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Abstract 

Based on extensive natural drug investigations, frog skin has been found to be a rich 

source of biologically active compounds, especially the broad-spectrum antimicrobial 

peptides, which have attracted increasing attention as potential therapeutic agents. 

In this thesis, a novel bioactive peptide was discovered in the skin secretion of Rana 

amurensis. This skin secretion was collected by mild electrical stimulation and used 

to isolate mRNA for the establishment of a cDNA library. “Shotgun” cloning was 

employed to obtain the peptide precursor-encoding cDNA sequence and the mature 

peptide structure was deduced from this cloned cDNA. A sufficient quantity of a 

peptide replicate for bioactivity testing, was synthesised by solid-phase peptide 

synthesis (SPPS).  

After these tests, QUB-2274 was found to exhibit differential growth-inhibitory 

activity towards the Gram-positive bacterium S.aureus, the Gram-negative bacterium 

E.coli, and the yeast C.albicans, but with a high haemolytic activity. It also had a 

strong anti-proliferative effect on the four tested human cancer cell lines: PC-3, NCI-

H157, MDA-MB-435S and U251MG. 

These studies on QUB-2274, have provided the basic data for research on a bioactive 

peptide from an amphibian. Unlike conventional antibiotics, the antimicrobial peptides 

(AMPs) are less likely to cause drug resistance. If QUB-2274 is to be considered for 

application in the clinic, its high haemolytic activity requires addressing such as by 

rational analogue design. 
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Chapter1 Introduction  

1.1 The comprehensive description of Rana amurensis 

Rana amurensis, also known as the Heilongjiang brown frog, Khabarovsk frog and 

Siberian wood frog, is widely distributed in northern Asia. According to Frost, Rana 

amurensis belongs to the class Amphibia, the family Ranidae and the genus Rana 

(Frost, 2015).  

Ranidae, commonly called true frogs, are the most widely distributed of frog families. 

The features of true frogs are smooth skin as well as thick and strong legs. Their 

habitats are close to water, where they lay eggs and then tadpoles hatch from these. 

Rana is the nominate genus within the Ranidae. Typically, most frogs of this genus 

spawn in spring and feed on insects. 

Rana amurensis has a flat head, webbed toes, moderately sharp snout, moderate size 

of eyes and rough skin. Forelimbs are short and stout, while hind limbs are relatively 

shorter too. The body is 1.5-2.4 times longer than the legs. There are small dark spots 

on the grey-brown dorsum. Skin glands on flanks and thighs secrete red granules. 

Some bigger and irregular blood-red spots begin to form on the white belly in the 

second year of their lives. The dark nuptial pads on the first finger help differ male 

from female. Male frogs have nuptial pads, while female frogs do not have these on 

their first finger (Borkin et al., 1981). 

This species mostly feeds on beetles. Studies show that both males and females are 

sexually mature at one year and the maximum lifespan is four years. On average, they 

live for three years. There are no clear differences in average lifespan between both 

sexes (Liao, 2011). 
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1.1.1 The distribution and habitat of Rana amurensis 

As shown in the map (Figure.1.1), Rana amurensis lives in West and East Siberia, the 

Russian Far East, northern and central Mongolia and northeastern China. It is a 

common and abundant frog. Rana amurensis is a lowland species and is distributed 

between 50 and 650m above sea level. 

 

Figure 1.1: Point map of specimen collections of Rana amurensis 

(http://eol.org/data_objects/30609488, accessed on: 22nd March, 2017). 

Rana amurensis normally resides in plains with coniferous, mixed and deciduous 

forests. It is often found in ponds and puddles and marshes (Fei et al., 1999). 

During the spawning season, from mid-April to early May, they lay their eggs in lakes, 

large puddles or ponds. During larval development, most individuals are found 

frequently in adjacent waters and feed on underwater substrates. During mid-June, 

larger numbers of young frogs (tadpoles) can be found along the pond sides. This 

http://eol.org/data_objects/30609488
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species usually hibernates in the bottom mud of ponds and pools from early October 

to March. 

1.1.2 The conservation of Rana amurensis 

It is reported that this species is widely spread in urban and industrial areas of Siberia. 

The dam construction work on large rivers in Siberia harmed the delicate ecological 

balance of the species, Rana amurensis, and led to the loss of most habitats. In addition, 

pollution of breeding pools has seriously threatened the survival of the species. In 

Russia, Rana amurensis has been illegally and extensively collected as food since 1990, 

thereby depleting the already threatened species.  

