic nature of the predicted peptide. 
 

The three dimensional structure of Mugil cephalus histone 2A was 

predicted with the pdb data generated by SWISS-MODEL server employing 

the software PyMOL by homology modelling using 3av1.1c as the template 

(Fig. 3.9a). 

 
Fig. 3.9 Predicted 3-dimensional structure of Mugil cephalus histone 2A 

constructed by homology modelling using PyMOL software (PDB             

ID- 3av1.1c) (b) Spatial structure of Mugil cephalus histone 2A with 

its proline hinge highlighted in blue colour.  
 

 

The three dimensional structure revealed the existence of 3 α-helices 

and 4 random coiled regions, the coiled regions extending on either side 

of the helix (Fig. 3.9b). Mc-His exhibited 96.15 % structural similarity 

with human histone H2A type1 (PDBID- 3av1.1c). The 3-D structure of 

Mc-His consisted of both charged residues and amphipathic moieties 

which allow strong interaction of peptides with the microbial membranes.  
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The antimicrobial property of Mc-His peptide was predicted by APD2 

database combining the helical structural details and its strong cationic 

nature. The results indicate that Mc-His has at least 7 hydrophobic residues 

on the same hydrophobic surface for interaction with the microbial 

membranes. Moreover, Mc-His net charge of +12 with protein binding 

potential (Boman index) of 2.38 kcal/mol further ensured its antimicrobial 

property. Also, sequence alignment of Mc-His with other peptides 

deposited in APD2 database showed 96.15 %, 94.23 % and 69.23 % 

similarity with Hipposin, Acipensin 1 and Buforin I respectively; all with 

proven track of antimicrobial activity. The discriminant analysis classifier 

algorithm (90 %) classified the peptide Mc-His as an antimicrobial one. 

The predicted RNA fold structure of Mc-His with minimum free energy 

(MFE) is given in Fig. 3.10. The MFE of the RNA structure of Mc-His 

was predicted to be -52.40 kcal/mol. The coloured MFE structural 

analysis showed that there are no blue coloured bases present indicating 

that most of the nucleotides in the mRNA are paired, which further 

demonstrates the strong stable nature of Mc-His mRNA. 

 
 Fig. 3.10 The mRNA structure of Mc-His predicted using RNA fold 

server. The MFE structure is coloured based on the base-

pairing probabilities. Blue coloured bases denote the unpaired 

ones while red coloured bases denote the paired ones.  
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Bootstrapped phylogenetic analysis based on the nucleotide 

sequence of histone H2A reported from invertebrates and vertebrates 

created a phylogenetic tree wherein the Mugil cephalus histone H2A 

aligned with the fishes and the amphibian group (Fig. 3.11). Mugil 

cephalus H2A was seen more closely related to Larimichthys crocea 

indicating its close resemblance with other teleost fishes.  

 

Fig. 3.11  Consensus neighbour-joining phylogenetic tree of Mugil cephalus 

histone H2A gene (GenBank ID: MF966482) with other vertebrates 

constructed using Mega 6.06. The values at the forks indicate the 

percentage of times in which this grouping occurred after 

bootstrapping (1000 replicates). 
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3.3.2 Recombinant production and functional characterization of 

Mc-His 

Bioinformatics analysis of the Mugil cephalus HDAP predicted that 

the precursor peptide possessed potential cleavage site for various 

enzymes at the C- terminal part of 52
nd

 residue suggesting the possibility 

of formation of a 52-mer active peptide (Mc-His) extending from the     

N-terminus of the peptide. On further analysis, Mc-His was endowed with 

antimicrobial attribute by various algorithms. Thus, the selected region 

designated as Mc-His, was subjected to recombinant expression and for 

analyzing its biological activity. 

3.3.2.1 PCR amplification and cloning of Mc-His with restriction sites 

Selective PCR amplification of Mc-His gene was obtained by 

specially designed restriction primers (Table 3.2) using recombinant 

pGEMT plasmids with insert Mugil cephalus H2A gene as the template. 

Approximately 160 bp amplicons including restriction sites were 

obtained by the PCR reaction (Fig. 3.12a). Purified amplicons were 

cloned using pGEM
®

-T Easy cloning vector and transformed to E. coli 

DH5α competent cells. Colony PCR with gene specific (pET Mc-His F 

and R) and vector specific primers (T7 F and SP6 R) yielded amplicons 

of size ~160 bp and ~300 bp (160 bp + 141 bp) respectively (Fig. 3.12b). 

Plasmids were extracted from the recombinant clones and sequencing  

of the plasmid was done to check the presence of restriction site                   

(Fig. 3.12c).  
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           (a)                                         (b)                                         (c) 

Fig. 3.12 (a) Agarose gel of selective amplification of Mc-His region with 

restriction primers, Lane M: 100 bp ladder; Lane 1: PCR amplified 

product (~ 160 bp) ; (b) Colony PCR gel image of amplicons 

obtained with pGEMT-Mc-His plasmid using vector and gene 

specific primers, Lane M: 100 bp ladder; Lane 1: ~300 bp amplicon 

obtained with vector specific primers and Lane 2: ~160 bp amplicon 

obtained with insert specific primers; (c) Recombinant pGEMT 

plasmids with Mc-His restriction primer amplified gene. 

 
 

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

expression vector 

pGEMT plasmids containing the Mc-His restriction primer amplified 

gene and the expression vector pET-32a(+) were double digested using 

BamHI and HindIII restriction enzymes (Fig. 3.13). Insert release and 

vector digestion were confirmed by AGE. The released insert of size ~150 bp 

and the linearized vector is shown (Fig. 3.13a and b).  Followed by RE 

digestion, the insert and vector were gel eluted using GenJET™ Gel 

Extraction Kit (Thermo Scientific, USA).                                 
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                (a)                                                                                      (b) 

Fig. 3.13 (a) Agarose gel image of pGEMT plasmid containing Mc-His 

restriction primer amplified gene digested with BamHI and HindIII 

enzymes. Lane M: 100 bp ladder, Lane 1: Undigested pGEMT-Mc-

His plasmid, Lane 2: Released insert (~150 bp) from the pGEMT-

Mc-His plasmid (b) Agarose gel image of pET-32a(+) vector 

restricted digested with BamHI and HindIII enzymes. Lane 1: 

Linearised pET vector after digestion, Lane 2: Uncut pET vector.  

 

The purified gel eluted vector and insert were ligated and 

transformed into the cloning host E. coli DH5α. Colony PCR using vector 

specific primers (T7 F and T7 R) and gene specific primers yielded 

amplicons of size 900 bp (~150 bp + 750 bp) and 150 bp respectively 

(Fig. 3.14a). Recombinant pET plasmids with Mc-His gene insert were 

isolated from the positive clones (Fig. 3.14b). Sequenced plasmids         

with Mc-His in frame expression cassette and pET-32a (+) without insert 

were transformed to expression host Rosetta-gami
TM

 B (DE3) pLysS. 

Recombinant colonies were obtained in LB agar plates with ampicillin 

and kanamycin.  
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                                            (a)                                     (b) 

Fig. 3.14 (a) Colony PCR gel image of amplicons obtained with pET-Mc-His 

plasmid using vector and gene specific primers. Lane M: 100 bp ladder; 

Lane 1: ~900 bp amplicons obtained using vector specific primers, Lane 

2: ~150 bp amplicons obtained using vector specific primers. (b) Plasmid 

gel image of the recombinant pET-32a (+)-Mc-His and the empty pET 

plasmid. Lane 1: control pET vector, Lane 2: pET plasmid with Mc-His 

insert. 

 
 

3.3.2.3 Recombinant expression of Mc-His as fusion protein 

The Mc-His was successfully produced as a fusion protein containing 

N-terminal His tag, S tag and thioredoxin tag in the expression host.  

Rosetta-gami
TM

 B pLysS E. coli strains that contained the recombinant 

Mc-His expression plasmid was cultured under conditions as described in 

section 3.2.19. After 1
st
 h of 0.1 mM IPTG induction, the cells were 

centrifuged and the pellet was treated with the sample buffer. Initial  SDS-

PAGE analyses of the total bacterial extracts of induced bacteria were 

compared at various time points with the uninduced sample. The induced 

lysates clearly demonstrated the presence of a band at around 25.5 kDa 

which was consistent with the expected molecular weight of rMc-His 

protein (5.52 kDa of Mc- His + ~ 20 kDa of Trx protein) (Fig. 3.15). Also 

the SDS–PAGE gel indicated that rMc-His fusion protein was expressed 
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as a monomer, in a soluble form in the cytoplasm of the expression host 

(bacteria). The intensity of expression increased from the time of 

induction, reaching to a plateau within 4 h, and found to be consistent 

thereafter (Fig. 3.15). Also, no basal level expression was noticed at the 

time of induction. Hence recombinant mass production of Mc-His was 

done at 37 °C, with orbital shaking at 250 rpm for 4 h post induction. The 

cells were then harvested and stored at -20 °C. 

           
Fig. 3.15 Tricine SDS-PAGE analysis of recombinant expression of Mc-His, 

before and after IPTG induction on a time-course basis. Lane M: 

Mid-range protein ladder, Lane 1: uninduced control (before IPTG 

induction), Lane 2: recombinant cells at the time of induction, Lane 

3-8: IPTG induced cells from 1-6 h post induction. 
 

3.3.2.4  Purification, refolding and quantification of the recombinant 

protein 
 

The recombinant protein from the soluble fractions was purified on 

a Ni-NTA agarose column as described in section 3.2.23. Protein purified 

from the pellet of recombinant bacteria was analyzed using Tricine-SDS-

PAGE and a band at around 25.5 kDa corresponding to the size of 
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recombinant Mc-His was observed (Fig. 3.16a). SDS-PAGE profiles of 

various protein fractions clearly demonstrated an efficient purification of 

rMc-His in the eluted fraction. Furthermore, western-blot resulted in a 

strong immunoreactive band at a position comparable to its expected size 

(Fig. 3.16b).  Eluted fractions were concentrated using Amicon cut off 

filtration system and refolded in the refolding buffer. The purified and 

refolded rMc-His was quantified using Quant-iT
TM

 protein assay kit and 

the concentration was found to be 2.13 mg/ml (83.53μM).  

                 
                                    (a)                                                   (b) 

Fig. 3.16 (a) Tricine SDS-PAGE analysis of Ni-NTA purified rMc-His. Lane 

M: Mid-range protein marker, Lane 1: purified rMc-His (25.5 kDa)  

(b) Western blot of purified rMc-His. Lane M: mid-range coloured 

marker, Lane 1: purified rMc-His. 
 

3.3.2.5 In vitro cytotoxicity and haemolytic activity of rMc-His 

To examine the cytotoxic effects of recombinant Mc-His, NCI-H460 

cell lines were exposed to different concentrations (0.625 µM - 20 µM) of 

the recombinant protein and cell viability was determined by the XTT 

assay. The cytotoxic peptide, mellitin was used as the positive control and 

rTrx as the negative control. The highest tested concentration of rMc-His 

exhibited only 3 % growth inhibition and thus found to be non-cytotoxic 

to the NCI-H460 cell lines (Fig. 3.17).  
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Fig. 3.17  In vitro cytotoxicity of the recombinant peptides rMc-His, rTrx and 

mellitin in NCI-H460 cells at various concentrations. 
 

Haemolytic activity of rMc-His was tested against human RBCs and 

the results demonstrated that the recombinant peptide is non-haemolytic. 

Even at the highest tested concentration of 20 µM rMc-His displayed only 

0.2 % haemolysis (Fig. 3.18). Whereas, mellitin and rTrx (thioredoxin) 

exhibited 50 % and zero percent haemolysis respectively. 

< 

 
Fig. 3.18  Haemolytic activity of the recombinant peptides rMc-His, rTrx against 

human erythrocytes. Five different concentrations have been tested, 
starting from 20 µM with successive dilutions. Melittin was used for 
comparison as a classical haemolytic peptide.  
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3.3.2.6 Antimicrobial activity  

Antimicrobial activity of rMc-His and rTrx was analysed using 

broth microdilution assay from a concentration of 20 µM to 0.625 µM. 

The control peptide rTrx did not exhibit any activity against the tested 

pathogens. Moreover, the growth of rTrx treated bacteria was almost the 

same as that of the untreated control. The recombinant peptide, Mc-His 

exhibited significant activity against Gram-negative pathogens, E. tarda 

(MIC and MBC of 5 µM), V. alginolyticus and V. proteolyticus (MIC and 

MBC of 20 µM).  Other tested pathogens were also found to be sensitive 

to rMc-His by varied levels of inhibition, but the MIC and MBC values 

were found to be >20 µM. At the highest tested concentration of 20 µM, 

the peptide was found to inhibit the growth of pathogens namely, S. 

aureus (77 %), B. cereus (86 %), V. parahaemolyticus (92 %), V. cholera 

(95 %), V. alginolyticus (99 %), V. proteolyticus (99 %), V. vulnificus (92 %), 

E. coli (90 %), A. hydrophila (83 %),  P. aeruginosa (89 %) and E. tarda              

(99 %) (Fig 3.19 (a-k)). 
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Fig. 3.19 (a-k) Antimicrobial activity of rMc-His against various bacteria 

at different concentrations. 

 

 

 

3.3.2.7 PI staining 

Bacteria found susceptible to rMc-His (E. tarda, V. proteolyticus 

and V. alginolyticus) were subjected to PI staining after treatment with the 

peptide and most of the bacteria were stained red (Fig. 3.20). The PI 

staining results suggests the possible mode of action of rMc-His by 

membrane pore formation.  
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Fig. 3.20  Propidium iodide stained image of untreated control bacterial cells 

and recombinant rMc-His treated cells taken using epifluorescence 

microscope. 
 

3.3.2.8 SEM analysis 

Scanning electron microscopy was used to observe the effect of 

rMc-His on the morphology of peptide treated bacteria. It was found that 

rMc-His caused damage to the cells of E. tarda, V. proteolyticus and                 
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V. alginolyticus. Compared to the untreated control, cytoplasmic leakage 

of cell contents and severe damage to the cell membrane are evident from 

Fig. 3.21. A significant amount of cellular debris was also observed in 

samples treated with rMc-His.  

   
                     Untreated E. tarda                 rMc-His treated E. tarda  

   
            Untreated V. proteolyticus                    rMc-His treated V. proteolyticus  

Fig. 3.21 Continued…  
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           Untreated V. alginolyticus                       rMc-His treated V. alginolyticus  

Fig. 3.21 SEM images of rMc-His treated E. tarda, V. proteolyticus, and                              

V. alginolyticus showing a clear rough surface and collapsed membrane 

architecture in contrast to the respective control bacterial cells.  
 

3.4  Discussion  

Histones are primarily known as an integral part of chromatin 

structure in the nucleosome and also for their involvement in nuclear 

regulation. Subsequently, histones and their polypeptide fragments have 

been reported to be involved in the host immune response, by acting as 

antimicrobial peptides (AMPs) (Parseghian and Luhrs, 2006). From then, 

a number of histone derived antimicrobial peptides (HDAP) have been 

identified from both vertebrates and invertebrates. In the present study, a 

partial histone H2A gene was identified and characterized for the first 

time in flathead grey mullet, Mugil cephalus. This histone gene cloned 

from the haemocytes of M. cephalus, possessed typical histone signature 

domain and shared only 94 % nucleic acid identity to Larimichthys 

crocea histone H2A gene. According to the phylogenetic tree and 
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BLASTp result, the M. cephalus histone belonged to H2A superfamily, of 

which most of the amino acid sequences are remarkably conserved in 

comparison with the other known H2A counterparts. Such conservation 

of amino acid sequences could be seen throughout the members of the 

order Teleostei due to lower rate of evolution of histone H2A genes 

(Thatcher and Gorovsky, 1994).  

Presence of histone like proteins (HLPs) and fragmented histone 

derivatives (HDPs) mostly in the skin, gill and spleen have been well 

documented for certain fishes. These include HLPs of channel catfish 

(Robinette et al., 1998), hybrid striped bass (Noga et al., 2001), rainbow trout 

(Noga et al., 2002; Fernandes et al., 2004) and HDPs of Amur catfish (Park 

et al., 1998), coho salmon (Patrzykat et al., 2001), rainbow trout (Fernandes 

et al., 2002, 2003), Atlantic halibut (Birkemo et al., 2003), and Atlantic 

salmon (Luders et al., 2005). On the other hand, the mechanisms with which 

these peptides are formed are reported only for a few species. The production 

of parasin by cathepsin D, buforin I by endopeptidase pepsin from the                

N terminus of histone H2A and buforin II from buforin I by endoproteinase 

lys-C cleavage  have been hypothesized and proved (Kim et al., 2000; Cho       

et al., 2002a, 2002b). Since little is known about the way these peptides gets 

cleaved from their precursors, PeptideCutter tool was employed to analyse 

the activity of proteolytic enzymes on the 81 amino acid histone H2A 

sequence that may result in the formation of the active peptide. Possible 

potential cleavage sites for enzymes pepsin, chymotrypsin, thermolysin and 

proteinase K at the C-terminal of 52
nd

 residue would release an active 

peptide, which was denoted as Mc-His.  
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Several studies on histone activation to form antimicrobial 

fragments in vivo have demonstrated that they are stimulated either by 

injury/infection as in the case of production of parasin I by matrix 

metalloprotease activated cathepsin D upon the epidermal injury of 

Parasilurus asotus (Cho et al., 2002a; Cho et al., 2002b) or by neutrophil 

extracellular traps (NETs) (Brinkmann et al. 2004; Palic et al. 2007a). 

Recently, NETs, a novel antimicrobial mechanism comprising of                

H2A-H2B-DNA complexes and elastases, were identified in human and 

fish neutrophils that form extracellular fibres to trap and kill microbes 

(Brinkmann and Zychlinsky, 2007; Guimaraes-Costa et al., 2009). These 

fibers are mostly covered in histones, which bring them into contact with 

bacteria more effectively, facilitating their antimicrobial activities. This 

phenomenon of NETs production has also been described in some fish 

species such as the fathead minnow (Palic et al., 2007a), zebrafish (Palic 

et al., 2007b), goldfish (Katzenback and Belosevic, 2009), carp (Pijanowski 

et al., 2013) and teleost fish tongue sole (Wen et al., 2017). However, 

exact mechanism of histone activation in flat head grey mullet remains 

unclear and needs further investigation. 

The antimicrobial properties of histones are determined based on 

the number of cationic residues and amphipathic secondary structure. 

Further, this property of histones appears to be connected to their role of 

damaging pathogenic microbes and not to their capacity of arranging 

stable pores (Fernandes et al., 2002). The secondary structural analysis of 

Mc-His showed that it contained more α-helical regions (52 %) than 

coiled regions (48 %). Boman (2003) and Papagianni (2003) as well as 

Koo and co-workers (2008) have earlier stated that peptide possessing 
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antimicrobial property will have more number of alpha-helix regions. 

Interestingly, there were no cysteine residues noticed in Mc-His, which 

clearly indicated that it is an α-helical AMP without any cysteine residue. 