In the species habitat, many protection zones have been constructed. Since it is widely 

distributed and not so sensitive to the changing environment, it is listed as of Least 

Concern in the Red Data Book. According to the evaluation of IUCN, the decline in 

population is not rapid enough to be classified as a more endangered species (IUCN, 

2016-3). 
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1.2 A brief review of amphibian skin  

1.2.1 Multifunctional amphibian skin 

Amphibians are widely distributed and can be found in wide ranges of ecological 

conditions, such as plains, hills, mountains and plateaus. Some have evolved a range 

of adaptations in deserts and in the northern forest and tundra regions.  

The skin plays an important role in their surviving in such harsh environments and 

provides essential functions for exploiting many habitats. The major functions of 

amphibian skin include respiration, water regulation and defence (Clarke, 1997). Their 

skins are permeable to water and can breathe, which allows respiration to happen under 

the surface of the water. Moreover, it also explains why amphibians can hibernate at 

the bottom of ponds. These unimpaired functions are so significant because they 

provide water, nutrients, and oxygen for the growth of amphibians. In addition, skin is 

also involved in temperature control and reproduction. These functions are complex 

and coordinated so that they do not adversely influence the operation of each other. 

There are a variety of skin colours and patterns on amphibians. These colours are 

produced by three layers of pigment cells and are often a warning to predators. Some 

frogs also control temperature by changing skin colours (Nilsson Sköld et al., 2013).  

1.2.2 Skin glands  

Generally, amphibian skin glands are of two types: mucus glands and granular (poison) 

glands. Both mucus glands and granular glands are dispersed throughout the dermis. 

The mucus glands are found on heads, backs, and tails but are most abundant in the 

ventral skin. The main function of mucus glands is to secrete compounds that can 

decrease water evaporation and protect the thin and delicate skin from abrasion. 

Therefore, mucus glands help to maintain a moist and smooth surface (Clarke, 1997). 
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Granular glands are mainly found in dorsal skin and are normally less abundant than 

mucus glands. Granular glands secrete a variety of poisonous chemical compounds 

that have antibacterial and antifungal effects. Research has demonstrated that 

cutaneous granular glands are a rich source of compounds with pharmacological 

properties (Mills and Prum, 1984). 

1.2.3 The molecular types in skin secretions 

Granular glands produce a wide variety of biologically active compounds that are often 

highly concentrated. These compounds are stored as granules in the lumen of glands. 

Upon stimulation that induces the contraction of myocytes around the glands, these 

compounds are released in a holocrine manner (Simmaco et al., 1998). There are four 

main categories of these secretions. They are biogenic amines, steroids 

(bufodienolides), alkaloids and peptides/proteins. These compounds exhibit cytotoxic, 

antimicrobial, analgesic and anti-inflammatory activities. Some substances have been 

researched as potential pain medications. Besides, they have great advantages in 

becoming a potential source of modern drugs because they can be obtained without 

injuring animals. Among all of these compounds, peptides which exhibit antimicrobial 

activity have attracted most attention (Cei et al., 1967). 

Biogenic amines found in amphibians are classified into three groups: 

indolealkylamines that are the most studied amines of amphibian secretions, 

imidiazolealkylamines and hydroxyphenylakylamines. These substances can cause 

convulsions and act as vasoconstrictors. Serotonin, histamine, and tyramine found in 

the skin of toads and frogs are well-known biogenic amines (Daly et al., 1987) 

The most well-known of the bufodienolides is bufotalin, which has cardiotonic effects 

by dropping the heart rate and increasing the heart beat strength. Chan-su, derived from 
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the dried toad skin secretion, contains bufodienolides and can be used as a central 

nervous system stimulant because of its cardiopulmonary effects. 

Alkaloids are cyclic organic compounds that contain nitrogen atoms and have limited 

distribution among organisms. More than 800 alkaloids have been isolated from 

amphibian skin. Poison dart frogs are the main source of amphibian alkaloids. Most of 

these are biologically active and lipid soluble such as the steroidal samandarines 

isolated from salamanders. 

Peptides are short chains of amino acids (about 2~50) that are connected to one another 

by peptide bonds. The basic structure of an amino acid consists of three groups: an 

amine group, a carboxylic acid group and a side-chain group (R-group). The 

differences among amino acids are the side chains. The side–chain group is specific to 

each amino acid and there are a total of twenty kinds of amino acids. The peptide bond 

will be formed when the alpha carboxyl group of one amino acid and the alpha-amino 

group of another amino acid are involved in a condensation reaction after which a 

water molecule dissociates from the condensed combination. The vasoactive peptides, 

such as bradykinin and sauvagine, also have attracted much research attention (Daly, 

1995). Amphibian peptides, especially antimicrobial peptides (AMPs), have great 

clinical potential.  

1.2.4 The acquisition of skin secretion   

In the laboratory, mild transdermal electrical stimulation is a common method to 

obtain both peptides and mRNAs from living specimens. Transdermal electrical 

stimulation can cause the contraction of adrenergic myocytes surrounding the granular 

glands. Eventually, glands release secretions through a holocrine mechanism (Dockray 

and Hopkins, 1975). Secretion samples can be stored for several years through 
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immediate freeze-drying (Chen et al., 2003). However, in the past, researchers 

obtained peptides by extracting skin in methanol or acetone, which is a less efficient 

way. Furthermore, in that process, the animal had to be sacrificed. In contrast, 

electrical stimulation does not cause pain to the animal. Another method is an 

intradermal injection of norepinephrine, which is equally effective but more invasive 

(Conlon and Sonnevend, 2010). In brief, electrical stimulation is both animal-friendly 

and environmentally-friendly. 

1.3 Bioactive peptides  

Generally, bioactive peptides are defined as specific protein fragments which have 

pharmacological activity (Kadam et al., 2015). Almost all species of life can produce 

bioactive peptides. They are synthesised in cells in the form of pre-peptides (peptide 

precursors) and as an encrypted part of a protein. In such form, they are inactive. Only 

after cleavage and modification via specific enzymes can they become active. 

Therefore, it is difficult to identify them and it takes a long time to discover and 

develop peptides as therapeutic ingredients. Studies have shown that a great number 

of peptides isolated from the amphibian skin have various kinds of biological activities.  

Based on their functional properties, bioactive peptides can be classified as: 

antimicrobial peptides (AMPs), neuropeptides and peptides which form complex 

reactions with Ca2+ calmodulin (Pukala et al., 2006). 

AMPs have been detected in all kinds of living organisms, including invertebrates, 

vertebrates, plants and bacteria. Among all species, amphibian skin secretions are 

excellent sources for diverse AMPs. These are found in tissues and organisms that are 

exposed to pathogenic organisms and protect the animal from invasion by pathogenic 
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microbes. To ensure their survival in a habitat full of a variety of pathogens, 

amphibians use AMPs as an innate pharmacological defensive weapon. 

1.3.1 Neuroactive peptides 

The total number of neuroactive peptides is considerably less than that of AMPs. 

Originally, neuropeptides were isolated from the skin secretions, but by using 

advanced separatory and analytical techniques, researchers have also discovered them 

in amphibian guts and brains (Pukala et al., 2006). Neuroactive peptides are used by 

neurons to send signals and can affect the activity of the brain and the action of dermal 

physiology. Their action mechanism involves binding to specific receptors which leads 

to physiological responses (Kitts and Weiler, 2003). There is a great significance in 

studying neuroactive peptides. For frogs and toads, they help us to obtain a deeper 

knowledge of their ecology and physiology, while for mammals and humans, they may 

provide clues to become novel drug leads. The following are some of the different 

neuropeptide types found in frog skin secretions: tachykinins, bradykinins, caeruleins, 

bombesins, opioids, tryptophyllins and miscellaneous peptides (Pukala et al., 2006).  

Causing the intestinal smooth muscle to contract quickly is the main effect of 

tachykinins. Tachykinins can defend against an ingesting predator by enhancing the 

capillary permeability and inducing predators to salivate and vomit (Severini et al., 

2002). Furthermore, they can also affect the central nervous system by acting as 

neurotransmitters and neuromodulators.  

Bradykinins are able to cause relaxation of arterial smooth muscle and hypotension in 

addition to intestinal relaxation as well as acting as potent immune stimulators (Regoli 

and Barabe, 1980).  
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Caeruleins are the most studied neuropeptides of all the amphibians. They contain a 

C-terminal -CONH2 group, which is necessary for the activity of the peptide. This 

modification can have an effect on the concentration of caerulein in the skin secretions, 

but the reason for it is still unknown. Furthermore, caerulein exhibits more potent anti-

nociceptive effects than morphine, thus caerulein is used as an analgesic in the process 

of gall bladder surgery (Pukala et al., 2006). 