The Kyte-Doolitle plot clearly demonstrated the localisation of hydrophobic 

residues towards the centre and middle segments of Mc-His indicating its 

functionality in partitioning the lipid bilayer or membrane. Moreover,  Mc-

His is largely cationic (+12) owing to the presence of  lysine (9.6 %) and 

arginine residues (15.7 %), which is important for an AMP for the initial 

electrostatic interactions to bind with anionic components of bacterial 

membranes as suggested by Boman (2003) and Tagai et al. (2011). In 

addition to this, the presence of DNA binding sites correlates with the high 

amount of lysine at the N-terminal site of histone H2A suggesting its 

possible role in DNA binding (Balicki et al., 2002). Moreover, the AMP 

prediction results clearly showed that Mc-His can have antimicrobial 

property as its sequence have significant similarity with the earlier reported 

AMPs such as hipposin (Birkemo et al., 2003) and buforin I (Park et al., 

1996). All these AMPs share several characteristic features including net 

positive charge, molecular mass, hydrophobic and membrane-active 

molecules with multiple arginine and lysine residues (Park et al., 1996; 

Birkemo et al., 2003; Vassilevski et al., 2008; Zhou et al., 2011).  

Multiple sequence alignment of Mc-His with other known H2A 

HDAPs disclosed that it is much similar to the 51-mer HDAP hipposin.            

Mc-His has a net charge of +12 as against a +13 charge of hipposin. 

Hipposin is among the most potent antimicrobial peptides discovered to date 

(Birkemo et al., 2003). It has a broad spectrum activity against several Gram-

positive and Gram-negative bacteria, and the activity could be detected down 
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to a concentration of 1.6 µg/ml (Birkemo et al., 2003). Moreover, hipposin is 

an AMP devoid of any acidic amino acids. The reduced cationicity of Mc-

His is mainly because of replacement of His by Glu, which would reduce the 

cytotoxic activity of the Mc-His and make it more specific to anionic 

bacterial membranes (Khandelia and Kaznessis, 2006).  

The 3D structure predicted by SWISS-MODEL program, viewed 

through PyMol, indicated the presence of a proline hinge region, in              

Mc-His (Fig. 3.9b), which is a major structural component of histone 

AMPs and is responsible for cell penetration (Park et al., 1996). The 

spatial structure also displayed a larger positive electrostatic surface to 

interact with the bacterial membranes. Furthermore the helical wheel 

analysis clearly indicates that Mc-His is a linear α-helical molecule, 

having polar and non-polar residues oriented along the long axis of the 

amphipathic helix. The result of the helical wheel analysis of Mc-His is 

consistent with the earlier reports (Park et al., 1998; Richards et al., 2001; 

Li et al., 2007; De Zoysa et al., 2009; Sathyan et al., 2013). The predicted 

RNA structure of Mc-His along with its MFE value clearly indicated that 

the mRNA of Mc-His is highly stable. According to Xiong and Waterman 

(1997), the MFE value of mRNA depends on AU/GC pairing. The paired 

base pairs receive negative value and unpaired base pairs receive positive 

value. In this study, Mc-His mRNA received -52.40 kcal/mol, hence it is 

possible to suggest that many nucleotide base pairs of Mc-His are paired 

and a very few nucleotides in the mRNA are left unpaired thus indicating 

the stable nature of Mc-His mRNA molecule.  

The NJ phylogenetic tree based on the nucleic acid sequences of 

histone H2A reported from wide range of vertebrates indicate a common 
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ancestral origin for the histones and their adaptive divergence to the present 

positions. Considering the similar topology of major histone H2A phylogeny 

to the eukaryotic phylogeny, histone H2A could be used as a molecular 

marker for classification of the higher hierarchy (Thatcher and Gorovsky, 

1994; Lee and Lee, 2003). The histone H2A sequence of M. cephalus 

aligned with the clade formed by the fishes and the amphibians. Grouping of 

fishes together with amphibians as a clade indicate a slow pace of evolution 

from fishes to amphibians and a similar evolutionary line for these groups. 

Most of the antimicrobial studies of HLPs and HDAPs are carried out 

with synthetic or natural forms (Li et al., 2007; De Zoysa et al., 2009). 

Researches pertaining to recombinant expression of H2A genes are scarce. 

Hence recombinant expression of Mc-His protein was performed in an 

attempt to study the antimicrobial activity with the recombinant protein. 

Moreover, due to the natural destructive character towards microorganisms 

and relative sensitivity to proteolytic degradation, AMPs are often produced 

by fusing peptides to a fusion partner protein in the heterologous hosts. This 

strategy shielded the bacterial cells from the toxic effects of the peptide 

thereby increasing their expression levels in the hosts (Lee et al., 1998; Rao 

et al., 2005; Kim et al., 2006; Zhong et al., 2006; Yadav et al., 2016). In a 

study performed by Lee et al. (2002) buforin II was expressed as a fusion 

protein in tandem repeats to increase the production yield. Additionally, this 

multimeric expression was subsequently proved to improve via, stabilization 

of the long transcripts with a DEAD-box protein or by carrying out 

recombinant protein expression in an oxidizing environment using trxB 

mutant E. coli as the host cells. In another study carried out by Kim et al. 

(2008), F4, a truncated fragment of the E. coli PurF protein was used as a 
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fusion partner for histonin, a synthetic analogue of buforin II. It was 

observed that F4 reinforces the formation of inclusion bodies and thus 

prevents the proteolytic degradation of the expressed recombinant histonin. 

So far, heterologous expression of H2A genes have been carried out in E. 

coli (Luger et al., 1997; Lee et al., 2002; Tanaka et al., 2004; Kim et al., 

2008; Arockiaraj et al., 2013) and Pichia pastoris (Li et al., 2007). High level 

expression of histone genes of lower order animals does not necessitate 

adaptation of codon usage, despite the presence of several codons with low 

usage in E. coli (Tanaka et al., 2004). Also, the rationale behind selecting 

only the buforin I like region for expression rather than the full histone H2A 

gene comes from the observation that use of histone H2A as such might pose 

some drawbacks to be used as an antimicrobial agent in cells due of its large 

size and extra functional regions involved in nucleus targeting. Nevertheless, 

buforin I like region fulfils almost all common structural motifs of an 

antimicrobial peptide more completely than histone H2A itself in its 

amphipathicity and composition of positively charged amino acids. As a 

result, in this study, recombinant expression of only the bioactive peptide 

Mc-His was carried out. Recombinant expression of Mc-His was achieved 

with pET-32a(+) vector in Rosetta-gami
TM 

B (DE3) pLysS E. coli cells for 

the proper production of protein in the cytoplasm and to facilitate purification 

with N-terminal His tag. Recombinant Mc-His was successfully expressed in 

the cytosol of the host, at 37 
0
C using 0.1mM IPTG.   

In general, histones from biological samples, synthetic histones or 

recombinant histones show antimicrobial activity in vitro against various 

Gram-positive and Gram-negative pathogens (Birkemo et al., 2003; Nam 

et al., 2012). Antibacterial activity of rMc-His protein was analysed 
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against 11 different pathogens. rTrx produced using parent vector pET-

32a(+) in E. coli Rosetta-gami
TM 

B (DE3) pLysS was used as the negative 

control in the functional assays as done previously in the case of other 

recombinant AMPs, viz., hepcidins (Lin et al., 2014), anti-lipopolysaccharide 

factors (Sun et al., 2015) and crustins (Liu et al., 2016; Sruthy et al., 2017). 

In the present study, recombinant Mc-His exhibited strong antimicrobial 

activity against Gram-negative pathogens, E. tarda, V. alginolyticus and  

V. proteolyticus; important pathogens in aquaculture. Li and co-workers 

(2007) described that the recombinant scallop histone H2A-derived AMP 

demonstrated 2.5 times more antibacterial activity against Gram-positive 

bacteria than that observed against Gram-negative bacteria. Similarly, 

recombinant H2A proteins or peptides such as Macrobrachium 

rosenbergii H2A (Arockiaraj et al., 2013) and Scylla paramamosain H2A 

(Chen et al., 2015) exhibited a much better activity towards Gram-

positive bacteria. Comparatively lesser degree of activity was observed 

for rMc-His against the tested Gram-positive bacteria. This possible 

discrepancy in action may be due to the overall difference in the peptide 

characteristics, amphipathicity, hydrophobicity and the charge (Malmsten 

et al., 2007; Pasupuleti et al., 2012). Moreover, rMc-His significantly 

reduced the growth of the bacteria in a manner that depended on the dose 

of the protein. Additionally, no remarkable difference in the antibacterial 

activity against Gram-positive bacteria than Gram-negative bacteria was 

observed for parasin I and hipposin (Park et al., 1998; Birkemo et al., 

2003). In contrast, incubation of the bacteria with the control peptide rTrx 

had no apparent effect on bacteria, suggesting that the observed 

bactericidal effects were specific to rMc-His. Importantly, rMc-His was 
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also found to be non-lytic for human erythrocytes and non-cytotoxic to 

NCI-H460 cancer cell lines at the concentrations tested. Hence, this 

antimicrobial peptide could exert its biological effects more specific to 

bacteria without damaging the host tissues. All these characteristics 

indicated that the Mc-His, like other N-terminal fragment of histone H2A, 

was a potential AMP in flat head grey mullet. 

Based on the sequence and structure analysis, it was found that             

Mc-His was a cationic antimicrobial peptide which forms an amphipathic 

α-helical structure. AMP’s mode of action is still a matter of debate, yet 

membrane disruption and subsequent bioenergetic collapse of the cell 

being the most convincing mode of action for AMPs (Yount et al., 2006). 

Previous studies reveal that antimicrobial mechanism of histone derived 

AMPs involve not only targeting the membranes but also secondary 

effects such as interactions with nucleic acids (Koo et al., 2008; Sathyan 

et al., 2012a; Fischer, 2013; Bustillo et al., 2014). Since Mc-His shared 

striking similarity with 51-mer hipposin identified from Atlantic halibut, 

Hippoglossus hippoglossus, both in its sequence and structure, it was 

intriguing to know whether Mc-His act in a similar way to hipposin. 

Bustillo et al. in 2014 have proved that hipposin kills bacteria by inducing 

membrane permeabilization, and this membrane permeabilization is 

promoted by the presence of the N-terminal parasin domain. The entire 

hipposin sequence incorporates sequences of parasin and buforin II. 

These peptides operate via, different antimicrobial mechanisms as parasin 

causes membrane permeabilization while buforin II translocate into 

bacteria and interact with the intracellular nucleic acids. Portions of hipposin 

lacking the parasin sequence do not cause membrane permeabilization and 
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function more similar to buforin II by entering cells without causing 

significant membrane disruption. As expected, mechanism of antibacterial 

action of Mc-His was also found to occur through membrane 

permeabilization. The results of the cAMP algorithm calculator as well as 

AGGRESCAN and transmembrane prediction results were concurrent with 

this finding. Electron microscopy analysis of rMc-His treated bacteria, paired 

with PI uptake results further affirmed the membrane-breaking effects of 

rMc-His. Similar type of morphological effects were also previously 

reported by Richards et al. (2001) in H1-SAM treated E. coli, by De Zoysa 

et al. (2009) in H2A-Abhisin treated P. ovale and by Chen et al. (2015) in 

H2A-Sphistin treated S. aureus, E.coli and  P. pastoris.  

In conclusion, a 52-amino acid AMP designated as Mc-His from the 

N-terminus of M. cephalus histone H2A sequence was identified and 

characterised. Mc-His clearly displayed all characteristic features of AMP 

including net positive charges and higher hydrophobic residues similar to 

vertebrate and invertebrate histone H2A derived AMPs. Mc-His forms an 

amphipathic α-helical structure with no cysteine residue. Recombinant 

expression of Mc-His was performed in E. coli Rosetta-gami
TM 

B (DE3) 

pLysS. The recombinant Mc-His exhibited strong bactericidal activity 

against tested Gram-negative bacteria and less cytotoxicity towards 

hRBCs. The antimicrobial mechanism of Mc-His was likely due to 

membrane permeabilisation. Mc-His therefore could be considered as a 

potent therapeutic agent for use in aquaculture taking into account its 

potent antimicrobial activity and less cytotoxicity.  

…..….. 
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Chapter 4 

MOLECULAR CHARACTERIZATION AND 
FUNCTIONAL ANALYSIS OF HISTONE H2A 

DERIVED SYNTHETIC PEPTIDE OF                    
ETROPLUS MACULATUS  

 

 4.1  Introduction 

 4.2  Materials and methods 

 4.3 Results 

 4.4 Discussion 

 

4.1  Introduction 

The vertebrate immune system encompasses numerous distinctive 

and interdependent components having its own inherent protective value. 

The teleost skin in particular, is unique and histologically diverse. The 

surface of fish gill, skin and gastrointestinal tract with mucus acts as a 

thin physical barrier between the external environment and the internal 

milieu that are vulnerable to microbial attack (Iger and Abraham, 1990; 

Shephard, 1994). The skin mucus has robust mechanisms that can entrap 

and immobilize bacteria and viruses before they can gain access to the 

epithelial surfaces, and remove them with the water current (Mayer, 

2003). It is well known that the aquatic environment is microbe laden. 

Therefore, the epidermal mucus layer of fish is enriched with several 

antimicrobial agents that provide the first line of defence against invading 
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pathogens preventing the stable colonisation of infectious microbes 

(Shephard, 1994). These include certain non-specific humoral innate 

immune components like antimicrobial peptides (AMPs). AMPs are 

generally small peptides (< 50 amino acids) containing a positive charge 

and an amphipathic structure. They symbolise molecules that are retained 

by organisms throughout the course of evolution as a part of defence 

mechanism against the microbial enemies. Antimicrobial property of 

epidermal mucus against various infectious pathogens has been 

demonstrated in several fish species (Ellis, 2001; Nagashima et al., 

2003; Chinchar et al., 2004; Kuppulakshmi et al., 2008; Wei et al., 

2010; Su, 2011). Over the past two decades, many investigators have 

attempted to isolate AMPs and the genes encoding their precursors from 

the skin extracts or secretions of various animals. Among the major 

families of fish AMPs, histone derived AMPs (HDAPs) and pleurocidins 

form the two main groups that are reported from the fish mucus (Birkemo 

et al., 2003; Douglas et al., 2003).  

Traditionally, histone proteins are known to be involved in the 

packaging of DNA, essentially serving to wind up the long DNA strands 

in a spool-like manner. The role of histones in chromatin structure 

formation, nuclear targeting, and the regulation of gene expression have 

been well identified. It is assumed that the antimicrobial property of 

histones have evolved as an ancient innate defence component against 

pathogenic organisms that may have been co-opted from its structural role 

as components of the chromatin structure of eukaryotic organisms 

(Kawasaki and Iwamuro, 2008; Smith et al., 2010). These conspicuous 

proteins of chromatin are encoded by multigene families that occur in 
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clusters (Marzluff et al., 2002; Albig et al., 2003), allowing differential 

expression of selected genes for histones subtypes (Alami et al., 2003). 

There are several types of histones of which H2A, H2B, H3 and H4 are 

the core histones that form the nucleosome, and H1 and H5 are the linker 

histones. The AMPs rich in proline, tryptophan, arginine, lysine, or 

histidine, are indeed mimics of nuclear cationic histones that are able to 

interact with negatively charged microbial membrane to disrupt the 

bilayer curvature, beyond a threshold concentration of membrane bound 

peptide (Ginsburg et al., 2017). In fact, these cationic agents can be 

considered as evolutionarily ancient weapons against microbial infections. 

They also play a vital role in innate immunity of the host and characterize 

themselves as agents for specific uses because of their natural antimicrobial 

properties and a low propensity for the development of bacterial resistance.  

Their role in host defence is revealed by the upregulation of various 

histone genes in response to pathogenic challenge in vertebrates and 

invertebrates. In most cases, this upregulation was found to be linked with 

the antimicrobial activity of histones seen associated with the host. A 

significant upregulation of linker histone-like protein (H1M) was 

observed when zebrafish skin was exposed to bacterium Citrobacter 

freundi (Lu et al., 2012). Also, rhesus macaque monkey kidney epithelial 

cells exposed to monkey pox virus, showed a steep upregulation of 

histone genes (Alkhalil et al., 2010). These patterns of differential 

expression of histones in response to immune challenge support its 

possible role in innate immunity. Besides, histones also play a role in the 

immune system when the organisms are exposed to abiotic stress or 

pollution (Robinette and Noga, 2001). Histones genes were found to be 
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upregulated in rapidly growing oyster larvae (Meyer and Manahan, 2010) 

and in oyster adults and larvae in response to many different environmental 

stressors (Chapman et al., 2011; Zhang et al., 2012). Also a similar kind 

of histone gene upregulation was found in mussels maintained along a 

copper pollution gradient (Dondero et al., 2006). Moreover, further 

studies showed that the expression of several histone-derived AMP genes 

were induced under conditions of stress in specific tissues of different fish 

species (Robinette et al., 1998; Terova et al., 2011).  

Histones could have multiple mechanisms of action in both 

vertebrates and invertebrates. The modus operandi of histones in 

immunity appears to involve mechanisms that facilitate direct contact of 

concentrated histones with pathogens, such as the release of extracellular 

traps (ETs) as shown in many vertebrates and a few invertebrates 

(Brinkman et al., 2004; Brinkman and Zychlinsky 2007; Altincicek et al., 

2008; Ng et al., 2013). Extracellular traps are a part of innate immune 

response first described in vertebrate neutrophils. In the course of 

neutrophil cell death, by a process named as NETosis, the intracellular 

organelle membranes disintegrate leading to the formation of a complex, 

composed of nuclear and cytoplasmic components (Fuchs et al., 2007; 

Metzler et al., 2011; Mesa and Vasquez, 2013). The extracellular 

complex, function through the release of granular proteins (such as 

elastase and myeloperoxidase) and chromatin (DNA and histones) 

forming extracellular fibres that trap and kill both Gram-negative and 

Gram-positive bacteria, yeast, and parasites (Brinkmann et al., 2004; 

Urban et al., 2006; Brinkmann and Zychlinsky, 2007; Guimaraes-Costa  

et al., 2009; Urban et al., 2009; Brinkmann and Zychlinsky, 2012; 
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Saffarzadeh et al., 2012).  Formation of extracellular traps has also been 

reported in a few invertebrate species, including the greater wax moth 

Galleria mellonella (Altincicek et al., 2008), marine crabs (Smith et al., 

2010), and the Pacific white shrimp (Ng et al., 2013). Another potential 

role of histones in immunity has recently been described in the fruit fly, 

Drosophila melanogaster and the nematode, Caenorhabditis elegans. 

Histones bound to fat storage organelles, the lipid droplets, in the cytosol 

of cells are released upon immunological stimulii, killing bacteria (Anand 

et al., 2012). In case of invertebrate model nematode, Caenorhabditis 

elegans, a variant of linker histone H1 (HIS-24) interacts with 

heterochromatin protein-1 regulating the transcription of many immune-

related genes (Studencka et al., 2012).  

Histones and histone-derived fragments are alkaline peptides rich in 

lysine or arginine residues, possessing broad-spectrum antimicrobial 

activity. Histones from shrimp (Patat et al., 2004), fish (Robinette et al., 

1998; Richards et al., 2001; Fernandes et al., 2002; Bergsson et al., 2005; 

Noga et al., 2011), frog (Kawasaki  et al., 2003), chicken (Silphaduang                  

et al., 2006; Li et al., 2007) and mammals (Hiemstra et al., 1993; Rose          

et al., 1998; Kim et al., 2002; Howell et al., 2003; Jacobsen et al., 2005) 

have been identified as antimicrobial agents. Among the five groups of 

nuclear proteins, H1, H2A and H2B constitute the lysine-rich histones 

and H3 and H4 form the arginine-rich histones. Schmidt et al. (2010) 

have demonstrated that increasing the arginine composition of these 

peptides enhances their activity regardless of their mechanism. Further, 

these results provide support for the general strategy of enhancing the 

membrane activity of AMPs through increased arginine content.  
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Histones account for a large proportion of the antibacterial activity 

of skin exudates from amphibians (Park et al., 1996) and teleost fish (Park 

et al., 1998; Robinette et al., 1998; Patrzykat et al., 2001; Richards et al., 

2001). The activity spectrum is not only limited to bacteria but also 

displayed against several protozoan fish pathogens, including water 

molds (Saprolegnia sp.) and the dinoflagellate, Amyloodinium ocellatum 

(Noga et al., 2011). Histone derived peptides with antimicrobial activity 

are derived from the proteolytic digestion of intact histones. In addition to 

intact histones, histone-derived AMPs with potent antimicrobial activity 

also have been isolated. Toad H2A fragments, buforins I and II, which 

have high degrees of structural similarity to histone H2A, were isolated 

from the stomach extract of the Korean frog Bufo bufo gargarizans 

(Park et al., 1996). Hipposin I and parasin I are also fragmented histone 

H2A peptides isolated from the skin mucus secretions of Atlantic halibut 

and channel catfish, respectively (Park et al., 1998; Birkemo et al., 

2001). In addition, an N-terminal histone H1 peptide fragment with 

broad-spectrum antimicrobial properties was found in the skin mucus of 

the Atlantic salmon (Salmo salar) (Luders et al., 2005). Similarly, 

oncorhyncin II, a 69- amino acid C-terminal fragment of histone H1, 

was isolated from rainbow trout, Oncorhynchus mykiss skin secretions 

(Fernandes et al., 2004). The epithelial surface of fish is constantly at the 

risk of abrasion and sloughing, hence damage to the cells from similar 

minor injuries might permit histones and other intracellular antibacterial 

proteins to become exposed to potential invaders from the surrounding 

water. Histones as well as their fragments, in combination with other 

molecules released into the haemocytes, would then be able to exert 
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their antimicrobial and LPS-binding activities against extracellular 

pathogens. Moreover, based on their ability to bind DNA and LPS, 

histones may also be present on the surface of haemocytes, serving as 

receptors for Pathogen Associated Molecular Patterns (PAMPs). Thus, 

AMPs such as histones provide a powerful defence system that can 

protect the mucosal surfaces from infection and signal host cells to 

change their behaviour in response to external injury. The development 

of antibiotic resistance by bacterial pathogens provides an impetus for 

further attempts to search for new antimicrobial agents which combat 

infections and overcome the problems of resistance with no side effects. 

Etroplus maculatus popularly known as the Orange chromide, is 

one among the three Cichlid species that is well known for its parenting 

behaviour. The species is euryhaline and mostly inhabits brackish estuaries, 

coastal lagoons and the lower reaches of rivers and is a native of South 

India and Sri Lanka. E. maculatus is a small sized fish in the genus with long 

spinous anal fin and black spots in the body. The members of the species are 

normally found to co-occur with the Green chromide (E. suratensis).  The 

species is usually utilized for consumption in many parts of its range and 

also finds good market demand as an ornamental fish. Hence, better 

understanding of the immune parameters of E. maculatus may definitely 

help to improve its health and survival in artificial environment. There are 

relatively no reports of AMPs identified from the Orange chromide,                 

E. maculatus. The present study deals with the molecular characterisation 

of histone derived AMPs from E. maculatus and its functional 

characterization using the synthetic peptide corresponding to the buforin 

II sequence.  
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4.2  Materials and Methods 

4.2.1 Experimental organism 

Experimental organism used in the present study is Orange 

chromide, Etroplus maculatus belonging to the order Perciformes, family 

Cichlidae and subfamily Etroplinae. Live and healthy specimens of                  

E. maculatus were collected from Cochin estuary, Kerala. Samples were 

brought to the laboratory in live condition by providing aeration.  

 
Fig. 4.1  Experimental organism used for the study Orange 

chromide, Etroplus maculatus. 
 

   

4.2.2 Precautions for RNA preparation 

Tissue collection for total RNA isolation and the sample processing 

were done with necessary cautionary measures. Basic precautions taken 

during and before RNA isolation have been explained in section 2.2.2 of 

Chapter 2. 

4.2.3 Processing of the tissue 

Live samples of the specimen were washed with DEPC treated 

water to remove the extraneous dirt and other glutinous organic matter. 
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Blood was collected from the lamellar artery near gill region of the fish 

using 5 mL syringes (RNase free) rinsed in precooled anticoagulant 

solution (RNase free 10 % sodium citrate, pH 7). The tissue samples were 

taken after the fish was killed humanely.  

Tissue samples such as gills, liver, kidney, muscle, intestine and 

kidney were dissected out and transferred to TRI™ reagent (Sigma). The 

samples were homogenised in TRI™ reagent and stored at -20
 
C until 

processed. 

4.2.4 Total RNA isolation 

The total RNA was isolated from E. maculatus haemocytes using 

TRI reagent (Sigma) as per manufacturer‟s instructions, as explained in 

section 2.2.5 of Chapter 2. The RNA pellet thus obtained was dissolved 

by adding 30 μl of DEPC treated RNase free water. Finally, for complete 

dissolution of RNA, the pellet was incubated at 55 °C for 5 min. 

4.2.5 Quality assessment and quantification of RNA  

Quality of total RNA was analysed by agarose gel electrophoresis 

and quantified using UV-Vis spectroscopy as described in section 2.2.5 of 

Chapter 2. 

4.2.6 cDNA synthesis 

Single stranded cDNA was synthesised from total RNA by reverse 

transcription using specific oligo d(T20) primers as explained previously 

in section 2.2.6 of Chapter 2.  
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4.2.7 PCR amplification  

The reverse transcription reaction was confirmed with a PCR with 

house-keeping gene, β-actin primers using cDNA as the template. 

Confirmation of the PCR with the control gene was followed by PCR 

amplification of Histone Derived Antimicrobial Peptide (HDAP) gene 

from the cDNA of E. maculatus using gene specific primers (Table 4.2) 

(Birkemo et al., 2003). The PCR conditions employed were as follows:  

95 °C for 2 min, 35 cycles of 94 °C for 15 s, 60 °C for 30 s and 72 °C for 

30 s. The final extension was carried out at 72 °C for 10 min.  

Table 4.1 Primer sequence and details of primer used in the present chapter. 

Target gene Sequence (5’-3’) 
Product 

size (bp) 

Annealing   

Temp. (°C) 

Histone 
F: atgtccggrmgmggsaarac 250 60 

R: gggatgatgcgmgtcttcttgtt   

β-actin 
F: gatcatgttcgagaccttcaacac 400 60 

R: cgatggtgatgacctgtccgtc   

T7 F: tgtaatacgactcactataggg _ _ 57 

SP6 R: gatttaggtgacactatag _ _ 57 
 

 

4.2.8 Agarose gel electrophoresis 

The PCR products obtained were analysed in 1.5 % agarose gel. 

Electrophoresis was performed as described in section 2.2.8 of Chapter 2. 

4.2.9 TA cloning of amplicons and sequencing  

The PCR amplicons obtained were cloned onto the pGEM-T Easy 

cloning vector as described in section 2.2.9 of Chapter 2. The recombinant 
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plasmids were isolated and sequenced as described in the section 2.2.9.5 and 

2.2.10 of Chapter 2.  

4.2.10 Sequence characterization and phylogenetic analysis 

The nucleotide sequence obtained and the deduced amino acid 

sequence were analysed by various biological computational tools as 

described in section 2.2.11 of Chapter 2. Phylogenetic analysis was 

done with nucleotide sequences of selected Histone H2A genes retrieved 

from GenBank. The phylogenetic tree was constructed using the 

neighbour-joining method, and the topological stability of the neighbor-

joining (NJ) trees was tested using bootstrap resampling (with 1000 

replicates).  

4.2.11 Peptide synthesis  

Based on multiple sequence alignment of E. maculatus HDAP with 

other reported potent HDAPs and sequence conservation in most species, 

sequence showing homology with Buforin II was selected to investigate 

the biological activity of the peptide. Physicochemical characteristics of 

the synthetic peptide were also studied using various computational tools 

as explained in the section 2.2.11.  The peptide was synthesized as a 

linear peptide with end modifications (N-terminal acetylation and                    

C-terminal amidation). Chemical synthesis of peptide with FITC labelling 

was carried out at M/s Zhejiang Ontores Biotechnologies Co., Ltd China by 

solid phase procedure of Fmoc (N-(9-fluorenyl) methoxycarbonyl) 

chemistry with >95 % final purity. 
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4.2.12 Mass spectrometry analysis of the synthetic peptide 

Verification of the molecular mass and quality of the synthetic 

peptide was done by mass spectrometry at M/s Zhejiang Ontores 

Biotechnologies Co., Ltd, China. The MS analysis was performed with a 

Thermo Finnigan LCQ Duo mass spectrometer equipped with an 

electrospray source and Xcaliber software. Synthetic peptide was 

reconstituted in 50 % 0.1 % acetonitrile (v/v) and 50 % 0.1 % 

trifluoracetate (v/v) and analyzed using Electrospray Ionization (ESI) 

probe. The nebulizer gas flow was maintained at 1.5 l/min. Ions were 

detected and analyzed in the positive mode on the basis of their m/z 

ratio. 

4.2.13 Purity determination of synthetic peptide using HPLC  

The purity of the synthetic peptide was determined using analytical 

reverse-phase HPLC at Zhejiang Ontores Biotechnologies Co., Ltd, 

China. Synthetic peptide was dissolved in 50 µl of 0.1 % trifluoroacetic 

acid (TFA) in water and 10 µl of the sample was injected to the 

Welchrom C18 column of dimensions 4.6 mm  250 mm. Solvent system 

comprised of Solvent A (0.1 % TFA in 100 % H2O) and Solvent B (0.1 % 

TFA in 100 % acetonitrile). Purification was performed with a linear 

gradient of 0.1% (v/v) TFA/acetonitrile, increasing from 25 % to 45 % 

in 20 min. Flow rate was adjusted and maintained at 1 ml/min throughout 

the purification and eluents were monitored by UV absorbance at              

220 nm.  
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4.2.14 Haemolytic activity 

Haemolytic activity of the synthetic peptide was analysed using 

human RBCs. Haemolytic activity of the peptide was tested for eight 

different concentrations, ranging from 400 µM to 3.125 µM and the 

activity was expressed as percentage haemolysis, calculated as described in 

the section 2.2.28 of Chapter 2.  

4.2.15 Antimicrobial activity 

Antimicrobial activity of the synthetic peptide was determined by 

broth microdilution assay against eleven different bacterial strains. 

Minimum Inhibitory Concentration (MIC) of the synthetic peptide was 

analysed from six dilutions of the peptide ranging from 50 μM to               

1.625 μM. Further, bactericidal activity of the peptide was confirmed by 

plating the pathogens after 12 h incubation with the peptide. To know 

the mechanism of action of the peptide, microscopic observation                      

of peptide treated pathogens were done using PI staining by                       

Epi-fluorescence Microscopy and by SEM as described in section 

2.2.30.3 and 2.2.30.4 of Chapter 2. The protocol employed for all the 

aforementioned experiments are explained in the section 2.2.30 of 

Chapter 2.   

4.2.16 DNA binding assay 

The DNA binding activity of the synthetic peptide was examined by 

a gel retardation assay with slight modifications as described by Park                

et al. (1998). Briefly, 50 ng of pUC-18 plasmid DNA was incubated with 

increasing concentrations of peptide with a peptide to DNA ratio of 0:1, 
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2.5:1, 5:1, 10:1, 20:1 and 50:1 in 20 μl of binding buffer (5 % glycerol,  

10 mM Tris–HCl (pH 8.0), 1 mM EDTA, 1 mM DTT, 20 mM KCl and 

50 μg/ml BSA) for 1h at room temperature. The DNA bands were then 

analyzed in a 1.5 % agarose gel stained with ethidium bromide and 

visualized under UV light. 

4.2.17 Anticancer activity 

4.2.17.1 In vitro cytotoxicity assay 

Human non-small cell lung carcinoma cell lines, NCI-H460 and 

human laryngeal carcinoma derived human epithelial type 2 cell lines, 

HEp-2 purchased from NCCS, Pune were used for the in vitro toxicity 

studies. The cells were maintained in DMEM/F-12 supplemented with          

10 % fetal bovine serum (FBS), penicillin and streptomycin in a 

humidified atmosphere containing 5 % CO2 at 37 °C.  

Cell viability was determined using XTT assay for both the cell 

lines as described earlier in the section 2.2.29 of Chapter 2. Cells were 

treated with eight different concentrations of synthetic peptide (ranging 

from 200 µM to 1.625 µM). The experiments were performed in 

triplicate. The results are expressed as a percentage of inhibition rates for 

the viable cells. Synthetic mellitin with FITC tag was used as the positive 

control. IC50 values of the synthetic peptide for each cell line were 

evaluated individually. IC50 value was calculated by probit analysis using 

SPSS 21.0 software.  
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4.2.17.2 Gene expression analysis using real-time reverse-transcription 

polymerase chain reaction (RT-PCR) 

To analyse the anticancer activity of the synthetic peptide,             

NCI-H460 and HEp2 cell lines incubated in DMEM supplemented 

with 10 % FBS and antibiotics (1 % penicillin-streptomycin) were 

treated with 25 µM and 100 µM of the peptide for 24 h. Cells incubated 

without peptide was treated as the control. Total RNA was isolated 

from cells of both treated and untreated group using TRI reagent 

(Sigma) according to manufacturer‟s recommendations as explained in 

section 2.2.4 of Chapter 2. Amplification of actin mRNA was performed 

to confirm the steady state level of expression of a house keeping gene 

and to provide an internal control for the real time gene expression 

analyses. 

Single stranded cDNA was synthesised from 0.5 µg total RNA as 

described in the section 2.2.6 of Chapter 2. Amplification of GAPDH was 

performed to confirm the steady-state level of expression of a 

housekeeping gene and to provide an internal control for the gene 

expression analysis (Table 4.2). A real-time PCR was used to determine the 

effect of peptide on cell function by analysing the gene expression pattern 

of twenty three different genes namely Bcl-2, Bax, Caspase-3, Caspase-9, 

Cathepsin-G, Calpain-5, Rb1, p-53, Akt1, MAPK-1, JNK, IL-1β, IL-2, 

IL-6, IL-10, IL-12, IFN-β, IFN-γ, TNF-α, viperin, MX1, ISG15 and 

IFITM3 in NCI-H460 and HEp2 cell lines following treatment with and 

without the peptide. Specific primer pairs were used for the selected 

genes listed above, while primer pair of GAPDH was used for the 
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reference gene.  The nucleotide sequences of the primers used are listed in 

(Table 4.2).  

The relative quantification of the genes in the treated and the 

untreated group were detected by Quantitative Real time PCR (qRT-PCR) 

using SYBR
®
 Green PCR master mix (ABI, USA) and the StepOnePlus 

real-time PCR system (Applied Biosystems). The qRT-PCR was 

performed in 10 μl reaction volume, containing 3 μl diluted 0.5 µg of 

cDNA, 5 µl SYBR mix, 0.4 μl of each primer (10 pmol/µl), and 1.2 μl  

PCR-grade water. The cycling conditions applied were 50 °C for 2 min 

and 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and     

60 °C for 1 min. The threshold cycle number (CT) was calculated with 

ABI software. The expression levels of the transcripts at each context 

were determined by the ΔΔCT method (Livak and Schmittgen, 2001) 

with GAPDH as the reference gene amplified from the same samples. 

ΔCT is expressed as the difference in the threshold cycles of mRNA for 

selected genes relative to those of GAPDH mRNA; i.e., ΔCT = CT 

(target gene) - CT (GAPDH). Relative expression levels of the target 

genes were determined by the following formula ΔΔCT = ΔCT (treated) 

- ΔCT (control). The real-time RT-PCR was performed in triplicate for 

each experimental group. Normalized fold difference in gene 

expression pattern is presented graphically to compare the level of 

transcription.  
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Table 4.2 List of primers of the various genes used for real time qPCR analysis 

Sl. No. Primer Name Sequence (5’-3’) 

1 GAPDH – F  

GAPDH – R  

CGGAGTCAACGGATTTGGTC  

AGCCTTCTCCATGGTCGTGA  

2 Bcl2 – F 

Bcl2 – R 

ACCTGCACACCTGGATCCA  

AGAGACAGCCAGGAGAAATCAAA  

3 Bax – F 

Bax – R  

AAGCTGAGCGAGTGTCTCCGGCG  

CAGATGCCGGTTCAGGTACTCAGTC  

4 Caspase 3 – F 

Caspase 3 – R 

ATACCAGTGGAGGCCGACTTC  

CAAAGCGACTGGATGAACCA 

5 Caspase 9 – F  

Caspase 9 – R 

TGTCCTACTCTACTTTCCCAGGTTTT  

GTGAGCCCACTGCTCAAAGAT  

6 Cathepsin G – F 

Cathepsin G – R  

TCAAGTTTCCTGCCCTGGAT  

CCTGTGTCCCCGAGAAGAAG  

7 Calpain 5 – F 

Calpain 5 – R  

CAGGTCCTCTCAGAGGCAGATAC   

ACCTCTCCAGGGACCTTAACG  

8 Rb1 – F 

Rb1 – R 

GAACATCGAATCATGGAATCCCT 

AGAGGACAAGCAGATTCAAGGTGAT 

9 p-53 – F 

p-53 – R 

GGGTTAGTTTACAATCAGCCACATT 

GGGCCTTGAAGTTAGAGAAAATTCA 

10 Akt 1 – F  

Akt 1 – R 

GCACAAACGAGGGGAGTACAT  

CCTCACGTTGGTCCACATC  

11 MAPK – F  

MAPK – R 

CAATGGCGGTGTGGTGTTC  

AGCTCCCTTATGATCTGGTTCC  

12 JNK – F  

JNK – R 

TGGACTTGGAGGAGAGAACCA  

CGACGATGATGATGGATGCT  

13 IL-1β – F  

IL-1β – R 

GCAGCCATGGCAGAAGTACCTGA 

CCAGAGGGCAGAGGTCCAGGTC  

14 IL-2 – F  

IL-2 – R  

CTGCTGGATTTACAGATGATTTGA 

TGGCCTTCTTGGGCATGT 

15 IL-6 – F  

IL-6 – R  

CCTGACCCAACCACAAATGC  

CCTTAAAGCTGCGCAGAATGA  

16 IL-10 – F  

IL-10 – R  

CTGGGTTGCCAAGCCTTGT  

AGTTCACATGCGCCTTGATG  

17 IL-12 – F  

IL-12 – R 

CCTGGACCACCTCAGTTTGG  

ACGGCCCTCAGCAGGTT 

18 IFN-β – F 

IFN-β – R 

CTCCTGTTGTGCTTCTCCACT 

GGCAGTATTCAAGCCTCCCA 

19 IFN-γ – F 

IFN-γ – R 

CTTTAAAGATGACCAGAGCATCCA  

ATCTCGTTTCTTTTTGTTGCTATTGA 

20 TNF-α – F 

TNF-α – R 

CCCAGGGACCTCTCTCTAATC 

ATGGCTACAGGCTTGTCACT 

21 Viperin – F 

Viperin – R 

CGTGAGCATCGTGAGCAATG 

GCTGTCACAGGAGATAGCGA 

22 Mx1 – F 

Mx1 – R 

CCAGCTGCTGCATCCCACCC 

AGGGGCGCACCTTCTCCTCA 

23 ISG15 –  F 

ISG15 – R 

TGGCGGGCAACGAATT  

GGGTGATCTGCGCCTTCA 

24 IFITM3 – F 

IFITM3 – R 

TCCCACGTACTCCAACTTCCA  

AGCACCAGAAACACGTGCACT 
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4.3  Results  

In the present study, a histone H2A derived AMP was identified and 

characterized from the haemocytes of E. maculatus.  