Bombesins are demonstrated to have various physiological activities and potent 

immunological stimulating functions. They induce contractions of smooth muscles, 

stimulate growth of normal and neoplastic tissues and have various central nervous 

system effects (Ohki-Hamazaki et al., 2003). 

South American frogs of the genus, Phyllomedusa, are a rich source of endogenous 

opioid peptides. A great diversity of bioactive peptides has been detected in their skin 

secretions (Lacombe et al., 2000). For example, opioid peptides contain a D-amino 

acid residue, which is the result of a post-translational isomerisation and an essential 

element for biological activity (Kreil et al., 1989). 

A large family of novel tryptophyllin peptides have been discovered from 13 species 

of this genus (Montecucchi et al., 1984). In addition, PdT-1 was the first to show a 

potent pharmacological activity (Wang et al., 2013).  

Miscellaneous neuropeptides cannot be classified into any families discussed above, 

such as sauvagine (Pukala et al., 2006).   

1.3.2 Amphibian peptides that complex with Ca2+ calmodulin 

Studies have found that active peptide from the genus Litoria, can inhibit the 

production of nitric oxide (NO). So far, 50 such peptides have been detected. NO is 

small molecule, so it can diffuse rapidly and permeate cell membranes without NO 
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receptors. NO plays a key role in regulation of the circulatory and central nervous 

system and also neurotransmission of contractile and sensory tissues. In addition, NO 

can affect learning and memory functions (Mayer, 2000). Therefore, it can cause 

adverse effects on amphibian predators who might absorb such a peptide that can 

inhibit formation of NO. Neuronal nitric oxide synthase (nNOS) regulates the 

synthesis of NO and Ca2+ calmodulin (Ca2+ CaM). It is used to activate nNOS. The 

nNOS- active peptide can influence the reaction of Ca2+ calmodulin and NOS, leading 

to the inhibition of NO synthesis (Pukala et al., 2006). These kinds of peptides are 

multi-active. For example, the caerin 1 peptides show wide-spectrum antibiotic and 

antiviral activities.  

1.4 Antimicrobial peptides (AMPs) 

1.4.1 General introduction to AMPs 

Generally, AMPs contain from 12 to 100 amino acid residues and they are an essential 

part of the innate defence system developed in a wide range of organisms (Jenssen et 

al., 2006). 

According to the AMP database, more than 2798 AMPs have been discovered from 

both prokaryotes and eukaryotes. Particularly, more than 1021 AMPs have been 

isolated from amphibians. AMPs are distributed in organs or tissues that are exposed 

to pathogens and play a role in defence and stopping inflammatory responses in the 

first line (Hancock and Diamond, 2000). 

Most of the AMPs are cationic peptides. Extensive investigation of the AMPs has 

shown that they are positively charged (between +2 and +9), and contain at least 50% 

hydrophobic amino acids (Conlon and Sonnevend, 2010).  Cationic AMPs consist of 

L-configured amino acid residues and adopt an amphipathic α-helical conformation 
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(Huang et al., 2010). In aqueous solutions, they are disordered, but they are converted 

to an amphipathic α-helical conformation when liposomes exist (Gennaro and Zanetti, 

2000). Given that prokaryotic cell contains comparatively more negatively charged 

phospholipids, positively charged AMPs more easily bind to prokaryotic cell 

membranes than eukaryotic cell membranes (Zasloff, 2002). 

Another subgroup of AMPs is anionic. They are present in low concentrations in skin 

secretions. Zinc is an essential element for the anionic peptide activity against both 

Gram-positive and Gram-negative bacteria (Brogden, 2005). 

Due to the problem of pathogenic resistance to conventional antibiotics, new kinds of 

antibiotics are expected to combat these antibiotic-resistant strains. In contrast to 

conventional antibiotics, AMPs possess high antimicrobial activity against Gram-

positive and Gram-negative bacteria, protozoa and fungi with low emergence of drug 

resistance. In addition, AMPs are bactericidal and appear to have immunomodulatory 

functions in enhancing immunity (Hancock, 2001).  