4.3.1 PCR amplification and TA cloning and sequencing 

A 243 bp amplicon encoding 81 amino acids was amplified from 

the cDNA of E. maculatus via, RT-PCR (Fig. 4.2). The PCR products 

were then cloned into pGEM
®
-T Easy cloning vector and the gene insertion 

was confirmed using vector-specific and gene specific histone primers by 

colony PCR. Approximately 384 bp and 243 bp amplicons were obtained 

with vector and gene specific primers respectively (Fig. 4.3a). The 

recombinant pGEMT plasmids with the insert H2A gene of E. maculatus 

(Fig. 4.3b), isolated from the positive colonies were sequenced and analysed. 

The nucleotide and deduced amino acid sequences of E. maculatus  

histone H2A have been submitted to the NCBI GenBank under the 

accession number MF966483 (Fig. 4.4).  

                                      

 Fig. 4.2  Agarose gel electrophoretogram of PCR amplification of 

E. maculatus H2A gene. Lane M: 100 bp DNA marker, 

Lane 1: 243 bp amplicon of E. maculatus HDAP gene. 
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                                          (a)                                                     (b) 

Fig. 4.3 (a) Colony PCR gel image of gene amplicons obtained from the 

recombinant pGEMT vector. Lane M: 100 bp DNA ladder, Lane 1: 384 bp 

amplicon obtained with vector specific primers and Lane 2: 243 bp 

amplicon obtained using gene specific primers (b) Plasmid extracted 

from the recombinant clones of pGEMT vector with E. maculatus 

HDAP gene. Lane M: 1 kb DNA marker, Lane 1: pGEMT plasmid with 

E. maculatus H2A gene insert, Lane 2: control pGEMT vector without 

any insert. 

  
 

 
Fig. 4.4  Nucleotide and deduced amino acid sequence of the HDAP from the 

haemocyte mRNA transcripts of E. maculatus (GenBank ID: MF966483). 

The nucleotide sequences are showed in green colour and the amino 

acid sequences are highlighted in both yellow and grey colour. The 

region highlighted in yellow represents the biologically active peptide 

region of E. maculatus HDAP, Em-His1, and the underlined area 

corresponds to Em-His2, the sequence similar to buforin II.  
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4.3.2 In silico sequence analysis and characterization  

Homology searches using BLAST analysis of the nucleotide and 

deduced amino acid sequences revealed that the peptide belonged to the 

vertebrate histone H2A family. BLASTn analysis of the E. maculatus histone 

H2A sequence showed only 96 % similarity with Oreochromis niloticus 

histone H2A mRNA (GenBank ID: XM 019363284), 88 % similarity 

with Poecilia mexicana histone H2A mRNA (GenBank ID: XM 

014972148) and 87 % similarity with Takifugu rubripes histone H2A 

mRNA (GenBank ID: XM 003980002). Though the nucleotide sequences 

exhibited marked differences, the deduced amino acid sequence of                  

E. maculatus H2A was found to be similar with the predicted histone 

H2A like peptides reported from other fishes.  

The PeptideCutter tool of ExPASy predicted that the 81-mer histone 

precursor peptide of E. maculatus H2A possessed potential cleavage sites 

for proteolytic enzymes chymotrypsin, pepsin, proteinase K, and thermolysin 

at position 52 from the N-terminus of the precursor peptide and for 

enzymes proteinase-K (between 16 and 17 residue) and trypsin (between 

37 and 38 residue) releasing a 52-mer and 21-mer active peptide herein 

denoted as Em-His1 and Em-His2 respectively. Regions representing      

Em-His1 and Em-His2 are depicted in Fig. 4.4. Since Em-His1 shared 

complete sequence identity with that of Mugil cephalus H2A derived 

peptide, Mc-His, and as its molecular characterisation has been dealt in 

detail in Chapter 3, only peptide characterisation of Em-His2 would be 

discussed further.  
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Sequence analysis of Em-His2 was done using ProtParam tool of 

ExPASy and APD3 and found to have a predicted molecular weight of  

2.435 kDa, net charge of +6 and a theoretical isoelectric point (pI) of 12.60 

respectively. The dominant amino acids found in Em-His2 were Arg             

(23.8 %) and Leu (14.3 %). Other residues such as Val, Ser, and Gly 

contributing to 9.5 % each, and Lys, Ala, Pro, Phe, and Thr each 

contributing to 4.8 % could also be seen. Cationicity of Em-His2 was 

primarily due to the presence of six positive amino acid residues viz., Arg               

(5 Nos) and Lys (1 No.).  In vivo aggregation propensity determined using 

AGGRESCAN identified no hotspots of aggregation in Em-His2. The 

estimated half- life of Em-His2 was found to be around 7.2 h in 

mammalian reticulocytes, greater than 20 h in yeast and greater than 10 h 

in E. coli in vivo. The instability index of the active peptide, Em-His2 was 

computed to be 84.20, categorizing the peptide to be a highly unstable one.  

The ClustalW multiple sequence alignment (MSA) based on the 

deduced amino acid sequences of Em-His2 with histone H2A family 

members of vertebrates and invertebrates is represented in (Fig. 4.5a). 

The results revealed that, even though the length of the amino acids 

varied from species to species, many conserved residues were observed 

among the sequences (Fig. 4.5b). Em-His2 exhibited exact sequence 

identity with that of Buforin II. However, the nucleic acids coding for the 

amino acid sequence were found to be different as evidenced by the MSA 

of their nucleic acids (Fig. 4.6).  
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Fig. 4.5  (a) Multiple sequence alignment of Em-His2 (Etroplus maculatus) 

with Buforin I and II (Bufo bufo gargarizans), Hipposin (Hippoglossus 

hippoglossus), Human H2A (Homo sapiens) Litopenaeus AMP 

(Litopenaeus vannamei), Scallop AMP (Chlamys farreri), Abhisin 

(Haliotis discus), Molluskin (Crassostrea madrasensis, Saccostrea 

cucullata, Meretrix casta, Ficus gracilis, Bullia vittata) and 

Himanturin (Himantura pastinacoides) created using BioEdit software 

(b) The sequence consensus of the ClustalW alignment, obtained with 

WebLogo is shown in the lower panel. 

 

 

Fig. 4.6  ClustalW nucleotide sequence alignment of Em-His2 with Buforin II. 

The MSA of both the sequences illustrate a remarkable sequence 

variation.  

 
The secondary structure analysis of Em-His2 by POLYVIEW server 

showed that the peptide contains 71.43 % α-helical region (15 residues) 

(a) 

(b) 
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and 28.57 % random coiled regions (6 residues) (Fig. 4.7). The coiled 

regions were found to be constituted by Thr
1
 and Gly

7
- Pro

11
 whereas 

Arg
2
- Ala

6
 and Val

12
- Lys

21
 encased the helical regions. No β strands or 

sheets have been noticed in the secondary structure of Em-His2.  

  

 Fig. 4.7  Secondary structure depiction of Em-His2 by POLYVIEW 

programme. The coiled regions are represented with blue 

lines and the α-helical regions as zig-zag lines in red.  

 
The 𝛼-helical structure of Em-His2 was further sustained by its three 

dimensional structure representation. The 3-D structure of Em-His2 was 

constructed based on homology modelling using the crystal structure of 

human nucleosome core particle (PDB ID: 2cv5) as the template                  

(Fig. 4.8a). The Em-His2 sequence shared 95 % sequence identity with 

the template. The representation clearly revealed the presence of a                   

N-terminal random coiled portion followed by an extended helix region 

and a regular C-terminal helical region. The perfect amphipathic nature of 

the peptide was delineated by the helical wheel analysis of Em-His2 

where the hydrophobic residues and hydrophilic residues faced opposite 

to each other in the helical wheel (Fig. 4.9). The Kyte-Doolittle plot of 

Em-His2 (Fig. 4.10) further confirmed the amphipathic structure of the 

peptide with substantial occurrence of hydrophobic amino acids 

concentrated in the centre of the peptide.  
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Fig. 4.8 (a) Predicted 3-dimentional structural arrangement of Em-His2 generated 

using PyMol software using PDB ID: 2cv5 as the template; (b) Spatial 

structure representation of Em-His2. The proline hinge which confers 

structural flexibility to the peptide is also marked.   

                        

 

 

Fig. 4.9  Helical wheel representation of Em-His2. The helical wheel projection 

demonstrates the clustering of the hydrophobic residues into one side 

and the cationic residues into the other side of the wheel, indicating the 

strong amphipathic character of the peptide.  

(a) 

(b) 
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Fig. 4.10 Kyte-Doolittle plot showing hydrophobicity of Em-His2. 

The peaks above the score (0.0) indicate the hydrophobic 

nature of Em-His2 peptide. 

 

APD predicted the antimicrobial activity of Em-His2 with a protein 

binding potential (boman index) of 3.34 kcal/mol and a total hydrophobicity 

of 33 %. The predicted RNA fold structure of Em-His2 with minimum 

free energy (MFE) is depicted with double stranded stem as well as 

looped regions (Fig. 4.11). The predicted RNA structure had an MFE of              

-17.01 kcal/mol. Additionally, absence of any blue residue indicated the 

paired nature of Em-His2 mRNA. 

 
Fig. 4.11 Predicted mRNA secondary structure of E. maculatus 

histone derived peptide, Em-His2 with minimum free 

energy.  
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The NJ phylogenetic tree constructed based on the nucleotide 

sequence of histone H2A of E. maculatus formed two separate clades one 

of higher vertebrates and the other of fishes and frogs, although 

significant overlap between the two clades could be observed. The                  

E. maculatus H2A grouped within the fishes and the amphibian cluster 

(Fig. 4.12). Based on the phylogenetic analysis, E. maculatus H2A was 

found clustered in the subclade formed by Poecilia reticulata, Takifugu 

rubripes, Oreochromis niloticus, Danio rerio, Ctenopharyngodon idella  

and Mylopharyngodon piceus, but was seen more closely related to its 

ortholog from Poecilia reticulata.  

 

Fig. 4.12 A bootstrapped neighbor-joining tree obtained using MEGA 6 illustrating 

the evolutionary relationship between the E. maculatus H2A (GenBank 

ID: MF966483) with other members of the vertebrate family.  
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4.3.3 Peptide synthesis and functional characterization of Em-His2 

This study represents the first report of a histone H2A derived 

peptide from E. maculatus. As a proof of principle, a 21 amino acid length 

region of the peptide (TRSSRAGLQFPVGRVHRLLRK) sharing similarity 

to buforin II (histone derived AMP), identified by multiple sequence 

alignment and homology conservation across various species, was selected 

for solid phase peptide synthesis. Em-His2 is a cationic peptide with a net 

charge of +6 with a predicted mass 2.435 kDa and pI of 12.6. The               

Em-His2 peptide was synthesised as a linear peptide with FITC labelling. 

The N-terminal residue of Em-His2 synthetic peptide was blocked by 

acetylation, and the C-terminal residue was amidated to increase the 

peptide stability.   

4.3.4 Molecular mass determination and purity check of synthetic 

Em-His2 

Verification of molecular weight of synthetic peptide Em-His2 was 

done by electrospray ionization mass spectroscopy (ESI-MS). The ESI 

mass spectrum of Em-His2 peptide is shown in Fig. 4.13. The MS data 

were acquired over an m/z range, 400 to 1700 at a scan time of 5 s. ESI-

MS of the purified peptide yielded a major peak with an average isotopic 

mass of 2865.28 Da. The most abundant ion in the spectrum was observed 

at a mass to charge ratio of 717.6. This m/z coincides with Em-His2 

ionized to +4 (rounded off MW = 2865.28 Da + 4H+ = 2869.28). Thus 

the mass to charge ratio is 2869.28/4 = 717.32. The other relatively 

abundant ion present in the spectrum was seen at m/z of 956.3 ionized to 

+3 (rounded off MW = 2865.28 Da + 3H+ = 2868.28) and thus the m/z is 

2868.28/3=956.09.  
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Fig. 4.13 Electrospray ionization mass spectrum (ESI-MS) of Em-His2 shown as 

a function of abundance over the mass to charge ratio (m/z). 

 

 Purity of the synthesised peptide was tested by RP-HPLC. The 

HPLC chromatogram obtained for synthetic Em-His2 is shown in               

Fig. 4.14. Synthetic Em-His2 peptide was purified to about 95 % 

homogeneity as evidenced by the percent area of the main peak observed 

at a retention time of 14.234 min as seen in Fig. 4.14. 

 
Fig. 4.14  HPLC chromatogram of synthetic Em-His2. 
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4.3.5 Haemolytic activity 

Haemolytic activity of synthetic Em-His2 peptide was tested against 

human RBCs at different concentrations. Em-His2 exhibited no haemolytic 

activity against human erythrocytes at concentrations below 100 µM 

although at higher concentrations it displayed a weak dose-dependent 

haemolytic activity compared to that of melittin (Fig. 4.15).  As shown in 

Fig. 4.15 only about 14 % of RBCs were lysed even after treatment with 

400 μM of Em-His2 peptide.  

 

Fig. 4.15  Haemolytic activity of synthetic Em-His2 and mellitin against 

human RBCs at various concentrations.  

4.3.6 Antimicrobial activity 

Broth microdilution assay was used to determine the antibacterial 

potency of synthetic Em-His2. The antibacterial activity of synthetic          

Em-His2 against all tested bacteria at different concentrations is shown           

in Fig. 4.16 (a-k). Synthetic Em-His2 exhibited strong antibacterial 

activity against Gram-negative pathogens P. aeruginosa, E. coli and                   

V. parahaemolyticus with an MIC and MBC of 25 µM each. Although for 
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E. tarda and V. alginolyticus, the MIC was found to be 50 µM, their MBC 

values were found to be greater than the highest tested concentration. Other 

tested bacteria were found to be sensitive towards Em-His2 at varied 

inhibitory levels. At the highest tested concentration of 50 µM, Em-His2 

was found to inhibit the proliferation of pathogens namely, S. aureus     

(97 %), B. cereus by (96 %), V. parahaemolyticus (99 %), V. cholera (94 %),              

V. alginolyticus (99 %), V. proteolyticus (68 %), V. vulnificus (90 %), E. coli 

(99 %),  A. hydrophila (79 %),  P. aeruginosa (99 %) and E. tarda (99 %).  
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Fig. 4.16  (a-k) Antimicrobial activity of synthetic Em-His2 against various 

bacteria at different concentrations. 
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4.3.7 PI staining  

Propidium iodide staining was done for synthetic Em-His2 peptide 

treated bacteria to assess the killing efficiency in terms of the live/dead 

bacterial cells (Fig. 4.17). Cells that internalized the peptide into the 

cytoplasm were detected as green through the FITC filter due to presence 

of FITC tag  in the peptide. Meanwhile, the percentage of membrane 

damaged dead bacterial cells, seen as red, was comparatively less in the 

PI stained image of Em-His2 treated bacteria. Thus the mode of action of 

peptide was assumed to be different from the usual membrane pore 

forming way of action of AMPs.  

   
 Figure 4.17 Continued…. 
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Fig. 4.17  PI stained image of untreated control pathogens and synthetic Em-His2     

treated pathogens under FITC filter and PI filter.  



Chapter 4 

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

4.3.8 SEM analysis 

Morphological alterations of Em-His2 treated bacteria were visualized 

by scanning electron microscopy (SEM) (Fig. 4.18). SEM imaging of cells 

incubated with synthetic Em-His2 peptide revealed that the general cell 

morphology remained unchanged, even though the cells appeared little 

smaller.  

      
                 Untreated E. coli                                  Em-His2 treated E. coli  
 

    
        Untreated V. parahaemolyticus         Em-His2 treated V. parahaemolyticus  

Figure 4.18 Continued…. 
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           Untreated P. aeruginosa                      Em-His2 treated P. aeruginosa  

    

                   Untreated E. tarda                           Em-His2 treated E. tarda  

Fig. 4.18  SEM image of untreated control pathogens and synthetic peptide, 

Em-His2 treated pathogens. The overall cell morphology appeared 

normal without apparent cellular debris, in the Em-His2 treated 

group.  
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4.3.9 DNA Binding assay 

In order to explore any intracellular targeting mechanisms exist for 

Em-His2, the DNA binding affinity of Em-His2 was tested by electophoretic 

mobility shift assay (gel retardation assay). Gel retardation of the pUC-18 

plasmid was analysed by treating the vector with different concentrations 

of peptide (200 µM – 1.625 µM).  It was noted that Em-His2 effectively 

retards the electrophoretic mobility of pUC-18 plasmid from a concentration 

of 25 µM to 200 µM (Fig. 4.19). The bound DNA could be seen restricted in 

the gel well due to its reduced electrophoretic mobility.   

 
Fig. 4.19  Agarose gel image of the DNA binding assay of synthetic Em-His2. 

Lane M: 1 kb ladder, Lane 1: Control pUC-18 plasmid, Lane 2-9: 1.625 

µM to 200 µM concentration of peptide with 50 ng of pUC-18 vector. 
 

4.3.10 In vitro cytotoxicity assay 

Cytotoxicity of synthetic Em-His2 peptide was analysed from          

1.625 µM to 200 µM in NCI-H460 and HEp-2 cell lines by XTT assay.  The 

result of the cytotoxicity assay of Em-His2 and mellitin are represented in 

Fig. 4.20a and Fig. 4.20b respectively. Em-His2 at 200 µM, exhibited 

potent cytotoxic activity against NCI-H460 and comparatively less 
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cytotoxicity towards HEp-2 cell lines with growth inhibition percentage 

of 50 and 38 respectively.  The IC50 value of Em-His2 against NCI-H460 

cells was estimated to be 200± 39.88 µM and 260.16 ± 38.72 µM for 

HEp-2 cells. Also, the cytotoxic activity of Em-His2 against NCI-H460 

and HEp-2 cell lines was found to be concentration dependent.   

 

 

Fig. 4.20  In vitro cytotoxicity of  (a) the synthetic peptide, Em-His2 and                  

(b) mellitin against NCI-H460 and Hep-2 cells at various concentrations. 
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4.3.11 Anticancer activity  

4.3.11.1 Relative gene expression analysis of cancer related genes in 

Em-His2 treated NCI-H460 cell line 

To analyse the dose response cytotoxic activity of Em-His2 against 

NCI-H460 cell lines, 25 µM and 100 µM of peptide was treated with the 

cells and the in vitro gene expression levels of cancer related genes was 

analyzed by qRT-PCR. Quantitative PCR analysis showed that most of 

the cancer associated genes were observed to be up-regulated in response 

to Em-His2 treatment. Relative expression of Caspase 3, Caspase 9, Bax, 

p53, NFkB and Rb-1 were found to be high than Bcl-2, Cox-2 and ikBα. 