In conclusion, AMPs are the leading alternatives to current drugs with low drug 

resistance and little side effects, are abundant Nature and occur in enormous structural 

diversity. So far, these peptides have been designed to increase potency and reduce 

toxicity to mammals. Besides, many AMPs have undergone clinical development and 

some have been applied as therapeutic agents (Hancock, 1997). 

1.4.2 Structural classification of AMPs 

According to secondary structure, AMPs can be classified into four subclasses: α-

helical, β-sheet, extended peptides and loop peptides (Jenssen et al., 2006). Among 

these categories, α-helical and β-sheets are most common (Bulet et al., 2004). 
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In α-helical structures, there is a slight bend in the centre of peptides of this class. Most 

of the cationic AMPs adopt amphipathic conformations when they interact with 

membranes (Huang et al., 2010). A representative of this class is magainin which was 

isolated from the skin of the African clawed frog Xenopus laevis and has broad-

spectrum antimicrobial activity (Zasloff, 1987). 

The peptides with β-sheet structures typically contain an antiparallel-sheet formed by 

disulphide bonds. There may be minor helix segments in some larger peptides. 

Tachyplesins are one of the well-known peptides with a β-sheet conformation, which 

were discovered in the haemocytes of the Japanese horseshoe crab, Tachyplesus 

tridentatus (Nakamura et al., 1988).  

Extended peptides contain a high percentage of proline or glycine, which causes them 

to lose classical secondary structure. In addition, by interacting with membrane lipids 

and forming hydrogen bonds via Van der Waals forces, they form their final structure 

instead of by inter-residue hydrogen bonds. Indolicidin is a representative of extended 

peptides and the conformation of this is dependent on its environment (Hancock and 

Diamond, 2000). 

Loop peptides contain a single bond that may be disulphide, amide or isopeptide. 

Among loop peptides, thanatin is the only compound whose structure can be detected 

clearly. In addition, Powers demonstrated that thanatin had broad-spectrum 

antimicrobial activity (Powers and Hancock, 2003). 

1.4.3 Categories of AMPs 

Based on activities of AMPs, they can be divided into four categories.  They are 

antiviral peptides, antibacterial peptides, antifungal peptides and anti-parasite peptides 

(Narayana and Chen, 2015). 
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1.4.3.1 Antiviral Peptides 

Antiviral peptides are defined as peptides preventing virus attacks or the entry of a 

virus into host cells. Antiviral AMPs act by integrating into viral envelopes or blocking 

the viral receptors of host cell surfaces. Such peptides can be isolated from spiders, 

scorpions, fruitflies and fish, while the majority of antiviral peptides are isolated from 

frogs and toads. Studies have reported that the tree frog Litoria genimaculata, is a rich 

source of peptides with activity against HIV (Seto et al., 2007). Scott reported that 

some amphibian-derived peptides could inhibit HIV infection of T cells at low 

concentrations. The mechanism was that the peptide disrupted the HIV envelope and 

prevented HIV fusion with the target cell (VanCompernolle et al., 2005). 

1.4.3.2 Antibacterial Peptides  

Based on extensive studies, a great majority of antibacterial peptides are cationic and 

amphipathic peptides that consist of hydrophilic and hydrophobic parts (Shai, 2002). 

Such structures provide AMPs the capability to bind to lipid components (hydrophobic 

region) and phospholipid groups (hydrophilic region) (Jenssen et al., 2006). 

Esculentin-1 peptide is a type of antibacterial peptide and is rich in the skin of 

amphibian Rana species. After the structure is changed appropriately, esculentin-1a 

(1-21) NH2 has high activity against lung infections (Kolar et al., 2015).  

1.4.3.3 Antifungal Peptides   

Similar to antibacterial peptides, antifungal peptides can kill fungi by targeting either 

the cell wall or intracellular components. The main component in fungi cell walls is 

chitin, to which the antifungal peptides can efficiently bind (De Lucca and Walsh, 

1999). The structures of antifungal peptides are diverse and there are no well-defined 

structures that interact with the specific type of target cells. Studies showed that 

histatin 5 had wide activities against several fungal species (Situ and Bobek, 2000). 
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1.4.3.4 Anti-parasite peptides 

Anti-parasite peptides are rare among AMPs.  Although some parasites are multi-

cellular, these peptides still act by disrupting the osmotic balance of cell membranes. 