Enhanced up-regulation of Cathepsin-G and Calpain-5 could also be 

noticed after Em-His2 treatment. Among the interferon induced immune 

genes, upregulated expression of MX1F could only be noticed; while the 

rest of the genes were found downregulated compared to the control 

untreated group. Enhanced production of various cytokine related 

immune genes were found, especially TNF-α, IFN-b, IFN-c, IL-6 and            

IL-12. While, IL-10 was found to differentially express in response to the 

two different dose of Em-His2 (25 µM and 100 µM). Em-His2 treatment 

also enhanced the expression of cell cycle associated genes such as 

MAPK-1 and JNK (Fig. 4.21).  
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Fig. 4.21  (a-e) Relative gene expression levels of different cancer related  

genes using quantitative real-time PCR in Em-His2 peptide treated 
NCI-H460 cell lines. 
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4.3.11.2 Relative gene expression analysis of cancer related genes in 

Em-His2 treated HEp-2 cell line 

Relative gene expression profile of various cancer related genes in 

HEp-2 cells treated with 25 µM and 100 µM of Em-His2 was analyzed by 

qRT-PCR and the results are given in Fig. 4.22. RT-PCR analysis 

demonstrated a marked upregulation of various cancer related genes 

analysed such as Bax, Caspase-3, Caspase-9, NFkB, Rb1 and p-53. The 

prominent cancer genes that showed downregulation were Cox-2, Bcl-2 

and ikBα. Expression of both the non-caspase proteases analysed, 

Cathepsin-G and Calpain-5, were found upregulated. The various cytokine 

related genes displayed differential expression in response to Em-His2 

treatment. Enhanced expression of various interleukins such as IL-1β, 

IL-6 and IL-10 could be noticed, while IL-2 and IL-12 were found to be 

downregulated. An up-regulated expression of other cytokine related 

genes such as IFN-β, IFN-γ and TNF-α could also be noticed after              

Em-His2 treatment in Hep-2 cells. Remarkable up-regulation of JNK 

and MAPK-1 could be noticed among the cell cycle associated genes. 

Em-His2 treatment also elevated the expression of interferon induced 

immune genes especially the viperin and ISG15 with respect to the 

control group.  
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Fig. 4.22  (a-e) Quantitative gene expression levels of different cancer related 

genes using RT-PCR in Em-His2 peptide treated HEp-2 cell lines. 
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against infection as AMPs, in addition to their role in nucleus as elements 

of chromatin structure in eukaryotes (Patrzykat et al., 2001). In the 

present study, two histone H2A-derived antimicrobial peptides from the 

haemocytes of Etroplus maculatus have been identified and designated as 

Em-His1 and Em-His2. Till date, there is hardly any study regarding the 

host defence peptides or the physiological process involved in the 

immune system of the Orange chromide, E. maculatus. The histone gene 

characterised in the current study which was cloned from the haemocytes 

of E. maculatus, possessed the characteristic histone signature domain at 

Ala
22

-Gly
23

-Leu
24

-Gln
25

-Phe
26

-Pro
27

-Val
28

. Among the putative domains 

observed, lysine and arginine play major roles, with the former often 

getting acetylated (Lys
6
 and Lys

10
) (Doenecke and Gallwitz, 1982)           

and later shown to be involved in pH-dependent antimicrobial activity 

and DNA-binding (Arg
30

, Arg
33

, Arg
36

, Arg
43

) (Ebralidse et al., 1988; 

Kacprzyk et al., 2007).  

It is widely known that the antimicrobial histone derived peptides 

are formed by proteolytic processing of either the N-terminal or                        

C-terminal portions of histones. Therefore, the action of various 

proteolytic enzymes on the histone H2A of E. maculatus was studied 

using PeptideCutter tool of ExPASy. The analysis established potential 

cleavage sites for chymotrypsin/pepsin/proteinase-K/thermolysin and 

proteinase-K/trypsin that would result in the formation of 52 amino acid, 

Em-His1 and 21 amino acid, Em-His2. Apparently, the Em-His1 sequence 

appears to serve as a precursor molecule for Em-His2. However, the clear 

mechanism of histone activation in E. maculatus needs further 

investigation. Since the sequence of Em-His1 matched with the 
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characterised Mc-His sequence (discussed in Chapter 3) and considering 

this sequence similarity, analysis based on Em-His2 alone was studied 

additionally.    

Histone derived peptides have been described from various 

organisms with almost the same amino acid sequence or differing in a 

single amino acid, as the sequences are homologous to different histone 

peptide fragments (Masso-Silva and Diamond, 2014).  Homology 

searches using BLASTp revealed the similarity of Em-His2 to known 

representative histone–H2A members, in particular to Buforin II. 

Nevertheless, the two HDAPs exhibited a great degree of variation in their 

nucleotide sequences and this variability at the nucleotide level seems to be 

as the result of a larger amount of non-synonymous variation, which affects 

to some extent, the structural domain comprising the histone fold 

(Gonzalez-Romero et al., 2008). At the same time they shared similarity in 

the conserved characteristic motifs with other vertebrates and invertebrate 

HDAPs. Such conservation of sequences arise due to the slow pace of 

evolution of histone H2A genes (Thatcher and Gorovsky, 1994).   

Multiple sequence alignment of Em-His2 with other reported HDAP 

counterparts revealed the existence of conserved residues as well as 

outlined the differences between vertebrates and invertebrate HDAPs. 

Altogether, the ClustalW protein alignment results indicate that the 

histones might be widely conserved and prevail as an original component 

of innate immunity in both vertebrates and invertebrates. While noting the 

differences, in Em-His2, presence of Threonine instead of Serine at the  

N-terminus region could be noticed when compared to other HDAPs from 
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vertebrates (except for the human H2A peptide). Additionally, replacement 

of Valine in the C-terminal of Em-His2 with Isoleucine could also be 

noted in a similar line for all other invertebrate HDAPs. In the phylogenetic 

tree, significant overlap was observed in the histone H2A nucleotide 

sequences of “amphibians and fishes” and “birds and mammals” from 

which it could be inferred that histone proteins remain relatively 

unchanged throughout the course of evolution. Histone genes evolve very 

slowly and therefore, evolutionary analyses of histones should be 

informative with regard to the phylogenetic relationships of distantly 

related organisms (Thatcher and Gorovsky, 2004). 

It has been reported that the electrostatic interaction between the 

positively charged amino acids and the negatively charged moieties on 

the bacterial membrane plays vital roles in the initial antimicrobial 

interactions of AMPs (Matsuzaki et al., 1997a; Xie et al., 2014). Em-His2 

was predicted to be a cationic antimicrobial peptide, with a net charge of 

+6. The cationic characteristic of the peptide made it possible to exert its 

antimicrobial function via, electrostatic attraction. These cationic residues 

„snorkel‟ towards the interface of lipid bilayer, while phenylalanine 

residues of the peptide played dominant roles in the peptide-membrane 

interactions (Jafari et al., 2017). Furthermore, the spatial structure 

indicated that Em-His2 displayed a larger positive electrostatic surface. 

Meanwhile, Huang et al. (2014) explained in their study with D- and                

L- diastereomeric peptides, that peptide helicity plays a critical role on the 

antimicrobial activity of α-helical antimicrobial peptides. Em-His2 is a 21 

amino acid cationic peptide having a net positive charge of +6, molecular 

weight of 2.435 kDa, pI of 12.60 and hydrophobicity of 33 %. Moreover, 
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Em-His2 exhibited a linear amphipathic nature due to the absence of 

cysteine residue. Ward et al. (2009) observed that the amphipathicity of 

the α-helices cause a net positive charge to accumulate at the point so that 

they can interact with negatively charged phosphate groups on DNA. The 

findings of KD-plot and the helical wheel analysis of Em-His2 are in total 

agreement with the amphipathic character of the peptide. The amphipathic 

nature coupled with perfect α-helical structure demonstrates the strong 

antimicrobial nature of Em-His2 as with known histone H2A derived 

AMPs (Park et al., 1998; Sathyan et al., 2012a). Furthermore, the 

antimicrobial property of Em-His2 was analyzed using APD3. The 

database predicted Em-His2 to be an antimicrobial peptide since it formed 

alpha helices and had a significant number of residues on the same 

hydrophobic surface which allowed the peptide to interact with microbial 

membranes.  

In 2011, Sperstad and his co-workers have stated that identification 

and characterization of the new AMPs in marine organisms have become 

imperative in order to find new alternatives to the existence of bacterial 

resistance towards conventional antibiotics. Particularly, the antimicrobial 

mode of action of α-helical cationic peptides have been intensively 

studied and reported (Dathe and Wieprecht, 1999; Giangaspero et al., 

2001; Nguyen et al.,2011; Lee et al., 2015). The antimicrobial effects of 

these peptides have been suggested to occur via, three main general 

mechanisms: (1) cell surface binding (2) permeabilization of the 

membrane and (3) indirect secondary effects such as DNA/RNA/protein 

binding, altering the composition of membranes, interference with 

essential cellular components etc.  
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To understand the antimicrobial potential of Em-His2, its activity 

spectrum was determined using a synthetic peptide, whose sequence was 

selected based on the framework of conserved sequence identified by 

multiple sequence alignment of peptides. The peptide was synthesized as 

a linear peptide with end modifications and an FITC-tag. According to the 

study conducted by Lee et al. (2008), FITC labelling showed no apparent 

effect on the cytotoxicity of buforin IIb when compared with the 

unlabelled peptide. Several studies have reported the antimicrobial 

activities of histone H2A derived antimicrobial peptides against both 

Gram-positive and Gram-negative bacteria and fungi (Richards et al., 

2001; Patat et al., 2004; Li et al., 2007; Kawasaki and Iwamuro, 2008; De 

Zoysa et al., 2009; Shamova et al., 2014). The antimicrobial activity 

demonstrated by synthetic Em-His2 was in accordance with the earlier 

reports by Park et al. (1996 and 1998), Birkemo et al. (2003) and De Zoysa 

et al. (2009). Synthetic Em-His2 was found to be active against both Gram-

positive and Gram-negative bacteria with strong antimicrobial activities 

exhibited against P. aeruginosa, E. coli and V. parahaemolyticus (MIC and 

MBC (25 µM)). However, the MIC and MBC values observed for               

Em-His2 was comparatively high with respect to Buforin II (MIC,                   

1-4 µM) (Park et al., 2000). This disparity in activity between both the 

peptides would have resulted from the end modifications of Em-His2 

which have resulted in a slight dip in the overall charge of the peptide.  

The synthetic peptide, Em-His2 was designed based on buforin II 

sequence; it was unclear whether Em-His2 imbued the characteristic 

buforin II like mode of action. The mechanism of action of buforin II is 

particularly noteworthy because it employs a relatively uncommon 
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mechanism wherein it kills bacteria through interacting with the DNA by 

crossing the bacterial membrane without causing cell lysis (Park et al., 

1998). Earlier studies with certain α-helical antimicrobial peptides 

showed that they form transient holes when the local concentration of the 

peptides reaches a threshold level, as evidenced by their ion-channel 

activities (Ludtke et al., 1996; Matsuzaki et al., 1997a). As a result of 

these toroidal holes, histone H2A reaches the cytosol or the nucleus, 

where it could exert its antimicrobial action by inhibiting cellular functions 

(Shai, 1999; Ebran et al., 1999). Later in 2000, Kobayashi and his                       

co-workers showed that Buforin II can enter lipid vesicles and its membrane 

translocation was due to toroidal pore formation. The mechanism of action of 

Em-His2 was analysed by incubating the bacteria with the FITC labelled 

peptide followed by PI uptake. As expected, the number of cells emitting 

green fluorescence (FITC filter) was more in contrast to the cells emitting red 

fluorescence when observed through the PI filter. Green fluorescence from 

Em-His2 treated bacteria was due to the containment of FITC labelled 

peptide in the cytosol of the bacterial cells. In contrast, the lower red 

fluorescence observed was not due to the presence of live bacteria, but could 

be attributed to the nature of toroidal pores. These pores being transient in 

nature rapidly disassemble, blocking the entry of PI, which could permeate 

only in membrane compromised cells. The epifluorescence microscopy 

results of FITC labelled Em-His2 treated bacteria were on par with the 

translocation studies carried out by DesHDAP1(Pavia et al., 2012),  HipB 

(BF2 F10W) (Bustillo et al., 2014) and Buforin II (Cutrona et al., 2015).  

To further substantiate the mechanism of action of Em-His2, DNA 

binding activity and SEM analysis of peptide treated bacteria was 
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performed. The synthetic peptide Em-His2 displayed marked DNA 

binding activities from 25 µM, which matched the MIC observed for                

P. aeruginosa, E. coli and V. parahaemolyticus. Therefore, DNA binding 

affinity of Em-His2 correlated linearly with their antimicrobial potency. 

DNA binding studies of buforin II and buforin III variants have shown 

that the property is critical to the bactericidal mechanism of those 

peptides (Uyterhoeven et al., 2008; Pavia et al., 2012; Jang et al., 2012). 

The findings of DNA binding studies of Em-His2 were in accordance 

with the above reports. Moreover, the SEM analysis results suggested that 

the antimicrobial mode of action of Em-His2 could be via, DNA 

interaction as no significant morphological change could be noticed for 

the peptide treated bacteria.  

The toxicity of AMPs against eukaryotic cells is the key obstacle 

for their clinical application. Most of the HDAPs such as Buforin IIb, 

Sphistin and Acipensins are found to be non-cytotoxic to normal 

eukaryotic cells (Lee et al., 2008; Chen et al., 2015; Shamova et al., 

2015). Much like the reported HDAPs, Em-His2 was also found to be 

non-cytotoxic towards mammalian erythrocytes via, a haemolytic assay. 

It could be the hydrophobic moieties of Em-His2 that determine the 

balance between both peptide antibacterial activity and cytotoxic activity 

(Saint Jean et al., 2017). Also, Em-His2 displayed anticancer activity 

against cancer cell lines including lung cancer (NCI-H460) cells and the 

pharyngeal cancer (HEp-2) cells. Display of non-toxic behaviour of the 

peptide against mammalian cells (hRBCs) and potential toxicity towards 

the cancer cell lines indicates its prospective value for clinical trials.  
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Recently, cationic antimicrobial peptides have become the focus of 

research mainly due to their ability to kill a variety of microorganisms and 

tumour cells (Hye et al., 2011; Wu et al., 2014; Hancock et al., 2016). Only 

few studies have discussed the antitumor/anticancer potential of histone H2A 

derived peptides (Birkemo et al., 2003; Patat et al., 2004; Bergsson et al., 

2005; Lee et al., 2008; Jang et al., 2011; Lim et al., 2013). Similar findings 

have been described for other cationic AMPs such as magainin 10 

(Cruciani et al., 1991), cecropin (Moore et al., 1994), LL-37 (Henzler-

Wildman et al., 2003) and melittin (Gajski and Garaj-Vrhovac, 2013). In 

particular, anticancer mechanism of buforin IIb have been studied in detail 

by Lee et al. (2008) against 60 human cancer cell lines and found that it 

selectively targets cancer cells through interaction with the cell-surface 

gangliosides, phosphatidylserine and heparin sulfate. Buforin IIb then 

traverses cancer cell membranes without damaging the cells and induces the 

activation of caspase-9 and caspase-3 following cytochrome-c release, 

leading to mitochondria-dependent apoptosis.  

Em-His2 displayed potential cytotoxicity towards NCI-H460 and 

HEp-2 cells; hence its anticancer mechanism with respect to the 

expression of various cancer related genes was analysed using qRT-PCR. 

In the present study, Em-His2, similar to Buforin IIb, has shown to cause 

an upregulation of both Caspase-3 and Caspase-9 in both the cell lines. 

Caspase family of proteins are vital players in the initiation and execution of 

apoptosis. Caspase-9 as an initiator caspases is primarily responsible for the 

initiation of the apoptotic pathway and caspase-3 function as effector caspase 

which is responsible for the actual cleavage of cellular components during 

apoptosis (Li et al., 1997; Srinivasula et al., 1998). Specifically, levels of 
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Caspase-9 were found to get increased following Em-His2 treatment than 

Caspase-3.  Thus, apparently, Em-His2 could lead to an intrinsic apoptotic 

pathway in both the analysed cancer cells, by cytochrome-c leakage 

which can then bind to apoptotic protease activating factor-1 forming the 

apoptosome, activating caspase-9 and later cleaving caspase-3.  

Most tumour cells resist apoptosis due to deregulation of pro- and 

anti-apoptotic proteins (Leung and Wang, 1999). Particularly, ratio of Bax 

to Bcl-2 determines the susceptibility of cells to death signals (Bali et al., 

2015). Here, an enhanced expression of pro-apoptotic protein, Bax along 

with down-regulation of anti-apoptotic protein Bcl2 was observed in both 

cell lines upon Em-His2 exposure indicating its potential to control 

expression of apoptosis related genes. Moreover, mRNA levels of p53 and 

Rb1, both of which are tumour suppressor genes were found to be up-

regulated in both the cancer cells. Similar kinds of upregulation of p53 have 

been noticed for many linker histones which are released in a p53-dependent 

manner (Konishi et al., 2003). Upregulated mRNA transcripts of non-caspase 

proteases, Cathepsin-G and Calpain-5 could also be noticed in both cell lines 

indicating apoptotic death of cancer cells. Thus together with other caspases, 

these non-caspase proteases aid in the apoptosis process in these cell lines. 

Cytokines enable the rapid progression of immune signalling in a 

multifaceted and efficient manner by direct stimulation of immune effector 

cells and stromal cells at the tumour site (Lee and Margolin, 2011). It also 

mediates the enhancement of tumour cell recognition by cytotoxic effector 

cells. In the present study, only interleukin (IL) IL-6 was seen upregulated 

in both the cell line. Similarly, an up-regulation of interferons (IFN) such as 
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IFN-β and IFN-γ and also tumour necrosis factor (TNF) TNF-α has been 

noticed. However, the other cytokines analysed were found to be 

differentially expressed in both the cell lines, with IL-12 seen upregulated in 

NCI-H460 and IL-1β, IL-10 upregulated in HEp-2 cell line. The results 

indicate the pleiotropic and overlapping function of cytokines during 

infection or inflammation. The upregulation of proinflammatory cytokines 

in HEp-2 cell line was comparable to the results observed for tilapia 

hepcidin (TH 1-5) treated HT1080 cell lines (Chang et al., 2011). 

Consequently, the anticancer activity of Em-His2 could also be ascribed 

to its ability to induce the production of proinflammatory cytokines such 

as TNF-α. c-Jun N-terminal protein kinase (JNK) and p38 mitogen-

activated protein kinase-1 (MAPK-1) form the sub family members of 

MAPK superfamily, which function in a cell context-specific and cell 

type-specific manner to integrate signals that affect various  cell processes 

such as proliferation, differentiation, survival and migration (Roux and 

Blenis, 2004). While, AKT1, a serine/threonine-protein kinase is an 

important intermediate of the AKT kinase signalling pathway, involved in 

the regulation of cell proliferation, survival, growth and angiogenesis 

(Kumar et al., 2013). It acts as an anti-apoptotic protein by preventing the 

release of cytochrome-c from the mitochondria and by phosphorylating 

and inactivating the pro-apoptotic factors BAD and procaspase-9 (Wang          

et al., 2004). While analysing the mRNA levels of the cell cycle associated 

genes, MAPK super family members, MAPK1 and JNK, showed a 

marked upregulation in contrast with the AKT1 gene in both the cell 

lines, enhancing the anticancer activity of the Em-His2 peptide. Relative 

gene expression of IFN-inducible proteins, such as GTPase Mx1 
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(myxovirus resistance 1), ISG15 (IFN-stimulated protein-15 kDa), 

Viperin (virus inhibitory protein, endoplasmic reticulum-associated, 

interferon-inducible) and IFITM3 (IFN-induced transmembrane protein) 

were found to be differentially expressed in both cell lines as a result of 

Em-His2 treatment. Interestingly, in NCI-H460 cells, only significant up 

levels of Mx1 gene could be noticed while genes for all the other IFN-

inducible proteins were seen downregulated. In contrast, in HEp-2 cell 

line, notable increase in IFITM3 gene expression could only be marked 

from the other IFN-inducible proteins analysed. Thus the current 

observations of anticancer screening of Em-His2 peptide in NCI-H460 

and HEp-2 cells revealed the peptides immunomodulatory activity 

besides its anticancer activity. However, further studies are needed to 

evaluate its exact mode of action against cancer cells.  