Magainin is a kind of anti-parasite peptide that can kill several protozoa, such as 

Paramecium caudatum. It causes the parasite to swell until the parasite finally bursts 

(Gwadz et al., 1989). As we know, parasitic diseases such as malaria, are a threat to 

human life, therefore, anti-parasite peptides have caught the interest of some 

researchers. 

1.4.4 Important physiochemical properties of AMPs 

1.4.4.1 Charge  

Net charge of AMPs is regarded as the sum of all charges of ionisable groups of the 

peptide. Generally, a majority of AMPs are net positively charged. This property 

greatly influences the initial electrostatic interaction with microbial negatively charged 

phospholipid membranes, which means AMPs can selectively kill microbes with 

minimal effects on host cells (Yeaman and Yount, 2003). Based on many studies, there 

is a strong relationship between peptide cationicity and antimicrobial activity. Within 

a certain range, the antimicrobial potency is increases proportionally to the cationicity. 

For instance, through increasing positive charge, magainin 2 analogues showed 

increasing antibacterial activities against Gram-negative and Gram-positive pathogens 

(Dathe et al., 2001). 

1.4.4.2 Conformation  

AMPs can assume a variety of conformations, which are contributors to activity. For 

example, amphipathic α-helical peptides are often more active than peptides with less-

defined secondary structures. It is reported that changing helicity can reduce the 

haemolytic effect but retain the antimicrobial effect (Zasloff, 2002). 
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1.4.4.3 Amphipathicity and Hydrophobicity  

Amphipathicity is another important factor that affects the antimicrobial activity. Most 

AMPs form amphipathic structures when they interact with microbial membranes. 

Natural AMPs contain almost 50% hydrophobic residues in their sequences, which is 

vital for the activity and selectivity of AMPs. The increase in hydrophobicity causes a 

significant increase in the permeabilising and haemolytic activities. For example, 

magainin can only kill Gram-positive bacteria, while some synthetic magainin 

analogues that are more hydrophobic, can kill both eukaryotic cells and Gram-positive 

bacteria (Dathe et al., 1997). 

1.4.5 Mechanism of action  

Generally, the majority of experiments indicate that AMPs kill cells by disrupting 

membrane integrity, inhibiting macromolecular synthesis, and repressing cellular 

processes (Bahar and Ren, 2013). 

1.4.5.1 Transmembrane pore-forming mechanisms 

The common properties of membrane-active peptides are cationic and amphipathic 

and most of the membrane disruptive peptides adopt α-helical structures. Three kinds 

of models, ‘barrel-stave’, ‘carpet’ and ‘toroidal-pore’ models, have been proposed to 

explain how these peptides attach to and insert into membrane bilayers (Yeaman and 

Yount, 2003). 
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Figure 1.2: The models of AMPs action mechanisms. (A) The barrel-stave model of 

AMP-induced membrane permeation. The attached AMPs aggregate and insert 

themselves into the membrane bilayer vertically. (B) The carpet model of AMP-

induced membrane permeation. The AMPs reorient themselves parallel to the surface 

of the membrane with hydrophobic portions facing the lipid bilayer and cover the 

membrane by forming layers. (C) The toroidal pore model of AMP-induced 

membrane permeation. The peptides initially align parallel to the membrane and 

subsequently induce the curvature strain of the membrane.  The blue colour shows 

the hydrophobic portions of AMPs and the red colour shows the hydrophilic parts of 

the AMPs. (http://www.mdpi.com/pharmaceuticals/pharmaceuticals-06-

01543/article_deploy/html/images/pharmaceuticals-06-01543-g002.png, accessed 

on: 22nd March, 2017) 

In the barrel-stave model, the amphipathic peptides penetrate the cell wall vertically 

with the hydrophobic parts facing outward from the acyl chains of the membrane while 

the hydrophilic parts face inward, forming transmembrane pores, like a barrel. Peptides 

acting in this way can affect the membrane potential and cause the leakage of 

cytoplasmic components. An example of such a transmembrane mechanism is that of 

alamethicin (Ehrenstein and Lecar, 1977).  

http://www.mdpi.com/pharmaceuticals/pharmaceuticals-06-01543/article_deploy/html/images/pharmaceuticals-06-01543-g002.png
http://www.mdpi.com/pharmaceuticals/pharmaceuticals-06-01543/article_deploy/html/images/pharmaceuticals-06-01543-g002.png
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In the carpet model, peptides electrostatically bind to the negatively charged 

membrane and reorient with hydrophobic surfaces facing toward the lipids and the 

hydrophilic parts facing toward the phospholipid regions, covering the bilayer surface 

in a carpet-like manner (Brogden, 2005). When a threshold peptide concentration is 

reached, peptides form micelles and eventually disrupt the cell membrane in a 

detergent-like manner (Shai, 2002). Ovispirin is an example of this model (Uemura et 

al., 2001). 

In the toroidal-pore model, AMPs align perpendicularly into the bilayer structure with 

their hydrophobic regions associated with the central part of the lipid bilayer and their 

hydrophilic regions facing the pore (Brogden, 2005). This type of transmembrane pore 

is induced by magainins. The toroidal pore model is similar to the barrel-stave model, 

but in this model, AMPs are always in contact with phospholipid head groups of the 

membrane (Yang et al., 2001). 

1.4.5.2 Modes of intracellular killing 

The mechanisms of membrane permeability cannot thoroughly explain how the AMPs 

kill microbes, given that some peptides can induce bacterial death without causing the 

disruption of membranes at minimal inhibition concentrations. Peptides that do not 

lyse cell membranes directly are proposed to act on cytoplasmic targets. These 

peptides can inhibit DNA and protein synthesis, and repress the cellular process to 

induce microbial death (Yeaman and Yount, 2003).  

Buforin II, a toad-derived AMP, translocates across the membrane without causing 

large membrane perturbations (Park et al., 1998). A micelle aggregate mechanism was 

used to explain the cellular uptake of AMPs (Madani et al., 2011, no pagination). Once 

the translocation happens, the peptides can inhibit processes in the cytoplasm, 

including protein folding, cell wall synthesis and metabolic turnover. For example, 
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indolicidin kills bacterial cells by targeting DNA synthesis (Subbalakshmi and Sitaram, 

1998). Furthermore, it has reported that some AMPs are active at certain stages of 

bacterial growth, which suggest that AMPs interact with certain specific pathways. For 

example, diptericin is only effective against actively growing bacterial cells (Keppi et 

al., 1989). 

1.4.6 AMPs from Ranidae 

The AMPs from the skin secretions of frogs of the amphibian family, Ranidae, are 

diverse and based on their structural similarities, these can be classified into different 

peptide families with multiple isoforms. Among these, the brevinin-1, brevinin-2, 

esculentin-1, esculentin-2, ranatuerin-1, palustrin-2, and nigrocin-2 families, contain a 

heptapeptide ring that is formed by a disulphide-bond and has been called a ‘Rana box’ 

(Conlon et al., 2004). 

Brevinins 

Brevinin-1 peptides were isolated from Eurasian and North American ranid frog 

species (Simmaco et al., 1996). Usually, brevinin-1 peptides consist of 24 amino acid 

residues and have a C-terminal disulphide-bridged cyclic heptapeptide domain, but 

some acyclic peptides of this family that contain residue deletions, are still classified 

in this family. Although brevinin-1 peptides have wide-spectra of potent antimicrobial 

activity, they have limited therapeutic potential due to their high haemolytic activity 

(Conlon et al., 2004). 

Brevinin-2 peptides are only found in Eurasian frogs but brevinin-2 related peptides 

are found in North American ranid species. Brevinin-2 peptides have variable lengths 

of their C-terminal disulphide ring, which means they have more complicated 

characteristics than brevinin-1s. Extensive studies of all ranid AMPs have shown that 
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brevinin-2 and ranatuerin-2 peptides share a similar structure and ranatuerin-2 peptides 

often have C-terminal extensions (Conlon et al., 2007).  

Esculentin 

Originally, esculentin-1 and esculentin-2 peptides were isolated from P. esculentus 

(Iwakoshi-Ukena et al., 2011). Esculentin-1 peptides are the longest anuran AMPs. In 

addition, esculentin-1 peptides have more conserved primary structures than 

esculentin-2 peptides containing only 37 amino acids. Basic lysyl residues and the C-

terminal cyclic heptapeptide of the esculentin-1 peptides show high conservation 

(König et al., 2015). 

Ranatuerins 

Members of the ranatuerin-1 and ranatuerin-2 family of peptides, first identified from 

the skin of the bullfrog L. catesbeianus, are present in skin secretions of most species 

of ranid frogs of North American origin (Conlon et al., 2009). Ranatuerin-1 peptides 

are demonstrated only in the American bullfrog, while ranatuerin-2 peptides occur in 

almost all New World Rana species and have limited distribution in Eurasian frogs. 