To sum up, a putative histone derived peptide, Em-His2 was 

identified from E. maculatus and its antibacterial and anticancer potential 

determined with the synthetic peptide. The synthetic peptide, Em-His2 

exhibited robust antimicrobial activity against P. aeruginosa, E. coli and 

V. parahaemolyticus. The peptide was found to kill microbes via, membrane 

translocation and subsequent interactions with DNA. The peptide also 

displayed non-toxicity towards human erythrocytes. The anticancer 

activity of Em-His2 was seen effected by the upregulation of apoptosis 

related genes and tumour suppression genes in NCI-H460 and HEp-2 cell 

lines. Thus, Em-His2 stands as a contender, providing opportunities to 

develop new drugs for chemotherapeutic use. 

…..….. 
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Chapter 5 

MOLECULAR CHARACTERIZATION AND 
FUNCTIONAL ANALYSIS OF HISTONE H2A 

DERIVED SYNTHETIC PEPTIDE OF            
HIMANTURA PASTINACOIDES  

 

 5.1  Introduction 

 5.2  Materials and methods 

 5.3 Results 

 5.4 Discussion 

 

5.1  Introduction 

Histones are known as principal protein components of chromatin 

and their function has been studied mainly in connection with DNA 

stabilization and regulation of gene expression. However, a growing 

collection of evidence suggests that histones are present not only within 

but also outside the nucleus and these “extra nuclear” histones have 

various physiological roles, particularly in innate defence mechanisms, by 

acting as AMPs (Parseghian and Luhrs, 2006). The linker histone, H1 was 

detected in the extracts of the liver, intestine and stomach of Atlantic 

salmon, Salmo salar, which showed anti-E. coli activities similar to 

magainin 2 (Richards et al., 2001). Moreover, proteins related to histone 

H1 were found in the gill, skin and spleen extracts of rainbow trout, 

Oncorhynchus mykiss and sunshine bass, Morone saxatilis that showed       
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anti-infective properties against the parasitic dinoflagellate, Amyloodinium 

ocellatum, which causes one of the most serious diseases in warm water 

marine aquaculture (Noga et al., 2001). 

Histones demonstrate strong antimicrobial character not only as 

complete molecule but also through fragments at both the N and C-termini. 

In spite of the extensive research, exact mechanism of action of histones 

and histone fragments is still under discussion and their selectivity 

towards specific targets is not fully understood. Owing to their highly 

cationic nature, Stromstedt and his co-workers (2010) suggested that the 

antimicrobial properties of HDAPs could be mediated through the 

electrostatic attraction of AMPs to the negatively charged membranes 

resulting in the destabilization and subsequent pore formation of planar 

lipid bilayer leading to the death of the organism (Stromstedt et al., 2010). 

However, the histone H2A isolated from trout mucus did not induce ion 

channels in membranes, but rather caused direct disintegration or 

micellization of the cell membrane, suggesting the disruption of cell 

membrane through the „carpet‟ mechanism‟ (Ebran et al., 1999; Fernandes  

et al., 2002). Nonetheless, parasin, an HDAP, derived from histone H2A 

of catfish, Parasilurus asotus, exerted its antimicrobial action by forming 

barrel staves lined with α-helical peptides leading to pore formation and 

cell lysis (Zhao et al., 2015). Also, hipposin, a H2A derived peptide from 

Atlantic halibut has been found to be extremely damaging to the cell 

membrane (Fischer, 2013). Moreover, further research revealed that the 

N-terminal portion of hipposin and parasin is highly essential for the 

membrane permeabilizing property (Koo et al., 2008; Fischer, 2013). In 

contrast, buforin II, HDAP from Asian toad, display drastic different mode 
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of action. Buforin II translocate into the cytosol without causing much 

membrane impairment, where it could exert its antimicrobial action by 

interacting with DNA and activating intracellular cascades leading to the 

death of the organism (Park et al., 1998;  Uyterhoeven et al., 2008; Cho et al., 

2009). With reference to the other core histones, Tagai and his colleagues 

in 2011 demonstrated that the lysine rich histone, H2B penetrated the 

membrane of E. coli JCM549 (OmpT- outer membrane protease T gene 

expressing strain), while the arginine rich histones, H3 and H4 remained on 

the cell surface and disrupted the cell membrane structure with bleb 

formation (Tagai et al., 2011). 

         Other fascinating properties of histones include their lipopolysaccharide 

(LPS) binding ability and capability to act as pattern recognition 

receptors. Histones H2A and H2B in humans, show dose-dependent 

inhibition of the endotoxin activity of LPS by binding and blocking the 

core and lipid A moieties of LPS (Augusto et al., 2003). Moreover, the 

LPS binding site was shown to be located in the C-terminal region of 

histones. Binding of histones to LPS released from Gram-negative bacteria 

may also block the production of cytokines such as tumor necrosis factor- 

alpha (TNF-α) that leads to fatalities from toxic shock in humans (Kim             

et al., 2002). Similarly, histones have proved the ability to bind to viral 

proteins like the Human Immunodeficiency Virus (HIV) envelope 

glycoprotein gp120 and its receptor CD4 (Mamikonyan et al., 2008). 

Potential role of histones as pattern recognition receptors (PRRs) was 

materialized through the identification and characterization of a histone-like 

protein in the membranes of non-specific cytotoxic cells (NCAMP-1) of 

catfish that recognizes bacterial DNA, oligodeoxynucleotides, and 



Chapter 5 

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

polyguanosine motifs (Connor et al., 2009). Subsequently, this protein was 

demonstrated to possess antimicrobial activity. Thus, these antimicrobial 

histones and the fragments that act as physiological barriers of cells, 

expend their activities in various ways including bacterial cell membrane 

permeabilization, penetration into the membrane followed by binding to 

bacterial DNA or RNA, binding to bacterial lipopolysaccharide in the 

membrane, neutralizing the toxicity of bacterial LPS, and entrapping 

pathogens as a component of neutrophil extracellular traps (NETs) (Park 

et al., 1998; Fernandes et al., 2002; Kim et al., 2002; Brinkmann et al., 

2004).  

Histones and histone-derived peptides could be used as potentially 

useful targets in the development of novel drugs for the prevention and 

treatment of infectious diseases in the aquaculture industry (Nikapitiya            

et al., 2013). Furthermore, to accentuate its use as novel drugs, anticancer 

activities of HDAPs also have been reported. However, the knowledge on 

anticancer HDAPs is limited to the small number of antimicrobial 

peptides which has been studied.  Buforin IIb, displayed selective 

cytotoxicity against 62 cancer cell lines by specifically targeting cancer 

cells through interaction with cell surface gangliosides (Lee et al., 2008). 

It is a synthetic analog of buforin II that contains a proline hinge in the 

middle and an α-helical sequence at the C-terminus (3xRLLR) (Park                 

et al., 2000). They traversed cancer cell membranes without damaging 

them and accumulated primarily in the nuclei. Moreover, in vivo analysis 

revealed that buforin IIb displayed significant tumor suppression activity 

in mice with tumor xenograft. The remarkable selectivity of buforin IIb 

for cancer cells results largely from the inability of the peptide to 
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penetrate normal cell membranes (Lee et al., 2008). Besides, another 

reported H2A-HDAP from the disk abalone, abhisin, exhibited potent 

antimicrobial and anticancer activity similar to that of buforin IIb (De 

Zoysa et al., 2009).  

The prospective value of AMPs for clinical purposes includes their 

use as sole antimicrobial agents, synergistic agents to existing antibiotics 

and immunostimulatory agents (Gordon et al., 2005). Buforins display 

many of the desirable features of a novel antibiotic, including low MIC 

values against pathogens (Giacometti et al., 2000, 2001). Buforin II, by 

virtue of its amphiphaticity and relative composition of positively charged 

amino acids, houses a domain that resembles the conserved AMP 

structural motif more closely than does the corresponding domain of 

histone H2A (Cho et al., 2009). Sathyan et al. (2012a) identified and 

characterized a novel histone H2A derived antimicrobial peptide, 

Himanturin (39 amino acids) from Himantura pastinacoides. Hence, in 

the present study, a region of himanturin homologous to buforin II, was 

selected and synthesized. Structural and functional characterization of the 

synthetic peptide was carried to find out the antimicrobial and anticancer 

property of the molecule besides the structural properties.  

5.2  Materials and Methods 

5.2.1 Peptide used for the study  

Himanturin (GenBank ID: HQ720150), a histone (H2A) derived 

antimicrobial peptide (HDAP) identified and characterized from the 

Round whip ray, Himantura pastinacoides by Sathyan et al. (2012) was 

used for the design of the peptide. The Buforin II like region of the 
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Himanturin was selected for the synthesis of the peptide and was named 

as Hp-His. The source organism, H. pastinacoides belongs to Super 

Class: Pisces; Class: Chondrichthyes; Sub-class: Elasmobranchii; and 

Family: Dasyatidae.  

 

Fig. 5.1 Primary structure of the synthetic peptide, Hp-His. 

 

The peptide was synthesized at M/s Zhejiang Ontores Biotechnologies 

Co., Ltd China, as a linear peptide with end modifications and with a FITC 

label.  The product was synthesised using the solid-phase synthesis method 

using fluoren-90-ylmethoxycarbony (F-moc)-polypeptide active ester 

chemistry with >95 % final purity. The peptide N-terminus was blocked 

by acetylation and the C-terminus amidated to increase peptide 

stability. The synthetic peptide was supplied as lyophilized powder and 

was solubilized in nuclease and protease free water and stored at -20 °C 

for further analysis. 

5.2.2 In silico analysis of the properties of the synthetic peptide 

Hp-His 

In silico analysis of properties of the synthetic peptide Hp-His was 

done by various biological computational tools as described in section 

2.2.11 of Chapter 2.  

5.2.3 HPLC purity determination of synthetic peptide  

The synthetic peptides were purified by RP-HPLC and the collected 

fractions were analyzed again by analytical RP-HPLC as described in 
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section 4.2.13 of Chapter 4. In short, analytical separation was achieved 

in a RP-Welchrom C18 column (4.6 × 250 mm). The peptides were 

purified using a linear TFA/acetonitrile gradient that was eluted at 

1mL/min where buffer A was 0.1 % TFA in water and buffer B was                 

0.1 % TFA in 100 % acetonitrile. The peptides were detected by their 

absorbance at 220 nm.  

5.2.4 Mass spectrometry analysis of the synthetic peptide 

Mass spectra analysis was performed with a Thermo Finnigan LCQ 

Duo mass spectrometer as explained in section 4.2.12 of Chapter 4. 

5.2.5 Haemolytic activity of the synthetic peptide 

The ability of synthetic peptide to lyse human erythrocytes was 

assessed to analyze their toxicity to eukaryotic cells. Erythrocytes were 

incubated with two fold dilutions of peptide ranging from 400 µM to 

3.125 µM. Haemolytic activity was recorded as percentage haemolysis  

calculated as described in the section 2.2.28 of Chapter 2.  

5.2.6 Antimicrobial activity 

Antimicrobial activity of the synthetic peptide was analysed by 

broth microdilution assay to determine the MIC and the bactericidal assay 

to determine the MBC. In order to determine the MIC, six dilutions                 

(50 μM to 1.625 μM concentrations) of the synthetic peptide were tested 

against eleven different bacterial strains. For details refer section 2.2.30 of 

Chapter 2. To study the mechanism of interaction of the peptide with 

pathogens epi-fluorescence microscopic observation of the peptide treated 

pathogens was performed by PI staining as mentioned in section 2.2.30.3 of 
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Chapter 2. Further, confirmation of the effect of peptide on bacterial 

morphology was carried by SEM as described in section 2.2.30.4 of 

Chapter 2. 

5.2.7 DNA binding assay 

DNA binding activity of the synthetic peptide was performed as 

mentioned in the section 4.2.16 of Chapter 4. 

5.2.8 Anticancer activity 

5.2.8.1 In vitro cytotoxicity assay 

Cytotoxicity of the synthetic peptide was determined against                   

NCI-H460 and HEp2 cell lines procured from NCCS, Pune. Cells were 

treated with different concentrations of the synthetic peptide and incubated 

for another 24 h. Cell viability was measured at the end of treatment by 

XTT assay as described earlier in section 2.2.29 of Chapter 2. All the 

experiments were carried out in triplicates. Results are expressed as 

percentage inhibition of viable cells. Synthetic mellitin with FITC label was 

used for comparison. The IC50 values were calculated as explained in section 

4.2.17.1 of Chapter 4. 

5.2.8.2 Relative gene expression analysis using real-time reverse-

transcription polymerase chain reaction (RT-PCR) 
 

In order to analyse the anticancer activity of synthetic peptide,  

NCI-H460 cell lines and HEp2 cells were incubated in DMEM 

supplemented with 10 % FBS with different concentration of synthetic 

peptide for 24 h. Cells without peptide treatment were used as the control. 

After incubation with the peptide, cells were suspended in TRI reagent 

(Sigma) for RNA isolation as explained in section 2.2.4 of Chapter 2. 
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Relative gene expression analysis of cancer controlling genes and related 

immune genes were analysed by qRT-PCR as explained in section 4.2.17.2 

of Chapter 4. Relative transcript expression levels were calculated as fold 

differences relative to the control using the ΔΔCT method. 

5.3  Results 

In the present study, structural and functional characterization of a 

synthetic 21 amino acid peptide  based on the sequence of a histone H2A 

derived AMP from Himantura pastinacoides was performed.  

5.3.1  In silico analysis of the histone based synthetic peptide Hp-His  

The DAS prediction server could not detect any transmembrane 

sequence within Hp-His. ScanProsite analysis revealed that the deduced 

Hp-His sequence contains a histone signature region (residues 6-12). 

Peptide characterisation as analysed by ProtParam tool disclosed that          

Hp-His has a predicted molecular weight of 2.42 kDa, a net positive 

charge of +6, theoretical pI of 12.6 and a total hydrophobic ratio of 33%. 

The 21 amino acid Hp-His was found to be rich in arginine (23 %), 

Leucine (14%), Serine (14%), Glycine (9.5 %) and Valine (9.5%) as 

reported in all other histone H2A derived AMPs. Cationicity of Hp-His 

was primarily identified due to the presence of six positive amino acid 

residues (Arg (5 Nos) +Lys (1 No.)). Polar amino acids + GLY constituted 

57.14 % while nonpolar residues represented 42.86 % of the total weight of 

Hp-His. The estimated half- life of Hp-His was found to be around 1.9 hrs 

in mammalian reticulocytes, ≥20hrs in yeast and greater than 10 hrs in 

Escherichia coli in vivo. The instability index of Hp-His was computed to 

be 93.37 and this classifies the peptide to be a highly unstable one. 
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The ClustalW multiple sequence alignment with representatives 

members of histone H2A derived AMPs revealed that Hp-His is  similar 

to Buforin II except for the N terminal amino acid Threonine which is 

replaced by Serine in Hp-His (Fig. 5.2).  

               (a) 

  

 

 

Fig. 5.2  (a) Multiple sequence alignment of the amino acid sequence of Hp-His 

with different histone H2A derived peptides reported from various 

vertebrates and invertebrates. Identities are shaded dark with the same 

colour and the consensus residues are indicated with an asterisk.               

(b) WebLogo graphical representation of the sequence similarity and 

the consensus pattern within the multiple aligned sequence members.  

 

 

(b) 
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Helical wheel projection of Hp-His with Hydrophobic Moment 

(HM) displacement of 3.36 and HM angle of 289.5 is represented in Fig. 5.3. 

Helical wheel analysis depicted the amphipathic nature of Hp-His with 

hydrophobic and hydrophilic residues placed on opposite sides of the wheel. 

Hydrophobic residues such as Alanine (A), Leucine (L), Phenylalanine (F), 

Valine (V) and hydrophilic residues such as serine (S), lysine (K), histidine 

(H), arginine (R), glutamine (Q) were found to occupy opposite positions in 

the helical wheel. Furthermore, APD3 analysis indicated the presence of 5 

residues on the   hydrophobic surface of Hp-His accounting for GRAVY of          

-0.643. In addition, hydrophobicity analysis of Hp-His by Kyte-Doolittle plot 

confirmed the abundance of hydrophobic amino acids, concentrated towards 

the centre of the peptide (Fig. 5.4)  

 

Fig. 5.3  The helical wheel diagram demonstrating the probable amphipathic 

α-helical conformation of Hp-His.  
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Fig. 5.4 Schematic representation of the Kyte-Doolittle plot showing the 

hydrophobic nature of the predicted peptide of H. pastinacoides,              

Hp-His. The hydrophobic moieties clustered in the central region of 

the peptide are indicated by the peaks above the value (0.0).  

 

Secondary structural elements prediction using POLYVIEW server 

demonstrated the presence of two α-helical regions in Hp-His (Fig. 5.5). 

The analysis results showed that Hp-His peptide contains 71.43 %                   

α-helical region (15 amino acid residues) and 28.57 % coiled regions                

(6 amino acid residues). No β-sheet region has been noticed in the 

secondary structure of Hp-His. In Hp-His, Arg
2
 to Ala

6
 and Val

12
 to Lys

21
 

constituted the α-helical regions while, Ser
1
 and Gly

7
 to Pro

11
 formed the 

coiled regions. 
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Fig. 5.5 Secondary structure of Hp-His, predicted using POLYVIEW 

server. The α-helix regions are shown in red zig-zag lines 

and the coiled regions are shown in blue lines.  

 

Predicted spatial 3D structure of Hp-His by homology modelling 

using crystal structure of native histone H2A (PDB ID: 2aro.1E) by 

SWISSMODEL server is given in Fig. 5.6b. The model depicted the 

occurrence of coil-helix-coil domain followed by another helix region               

(Fig. 5.6a).  

  

Fig. 5.6  (a) A ribbon view of the 3D structure of Hp-His based on homology 

modelling using the PDB ID: 2aro.1E, generated by SWISSMODEL 

server. (b) The spatial structure of Hp-His showing the conformationally 

important proline residue as a cyan stick.  
 

The apparent antimicrobial activity of Hp-His was predicted by APD3 

with a protein-binding potential (boman index) and wimley-white whole-

residue hydrophobicity of 3.38 kcal/mol and 4.15 kcal/mol respectively. 

Additionally, sequence alignment of Hp-His with other peptides in the 

APD3 database exhibited 95.23 % similarity with Buforin II followed by 

(a) (b) 
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66.66 % and 55.55 % similarity with Scolopendin 2 and Acipensin 2 

respectively. The CAMPR3 database with its several algorithms such as 

support vector machine {0.684}, random forest classifier {0.614}, 

discriminant analysis classifier {0.865} and artificial neural classifier 

calculated the AMP probability percentage of  Hp-His. The values of the 

calculated probability are given in curly brackets.  

5.3.2 Purification and molecular mass determination of synthetic 

Hp-His 

The RP-HPLC chromatogram obtained for synthetic Hp-His is 

shown in Fig. 5.7. HPLC enabled more than 95 % purification of Hp-His, 

as marked by the main peak at retention time 11.481 min in Fig. 5.7. 

 

 

Fig. 5.7 Chromatographic profile of synthetic peptide, Hp-His (RP-HPLC, 

Welchrom C18, 4.6×250 mm, flow rate: 1.0 ml/min). The chromatogram 

shows a major peak at retention time of 11.481 min. 
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The molecular weight of the synthetic peptide Hp-His (2851.25 Da) 

was confirmed by ESI mass spectroscopy. The ESI mass spectrum of             

Hp-His is shown in Fig. 5.8. The mass spectrum illustrates the mass to 

charge ratio (m/z) from 300 to 1500 of all the ionized particles present in 

the sample. The most abundant ion seen in the spectrum is at a mass to 

charge ratio of 571.4. This m/z matches with the Hp-His ionized to +5 

(rounded off MW = 2851.25 Da + 5H+ = 2856.25). As a result, the mass 

to charge ratio is 2856.25/5 = 571.25. The other relatively abundant ions 

recognised in the spectrum were m/z of 476.4 ionized to +6 (round off 

MW = 2851.25 Da + 6H+ = 2857.25) and m/z of 713.7 ionized to +4 

(round off MW = 2851.25 Da + 4H+ = 2855.25), resulting in a mass to 

charge ratio of 476.21 and 713.81 respectively.  Thus, the spectra reveal the 

molecular mass of the peptide to be 2.8 kDa or 2851.25 Da, which coincides 

with the theoretical calculated mass of Hp-His . 

 

 
Fig. 5.8  ESI Mass Spectrum of synthetic Hp-His. The most abundant ions in 

the spectrum is seen at m/z of 571.4 [M+5H]5+ followed by 476.4 

[M+6H]6+. 
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5.3.3 Haemolytic activity 

Different concentrations (400 μM to 3.125 μM) of synthetic peptide 

Hp-His was tested for haemolytic activity towards human RBCs. Results 

indicate insignificant haemolysis of about 9 % even at highest tested 

concentration of Hp-His . The reference peptide mellitin, yielded about 71 % 

and 85 % haemolysis activity at 200 μM and 400 μM. Thus the Hp-His 

peptide exhibited little haemolytic effect at the tested concentrations          

(Fig. 5.9).  

 
Fig. 5.9  Haemolytic activity of the synthetic Hp-His and mellitin against human 

RBCs at various concentrations.  
 

5.3.4 Antimicrobial activity 

To determine whether the synthetic Hp-His was biologically 

functional, the antimicrobial activity of Hp-His was determined against a 

series of microorganisms by both, broth microdilution assay and bactericidal 

assay. Different concentrations ranging from 1.625 µM to 50 µM of               
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Hp-His was assayed to analyse the inhibitory effect of Hp-His on the 

microbes. Synthetic peptide, Hp-His exhibited a stronger antibacterial 

activity against the major fish pathogens V. vulnificus and V. alginolyticus 

with MIC and MBC of 25 µM each. Furthermore, the peptide also 

displayed significant activity against other Gram-negative pathogens such 

as E. tarda, A. hydrophila and E. coli with MIC values at 50 µM. However, 

the MBC values for those microbes were demonstrated to be greater than 

the highest tested concentration. Other tested pathogens were also found 

to be sensitive to synthetic Hp-His, but the MIC and MBC values were 

found to be >50 µM. The antibacterial activity of Hp-His against all the 

tested bacteria is shown in Fig. 5.10 (a-k). At the highest tested concentration 

of 50 µM, the percentage inhibition obtained for each of the tested bacteria 

were 79 % for S. aureus, 67 % for B. cereus, 99 % for E.coli, 91 % for                  

V. cholera, 99 % for V. alginolyticus, 87 % for V. proteolyticus, 99 % for             

V. vulnificus, 87 % for V. parahaemolyticus, 99 % for A. hydrophila, 89 % 

for P. aeruginosa and 99 % for E. tarda.  
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Fig. 5.10 (a-k) Antimicrobial activity of synthetic Hp-His peptide against the 

bacterial pathogens at various concentrations. 
 

5.3.5 PI staining 

Intercalation of PI with bacterial DNA in dead cells resulted in the 

visualization of those cells as red under Epifluorescence Microscope. 

Since the peptide is marked with a FITC tag, bacterial cells could also 

be observed as green through the FITC filter. Images were taken with 

two different filters for PI and FITC on the same microscopic field of 

Epifluorescence Microscope. Except for E. tarda, almost all cells which 

emitted the green fluorescence also emittted the red fluorescence in the 

images taken from the same field indicating the lethal effect of Hp-His 

peptide on bacterial cells. Thus the mode of action of Hp-His was believed 

to be mainly due to membrane pore formation. 
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Fig. 5.11 Continued…  
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Fig. 5.11 PI stained images of untreated control bacterial cells and synthetic            

Hp-His treated V. vulnificus, V. alginolyticus and E. tarda cells taken 

under FITC filter and PI filter. 
 

5.3.6 SEM analysis 

To further investigate and confirm the mechanism of action in 

bacterial cells, Hp-His treated bacteria were analysed using scanning 

electron microscopy (SEM) and morphological changes observed were 

noted. Representative SEM images of the cells treated with the peptide 

and the control cells are given in Fig. 5.12. Untreated cells were seen to 

have an intact cell membrane with regular morphology. In contrast, the 

cells that have been treated with Hp-His displayed visibly disrupted 

membranes and leakage of cytoplasmic contents, except E. tarda, which 

indicated the membranolytic activity of the peptide.  
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                Untreated V. vulnificus                         Hp-His treated V. vulnificus  

 

   

            Untreated V. alginolyticus                   Hp-His treated V. alginolyticus  

 

Fig. 5.12 Continued…  
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                  Untreated E. tarda                                 Hp-His treated E. tarda  

Fig. 5.12 Effects of synthetic peptide, Hp-His treatment on bacterial cell 

membranes observed using scanning electron microscopy. Untreated 

cells show a normal smooth surface, while cells treated with Hp-His 

reveal a disrupted cell membrane, except for E. tarda. 
 

5.3.7 DNA Binding assay 

Hp-His peptide was tested for its DNA binding activity to verify the 

option of peptide targeting the bacterial DNA. DNA binding ability of 

synthetic Hp-His was tested with 50 ng of pUC-18 plasmid from a 

concentration of 200 µM – 1.625 µM. Hp-His was shown to effectively 

retard the electrophoretic mobility of pUC-18 plasmid from a 

concentration of 25 µM to 200 µM (Fig. 5.13). The retarded plasmid 

when treated with the peptide could be clearly seen from the agarose gel 

image depicting the DNA binding activity of Hp-His. In contrast, the 

electrophoretic mobility of the untreated plasmid control remains 

unaffected. Also, the DNA binding ability of Hp-His was found to be 

concentration dependent. The ability of synthetic Hp-His to bind the DNA 
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indicates its additional mode of action which involves cytoplasmic targets 

such as DNA. 

 

Fig. 5.13 Agarose gel image of the DNA binding assay of synthetic 

Hp-His. Lane M: 1 kb ladder, Lane 1: control plasmid, 

Lane 2-9: 1.625 µM to 200 µM concentration of peptide 

with 50 ng of pUC-18 vector. 

 

5.3.8 In vitro cytotoxicity assay 

Cell viability of Hp-His treated NCI-H460 and HEp-2 cell lines 

were tested from 200 µM to 1.625 µM by XTT assay. The in vitro 

cytotoxic activity displayed by Hp-His peptide against NCI-H460 and 

HEp2 cell lines is represented in Fig. 5.14a. At the highest tested 

concentration of 200 µM, the peptide was found to be cytotoxic to both 

cell lines; with an observed growth inhibition of 62 % for NCI-H460 cell 

line and 49 % for HEp-2 cell line. The cytotoxic activity of mellitin is 

also represented in Fig. 5.14b, for comparison.  The IC50 value of Hp-His 

against NCI-H460 cells was estimated to be 114.124 ± 44.276 µM and for 

HEp-2 cells 206.697 ± 49.212 µM.  
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Fig. 5.14 In vitro cytotoxicity of (a) synthetic Hp-His and (b) mellitin in HEp2 

and NCI-H460 cells at various tested concentrations.  
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5.3.9 Anticancer activity 

5.3.9.1 Gene expression profile of cancer related genes in Hp-His 
treated NCI-H460 cancer cells 

 

In vitro anticancer activity was analysed against NCI-H460, non-

small cell lung cancer cell lines with two different dosages of Hp-His 

synthetic peptide viz., 25 µM and 50 µM. Relative gene expression of 

Hp-His treated NCI-H460 cell lines was studied using real-time PCR 

(RT-PCR). The genes analysed were found to be differentially expressed 

at the tested concentrations with respect to the untreated control              

(Fig. 5.15). In response to 25 µM and 50 µM Hp-His, upregulation of 

Caspase-3, Caspase-9, p53 and Bax could be noticed. On the other hand, 

expression levels of Bcl2, and iKbα were found to be downregulated. 

Significant up-regulation of non-caspase proteases such as Calpain-5 

and Cathepsin-G could be observed in NCI-H460 cells co-treated with 

the peptide. Moreover, some of the genes such as MAPK-1F, JNK (cell 

cycle associated genes) and interferon related immune genes like MX1F 

were also significantly induced in response to synthetic peptide Hp-His 

treatment. Altogether, the synthetic peptide Hp-His could exhibit significant 

anticancer activity against NCI-H460 cells. 
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Fig. 5.15 (a-e) Gene expression pattern of different cancer related genes 

using real time PCR in Hp-His peptide treated NCI-H460 cell 
lines. 
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5.3.9.2 Gene expression profile of cancer related genes in Hp-His 

treated HEp-2 pharyngeal cancer cells 

Two different concentrations of Hp-His, 25 µM and 50 µM were 

screened for its in vitro anticancer activity in HEp-2 cell lines and the 

relative expression of different cancer controlling genes were analysed 

by qPCR (Fig. 5.16). Significant upregulation of the major cancer 

regulating genes such as Cox-2, Caspase-3, Caspase-9, NFkB, Rb-1, 

p53, and Bax could be detected. Also, down-regulation of cancer 

controlling Bcl2 and iKBA were also noticed following Hp-His 

treatment. The gene expression levels of non-caspase proteases viz., 

Cathepsin-G, Calpain-5 were found to be higher. Expression of all the 

cytokines related genes were observed to be greater, than in the 

untreated group (control). Moreover, their level of expression was 

examined to be proportional to the concentration of Hp-His, except IL-2, 

IL-6 and IL-12. Enhanced expression of cell cycle associated genes like 

the MAPK and JNK were also identified in Hp-His co-treated HEp-2 

cells. Thus the synthetic peptide, Hp-His had demonstrated to exhibit 

significant anticancer activity against the HEp-2 cell lines.   
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Fig. 5.16 (a-e) Relative gene expression profile of different cancer related genes in 

synthetic Hp-His peptide treated NCI-H460 cell lines. 
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are derived from precursor molecules encoded by dedicated genes, but 

some are the result of proteolysis of larger proteins with other functions 

(Papareddy et al., 2010). Histones constitute the major protein component 

of chromatin and are known to function in nuclear targeting and 

regulation of gene expression (Balicki et al., 2002). Histone H2A 

represent one of the core histones which, together with histones H2B, H3 

and H4, forms the nucleosome and has therefore been classically 

associated with DNA packaging (Dong et al., 1991). Histone derived 

antimicrobial peptides are identified as a family of cationic helical 

peptides which are derived from their histone precursors by the action of 

proteolytic enzymes. As a matter of fact, studies pertaining to AMPs 

derived from precursor peptides with known function would help to better 

understand the new mechanisms of immune response in the host defence 

of both vertebrates and invertebrates (Bulet et al., 2004; Nijnik and 

Hancock, 2009). In the present study, a histone derived AMP from 

Himanturin (Sathyan et al., 2012a) designated as Hp-His, have been 

identified and characterized. The antimicrobial and anticancer activities 

were also studied with the synthetic peptide.  

It is well known that, fish and amphibian histone H2A derived 

peptides have been isolated from skin secretions after undergoing 

proteolytic cleavage by proteases (pepsin isozymes (Ca and Cb) and 

cathepsin D) released from the unkeratinized skin epidermis. In addition, 

immunohistochemical analysis also revealed that unacetylated histone 

H2A acted as a precursor for both parasin I and buforin I (Kim et al., 

2000; Cho et al., 2002a).  To explore this idea of action of proteolytic 

enzymes, Himanturin was analysed by the PeptideCutter tool and 
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revealed the presence of cleavage sites for trypsin, which would give rise 

to 21-mer active Hp-His. Homology search using BLASTn disclosed that 

Hp-His belongs to the Histone H2A family. Regarding the amino acid 

sequence, the Hp-His H2A was almost identical to other known H2A 

counterparts. 

ClustalW multiple alignment defined the conserved residues among 

the H2A sequences of both vertebrates and invertebrates. The highest 

sequence identity over 95 % was observed with Buforin II. To mention 

the difference between the two, the N-terminal hydrohilic threonine of 

Buforin II is replaced by a more hydrophilic serine residue in Hp-His. The 

findings of the above data and the characteristic similarities of Hp-His 

with other AMPs add weight to evidence that vertebrate and invertebrate 

H2A-derived AMPs originate from a common ancestral gene.  

Hp-His is a 21 amino acid cationic peptide having a net positive 

charge of +6, molecular weight of 2.42 kDa, pI of 12.6 and hydrophobicity 

of 33 %. Moreover, the cationicity of Hp-His was found to be contributed 

largely by the arginine residues, which is an essential characteristic of an 

AMP (Boman 2003; Nam et al., 2012). Malmsten et al. (2007), Svensson 

et al. (2010) and Pasupuleti et al. (2012) observed that the net charge 

beyond a certain limit may not increase the antimicrobial activity owing 

to the strong interactions between the peptide and phospholipid head 

groups, which further prevents structuring and translocation of the peptide 

into the deeper layers of membranes. However, several studies reported 

that increasing the hydrophobicity to some extent increases the 

antimicrobial activity of the peptide (Zelezetsky and Tossi, 2006; Chen et 
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al., 2007; Pasupuleti et al., 2009). Secondary structural analysis of Hp-His 

was in accordance with the findings of Boman (2003) and Papagianni 

(2003) with more number of α-helices in the structure. Nevertheless, the 

net charge, helical propensity and hydrophobicity of AMPs vary from 

species to species leading to the diversity in the AMPs activity.  

It is a well-established fact that the ability of antimicrobial peptides 

to interact with and insert into negatively charged cytoplasmic membranes  

of microbial cells are ascribed to the presence of spatially segregated 

hydrophobic and cationic domains (Zasloff, 2002). Also, the amphipathicity 

of the peptide is usually segregated along the axis of the α-helix such that 

during the initial lipid interactions the peptide lie parallel to the 

membrane with the charged side facing outward towards the head groups 

and the hydrophobic side embedded into the acyl tail core (Haney et al., 

2009). Thus, this uneven distribution of hydrophobic and charged 

moieties contributes to the amphipathic nature of the peptide which has a 

profound effect on peptide disruption of natural bio-membranes (Yeaman 

and Yount, 2003; Teixeira et al., 2012). Also, this cationic/hydrophobic 

balance was shown to be an important factor in influencing both the 

antimicrobial and haemolytic activity of the peptide (Kuroda et al., 2009; 

Kuroda and Caputo, 2013; Takahashi et al., 2017). Besides, the helical 

wheel projection of Hp-His clearly indicated that it adopts an amphipathic 

structure with patches of hydrophobic and hydrophilic residues clustered 

opposite to each other. Therefore, as an amphipathic α-helical antimicrobial 

peptide, Hp-His could attach to the bacterial cell by assembling their axes 

parallel to the membrane plane. The positioning of the hydrophobic 

residues in Hp-His were in line with the previous reports (Tossi et al., 
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2000; Arockiaraj et al., 2013; Chaithanya et al., 2013; Chaurasia et al., 

2015; Chen et al., 2015). Moreover, the findings of the KD plot supported 

the amphipathic character of Hp-His, demonstrating the role of hydrophobic 

residues in the partitioning of the phospholipid bilayers.  

Studies on structure-activity relationship of AMPs have always 

produced new insights into unique molecular mechanism of antimicrobial 

action. Structural analysis of Hp-His revealed the presence of a proline 

hinge between the two helices, similar to Buforin II. The structure of 

Buforin II was elucidated by Yi et al. (1996) using NMR spectroscopy 

and restrained molecular dynamics. Yi and colleagues observed that 

Buforin II adopts a helix-hinge-helix structure in 50 % trifluoroethanol, 

with a N-terminal extended α-helix constituted by Arg
5
–Phe

10 
and a                

C-terminal α-helix represented by Val
12 

- Lys
21

. Both the terminal helices 

are separated by a proline residue (Pro
11

) which acted as a hinge 

providing more flexibility to the amphipathic structure of Buforin II 

(Kobayashi et al., 2000). Park et al. (2000) disclosed the positional 

importance of this proline residue in its function. The proline residue was 

observed to be the key structural factor for the cell-penetrating property of 

buforin II. Spatial conformational studies of Hp-His also exhibited the 

same structural features indicating its ability to form a flexible random 

structure, much like Buforin II. Furthermore, APD3 proposed the 

antimicrobial property of Hp-His, as it showed significant similarity 

with the other reported AMPs in the database including a histone 

derived peptide, Buforin II from Asian toad, Bufo gargarizans (Park               

et al., 1996), a cationic AMP, Scolopendin 2 from Chinese red-headed 

centipede, Scolopendra subspinipes mutilans (Lee et al., 2015), a histone 
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derived peptide, Acipensin 2, from  Russian sturgeon, Acipenser 

gueldenstaedtii  (Shamova et al., 2014) and Buforin I from Asian toad, 

Bufo gargarizans (Park et al., 1996).  

It was intriguing to ponder whether the peptide that would be 

formed from Himanturin by specific enzymatic cleavage would function 

separately in a mutually independent manner with dissimilar modes of 

action. The mechanisms of action of histone H2A derived AMPs 

described in the literature are slightly different. The main mode of action 

of buforin II is associated with its ability to penetrate into bacterial cells 

without causing significant damage to their cell membranes and to 

interact with nucleic acids, leading to inhibition of vital processes and to 

their death (Park et al., 1998; Cho et al., 2009; Elmore, 2012). However, 

another peptide, parasin, exerts its action by damaging the bacterial 

membranes (Koo et al., 2008; Zhao et al., 2015). A synthetic analogue of 

hipposin was also demonstrated to have a membrane permeability mode 

of action against E. coli (Bustillo et al., 2014).  

Antimicrobial activity of histone H2A derived AMPs have been 

studied by several researchers (Park et al., 2000, Giacometti et al., 2000 

Park et al., 2001; Birkemo et al., 2003; Fernandes et al., 2004; Li et al., 

2007; Koo et al., 2008; Bustillo, 2013). Here, in this study, antimicrobial 

activity of Hp-His was carried out with a synthetic peptide with end 

modifications and FITC labelling. The incorporation of D-amino acids or 

modification of terminal regions of peptides by acetylation or amidation, 

in earlier studies have shown to improve their stability by preventing 

them from proteolytic degradation (McPhee et al., 2005; John et al., 2008; 
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Stromstedt et al., 2009).  Thus the modifications generate a closer mimic 

of the native peptide increasing its biological activity. The results 

summarized in Fig. 5.10 for Hp-His, indicate a stronger inhibition of 

growth for V. vulnificus and V. alginolyticus with MIC of 25 µM. Pathogens 

like E. tarda, A. hydrophila and E. coli were found to be  inhibited at                  

50 µM concentration of the peptide.  

Microbicidal action of Hp-His was demonstrated by plating the 

peptide treated bacteria onto LB agar plates and the MBC was found to be 

25 µM for V. vulnificus and V. alginolyticus. Additionally, the lethal effect 

of Hp-His against the bacterial pathogens was confirmed by epifluorescence 

microscopy with the FITC labelled Hp-His treated bacteria. In this study, 

Hp-His could induce the influx of PI into all the susceptible pathogens with 

cells emitting both red and green fluorescence, except for E. tarda. This 

observation suggests a membrane permeabilizing mode of action for these 

cells. However, for E. tarda membrane translocation mode of action was 

inferred as evidenced by lower red fluorescence and higher green 

fluorescence observed from the same field. Besides, SEM result directly 

presented evidence for the induced morphological changes for V. vulnificus, 

V. alginolyticus, E. coli and A. hydrophila. In contrast, little morphological 

change could be noticed for E. tarda. All the observed SEM results were in 

in accordance with the results of the PI uptake assays. Moreover, reports of 

peptides with such dual mode of action against different bacteria have been 

previously established in the case of other AMPs such as Bactenecins (Podda 

et al., 2006), Acipensins (Shamova et al., 2014) and SpHyastatin (Shan                

et al., 2016). However, the current study does not preclude Hp-His from 
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having yet other unidentified target and will be considered as a subject for 

future research.  

To further understand the mode of action of Hp-His, gel retardation 

assay was performed with pUC-18 plasmid using different concentrations 

of the peptide. DNA binding activities of Hp-His could be detected down 

to the concentration of 25 µM.  Uyterhoeven et al. (2008) analysed the 

nucleic acid binding properties of buforin II using molecular modelling 

and a fluorescent intercalator displacement assay and demonstrated the 

role of specific side chains (R
2
 and R

20
) of buforin II in forming stronger 

interactions with DNA than the nonspecific electrostatic ones. Recently, 

Sim et al. (2016) in his experiment with different combinations of DNA 

sequences discovered that the binding was mostly due to interactions 

between the peptide and phosphate backbone of nucleic acids, providing 

an explanation for the lack of sequence specificity observed experimentally. 

Thus, buforin II was shown to have high affinity for the DNA, and its 

antimicrobial activity has been found to be dependent upon this binding 

ability (Uyterhoeven et al., 2008). Since Hp-His shows striking similarity 

to buforin II it is expected to bind to the DNA by a mechanism similar to 

that of buforin II. 

One of the most desired properties of AMPs is its low or no toxicity 

to eukaryotic cells. The cytotoxicity studies of various concentration of 

the peptide against human red blood cells showed that Hp-His exhibits 

only a minimal level of damage to mammalian RBC. Thus, Hp-His was 

found to be almost nontoxic to human RBCs at concentration found to 

cause killing effects in pathogenic bacteria. At the same time, the synthetic 
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Hp-His peptide exhibited significant cytotoxicity against the cancer cell 

lines, NCI-H460 and HEp-2. The results of cytotoxicity analysis were in 

line with the HDAP, abhisin which exhibited potent toxicity towards 

leukemia cancer cells (THP-1) but not towards normal fibroblast Vero 

cells (De Zoysa et al., 2009).  

Taken together, these in vitro data indicates synthetic Hp-His 

modest antimicrobial properties along with its anticancer property. 

Recently, anticancer peptides with cancer selective toxicity have received 

fair attention as alternative chemotherapeutic agents due to their low intrinsic 

cytotoxicity, decreased likelihood of resistance development and synergic 

effects in combination therapy (Papo and Shai, 2005; Hoskin and 

Ramamoorthy, 2008; Gaspar et al., 2013). Although many AMPs have been 

reported to inhibit function in tumor cells, the mode of action on cancer cells 

of only a few peptides have been deciphered (Wang et al., 2008). Previous 

studies revealed that the synthetic and purified N-terminal region of histone 

H2A derived AMPs exhibited antimicrobial as well as anticancer activity 

(Park et al., 1998; Bergsson et al., 2005; De Zoysa et al., 2009; Chen                

et al., 2015). Buforin IIb, a synthetic analog of buforin II, has been found 

to exert significant cytotoxic effects towards cancer cells than normal 

eukaryotic cells (Lee et al., 2008). It also displayed powerful cytotoxic 

activity when injected into solid tumors in p53-deficient mice (Cho et al., 

2009). The selective cancer toxicity observed in buforin IIb is mainly 

attributed to the differences in membrane composition of both cancerous 

and non-cancerous cells. Normal mammalian cell membranes are composed 

largely of neutrally charged phospholipids (Hoskin and Ramamoorthy, 

2008), while cancer cell membranes are more negatively charged owing to 



Chapter 5 

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

richness of anionic molecules such as phosphatidylserine (Utsugi et al., 

1991; Dobrzynska et al., 2005), O-glycosylated mucins (Burdick et al., 

1997), heparin sulfates (Kleeff et al., 1998) and sialilated gangliosides 

(Lee et al., 2008). AMPs due to their cationic nature combine with a net 

negative membrane potential and aids to disrupt negatively charged 

membranes of cancer cells via, electrostatic interactions (Schweizer, 2009). 

Other peptides that seem to target cancer cells on the basis of charge rather 

than cell growth are MPI- 1(Zhang et al., 2010), Gomesin (Rodrigues et al., 

2008), tilapia hepcidin TH2-3 (Chen et al., 2009a), Pardaxin (Hsu et al., 

2011), SVS-1 (Gaspar et al., 2012; Sinthuvanich et al., 2012) and Mellitin 

(Zarrinnahad et al., 2017). 

To investigate the anticancer mechanism of Hp-His, gene expression 

analysis in both NCI-H460 and HEp-2 cell lines was done by using qRT-

PCR. Relative gene expression levels of cancer related genes were 

analysed and found a marked increase in the mRNA levels of initiator 

caspase-9 and effector caspase-3 in both the cell lines.  Mitochondria 

dependent mode of apoptosis induction is largely observed in the anticancer 

activity of most of the AMPs. Similar findings have been described for 

AMPs such as RGD-tachyplesin (Chen et al., 2001), DP1 (Mai et al., 2001) 

and buforin IIb (Lee et al., 2008). Moreover, the expression levels of both 

these caspases were found to be concentration dependent in both the cell 

lines (Kaufmann and Earnshaw, 2000). 

Initiation and execution of apoptosis are also regulated by the Bcl-2 

family of proteins which function by regulation of cytochrome-c release 

from the mitochondria via, alteration of mitochondrial membrane 
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permeability (Cory and Adams, 2002). Bcl-2 is an anti-apoptotic and Bax is 

a pro-apoptotic protein under the Bcl-2 family (Cory and Adams, 2005; 

Dewson and Kluck, 2010). The expression of both Bcl-2 and Bax is 

regulated by the p53 tumor suppressor gene (Miyashita, 1994). In the present 

study, levels of Bax and p53 were found to be upregulated in NCI-H460 and 

HEp-2 cells, following Hp-His treatment while Bcl-2 levels in both cells 

lines were lower. Similar kind of up-regulation of p53 mRNA was 

observed for epinecidin-1 treated U-937 leukaemia cell lines (Chen et al., 

2009b). Also, the other tumor suppressor gene analysed in this study, Rb1, 

which aid in the regulation of cell growth and division was found to be 

up-regulated upon Hp-His exposure. These results taken together indicate 

the activation of apoptosis by Hp-His through intrinsic apoptotic pathway 

which involves the release of cytochrome-c from mitochondria. 

Involvement of non-caspase proteases in the execution of apoptosis 

have long been described (Johnson, 2000). Cathepsin mediated activation 

of pro-apoptotic Bcl-2 family member Bid triggered the mitochondrial 

pathway to apoptosis (Droga-Mazovec et al., 2008). Elevated expression 

levels of non-caspase proteases, Cathepsin-G and Calpain-5 were 

observed in both the cell lines proposing its involvement in the breakdown 

of cellular components leading to the stimulation of apoptosis. Higher 

levels of up-regulation of these genes were exhibited in Hp-His treated 

HEp-2 cell line. On analysing the relative mRNA levels of cytokine genes 

in NCI-H460 cells, upregulation of the following interleukins (IL-1β,           

IL-10, IL-6), interferon IFN-β and tumor necrosis factor (TNF-α) have 

been detected. While, all the analysed cytokines were found to be induced 

in response to Hp-His treatment in HEp-2 cell line, similar kinds of 
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upregulation of cytokine genes were seen in HeLa cell lines treated with 

pardaxin peptide (Hsu et al., 2011). Thus, an increased expression of IL-6 

and TNF-α projects the antitumor activities of Hp-His, through the 

production of first order cytokines like TNFs and IFNs. These data 

correlated well with the potency of the peptide to increase the level of 

mRNA expression of IFITM3 gene in HEp-2 cell line, as a parallel 

increase in the related interferons could be noticed. The other interferon 

induced immune genes examined such as Mx1, ISG15 and Viperin were 

found to be differentially expressed in both the cancer cells. The upregulation 

and downregulation of these immune genes indicate their pleiotropic 

functions during immune responses and inflammatory reactions. 

The influence of Hp-His treatment on cell cycle associated gene 

expressions was evaluated by examining the expressions of various genes 

that regulate cellular processes. Hp-His also was seen to elicit an 

anticancer effect by downregulating the expression levels of AKT and 

upregulating the mRNA transcripts for MAPK-1 and JNK in human 

epithelial and lung cancer cell lines. MAPK-1 and JNK, thus could 

function as pro-apoptotic kinases that result in the phosphorylation of the 

substrates involved in various signalling pathways that lead to the 

enhancement of anticancer effect of Hp-His in both the cell lines. A 

similar pattern for c-JNK gene was observed for tilapia hepcidin (TH2-3) 

exposed human fibrosarcoma cells (Chen et al., 2009a). AKT on the other 

hand, function by inactivating critical transcription factors which mediate 

the expression of genes vital for apoptosis. Among the tested cell lines, 

higher levels of downregulation were observed for NCI-H460 than HEp-2 
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cell line. Therefore, Hp-His could also induce apoptosis via, downregulation 

of AKT.  

Peptides that are able to induce apoptosis in tumor cells are 

increasingly seen as prime candidates for the development of anticancer 

therapeutics. In this study, Hp-His demonstrated strong anticancer activity 

against human epithelial and lung cancer cell lines, more probably by 

eliciting the intrinsic apoptotic pathway. The anticancer activities 

exhibited by Hp-His were on par with the other reported anticancer 

HDAPs such as buforin IIb. However, its precise mechanism of 

anticancer activity warrants further research in different cancer cell lines. 

In conclusion, a 21 amino acid histone H2A derived AMP from                       

H. pastinacoides, demonstrated remarkable antimicrobial activity against 

Gram-negative pathogens, V. vulnificus, V. alginolyticus, E. tarda,                         

A. hydrophila and V. parahaemolyticus. The peptide was found to exhibit a 

dual mode of action against the selected pathogens. It also demonstrated low 

toxicity to human erythrocytes. Broad spectrum antimicrobial activity, 

anticancer potential and low toxicity to human erythrocytes endorse it as a 

potential therapeutic agent for application in aquaculture and cancer 

therapy.  

 

…..….. 
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The worldwide indiscriminate overuse of antibiotics has led to high 

rates of microbial resistance posing new challenges to human as well as 

animal health. The search of novel molecules with antimicrobial activity 

that could overcome this resistance phenomenon has become a priority. In 

this scenario, naturally-occurring, cationic antimicrobial peptides (AMPs) 

have attracted the attention of scientists as suitable scaffolds for the 

development of alternatives to conventional antibiotics. Marine organisms 

comprise roughly one-half of the total global biodiversity and they have 

been extensively studied in the last few decades for potential sources of 

novel bioactive natural products. Marine resources provide an abundant 

chemical space to be explored in peptide-based drug discovery as marine 

animals live in a very competitive, and aggressive surrounding compared 

to the terrestrial environment. Among evolutionary peptides, marine 

AMPs are considered as a new hope since they are stable against enzymes 

and various thermal conditions. Antimicrobial peptides derived from 

fishes extend as a promising candidate not only by being able to able to 

act directly as antimicrobial agents but also effect by being important 

regulators of the host innate immune system. 
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The present study was aimed to bioprospect novel AMPs from marine 

fishes using genomics approach. Molecular and phylogenetic analyses of 

AMPs identified in this study were carried out by bioinformatics tools. 

Functional characterization was accomplished using recombinant and 

synthetic peptides. In addition, they were screened for their bioactive 

potentials including antimicrobial and anticancer activity. Cytotoxic 

activities of the peptides were also tested by haemolytic assay and cell line 

toxicity assay.  

 

Salient findings 

 In the present study, marine fishes were screened for novel 

AMP genes using gene based approach. Altogether, 3 AMPs, 

belonging to the families of hepcidins and histone derived 

peptides could be identified and characterized. Molecular and 

phylogenetic characterization of the AMPs were also carried 

out in silico.   

 A novel HAMP2 isoform of hepcidin was identified from the 

gill mRNA transcripts of common pony fish, Leiognathus 

equulus, and was named as Le-Hepc (GenBank ID: KM034809). 

The 86 amino acid, Le-Hepc was constituted by a 24 amino 

acid signal peptide, 36 amino acid prodomain and a 26 amino 

acid mature peptide (mLeH).  
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 Histone H2A derived AMPs, named as Mc-His (GenBank ID: 

MF966482) from flathead grey mullet, Mugil cephalus, and 

Em-His1 and Em-His2 (GenBank ID: MF966482) from 

Orange chromide, Etroplus maculatus, were identified and are 

the first reports from the respective fishes.  

 Based on the already reported histone derived peptide sequence 

from round whipray, Himantura pastinacoides, an AMP 

(named as Hp-His) was designed for chemical synthesis.   

 The AMPs, mLeH and Mc-His were produced by recombinant 

method using pET-32a(+) vector and host E. coli Rosetta-

gami
TM 

B (DE3) pLysS, for functional characterization of the 

peptides. 

 Two AMPs, Em-His2 and Hp-His were synthesized as linear 

peptides with end modifications and FITC labelling, at M/s 

Zhejiang Ontores Biotechnologies Co., Ltd China by solid phase 

synthesis using Fmoc chemistry with >95 % final purity. 

Region homologous to a highly potent AMP, Buforin II was 

used as the reference peptide for the design and synthesis of the 

two peptides.  

 Functional characterization of the two recombinant peptides 

and the two synthetic peptides were performed by antibacterial 

and anticancer assays. 

 The recombinant mature peptide hepcidin of L. equulus, rmLeH 

exhibited remarkable activity towards Staphylococcus aureus 
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and Escherichia coli at 5 μM concentration and Aeromonas 

hydrophila, and Edwardsiella tarda at 10 μM concentration. 

The rmLeH was found to be a membranolytic peptide resulting 

in membrane blebbing and pore formation as evidenced by 

Scanning Electron Micrographs (SEM).  

 The rmLeH was found to be non-cytotoxic and non-haemolytic 

at the tested concentrations (1.25 μM – 20 μM). 

 The recombinant peptide, Mc-His exhibited significant activity 

against Gram-negative pathogens i.e., E. tarda (MIC and MBC 

of 5 µM), Vibrio alginolyticus and V. proteolyticus (MIC and 

MBC of 20 µM) mainly by inducing membrane destabilization 

and permeabilization.  

 The peptide, rMc-His was found to be non-haemolytic                 

and non-cytotoxic at the tested concentrations (1.25 μM –            

20 μM). 

 Synthetic Em-His2 demonstrated strong antibacterial activity 

against Pseudomonas aeruginosa, E. coli and V. parahaemolyticus 

(MIC and MBC of 25 µM). SEM analysis revealed that the 

overall cell morphology remained unchanged without any 

cellular debris.  

  DNA binding studies of Em-His2 displayed marked DNA 

binding from 25 µM- 200 µM. The antimicrobial mechanism 

was likely via, membrane translocation and DNA interaction as 
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no significant morphological change could be noticed for the 

peptide treated bacteria.  

 Synthetic Em-His2 was found to be cytotoxic to cancer cell 

lines (NCI-H460 and HEp-2) and demonstrated low haemolytic 

activity against human erythrocytes. 

 Synthetic Hp-His displayed significant antibacterial activities 

against V. vulnificus, V. alginolyticus (MIC and MBC of 25 µM) 

and E. tarda, A. hydrophila and E. coli (MIC- 50µM, MBC - 

>50 µM). The peptide exhibited dual mode of antimicrobial 

action; mainly by membrane disruption for V. vulnificus,                    

V. alginolyticus, E. coli and A. hydrophila and membrane 

translocation for E. tarda.  

 The peptide, Hp-His was found to be DNA binding (from               

25 µM to 200 µM), non-haemolytic against hRBCs and cytotoxic 

to NCI-H460 and HEp-2 cell lines.  

 Anticancer activity of synthetic peptides Em-His2 and Hp-His 

against NCI-H460 and HEp-2 cancer cells were analyzed by gene 

expression analysis in vitro using qRT-PCR. 

 Gene expression studies disclosed that both the cancer 

associated genes and immune related genes were differentially 

expressed in response to Em-His2 and Hp-His peptide 

treatment. 
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 The anticancer activity of Em-His2 was seen effected mainly 

by the upregulation of apoptosis related genes and tumor 

suppression genes in NCI-H460 and HEp-2 cell lines. 

 Hp-His demonstrated strong anticancer activity against human 

epithelial and lung cancer cell lines more probably by eliciting 

the intrinsic apoptotic pathway and via, immune modulation by 

regulation of cytokine related genes.  

 

Fishes represent the largest vertebrate group in comparison with 

other flora and fauna and have earned deep consideration as a potential 

source of bioactive compounds. They have been ignored largely as a 

potential source of antimicrobial peptides and only a limited number of 

sequences have been reported from fishes. Elucidating the mechanisms 

of action of fish AMPs would advocate the use of peptides as 

antimicrobials and anticancer agents. Moreover, the comparative 

analysis of the structure of the nucleotides or peptides with that of 

other phyla contributes to our knowledge of the evolutionary 

relationships of innate host defense system and phylogeny of 

vertebrates. Findings of the present study have demonstrated that these 

AMPs have potent activity against fish pathogens and specific activity 

against cancer cells. Thus largely the future work need to be focused 

on  understanding the role of these peptides in host defense and the 

mode of action against microbes and tumor tissues. In context of the 

ever increasing trend of antibiotic resistance in microbes, there is vast 
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scope for the development of these peptides and their derivatives as 

potential therapeutics in aquaculture and human medicine. 

 

 

…..….. 
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