There are intramolecular disulphide bridges in ranatuerin-1 and ranatuerin-2, but 

ranatuerin-1 contains a heptapeptide ring and ranatuerin-2 has a hexapeptide ring 

(Conlon et al., 2004).  

Palustrin 

Palustrin-2 peptides are demonstrated to constitute a clear cluster of ranid AMPs, and 

are similar to the brevinin-2 family. On closer investigation, palustrin-2 peptides 

typically have a prolyl-containing C-terminal extension (König et al., 2015). 

Nigrocins 

The prototype of nigrocin-2 was isolated from Pelophylax nigromaculatus (Won et al., 

2009). Nigrocin-2 peptides occur widely in the skin secretions of Asian ranid frogs 
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(Wang et al., 2010). Nigrocin-1 and -2 showed comparable potencies against a range 

of Gram-positive and Gram-negative bacteria and against C. albicans, but neither 

peptide was appreciably haemolytic. 

Temporins  

The temporin family contains more than 100 peptides and is regarded as the largest 

AMP family. In addition, temporins are among the shortest a-helical peptides isolated 

from amphibians and occur in nearly all Ranidae species (Mangoni, 2006). Temporin 

peptides are diverse in structure. Most peptides have an N-terminal tripeptide, but the 

first two peptides used to define this family do not show this characteristic. The C-

terminal alpha-amidated peptides of the temporin family are acyclic. All temporin 

peptides share two properties: no cysteine and 10-20-amino-acid residues in length to 

ensure peptides can span the membrane bilayer. Temporins show advantages of being 

therapeutically valuable anti-infective agents for their small size. Temporins exhibit 

antibacterial, antifungal and antiviral activities (Mangoni et al., 2000). 

Japonicins 

The prototype peptides of japonicin-1 and japonicin-2 were isolated from Rana 

japonica (Isaacson et al., 2002). Both japonicin-1 and japonicin-2 peptides have been 

isolated from other Ranidae species in recent studies. Japonicin-2 peptides contain an 

8-membered ring. 

Ranacyclins 

The prototypes of ranacyclin peptides was isolated from L. pipiens. All ranacyclin 

peptides contain 13+ amino acids and a disulphide bridge that is highly conserved. The 

disulphide-bridge is formed between Cys5 and Cys15, producing a cyclic 

undecapeptide (König et al., 2015). 
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1.5 Peptides as drugs 

Currently, based on their molecular masses, peptide drugs can be divided into two 

groups: the traditional small molecule drugs (<500Da) and the biologics (>5000Da).  

The small drugs are the products of the chemistry era. Using the method of chemical 

screening, scientists discovered small drugs from Nature and then designed them for 

higher activity or lower toxicity. These medicines have made a great contribution. 

However, because of their small size, they target less selectively and cause a multitude 

of side effects, which is one of the biggest disadvantages of small drugs (Craik et al., 

2013). 

Compared to small drugs, peptides have poor metabolic stability, poor membrane 

permeability, poor oral bioavailability, high productive costs and rapid clearance. Due 

to poor oral bioavailability, they have to be delivered by injection, which leads to poor 

patient compliance. So peptides are generally considered as poor drug candidates. 

Nevertheless, more attention is now being paid to drug safety, thus the high potencies 

of peptide-action and less off-target side effects of peptides have attracted researchers 

interests greatly. Besides, peptides are less toxic than small drugs and have a low 

accumulation in tissues and organs (Craik et al., 2013). 

To date, more than 100 peptide-based drugs have reached the market. For instance, 

Exenatide is a peptide that was originally isolated from the saliva of the Gila monster 

(a venomous lizard). Exenatide reached the market and is used for the treatment of 

type 2 diabetes (King et al., 2012).  This illustrates that Nature is a powerful source of 

peptides. Actually, venoms from predatory animals are a rich source of potent and fast 

acting drugs. Captopril was rationally synthesised from a venom peptide of the snake 
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Bothrops jararaca. It has long been used as an effective drug in the treatment of 

hypertension (Bailey and Wilce, 2001). 

In addition, the emergence of bacterial resistance has led to the end of efficacy of 

classical antibiotic drugs in many cases.   However, cationic peptides have gained 

much interest recently as they have been used extensively for topical therapies, such 

as the gramicidins, and have produced little if any resistance (Hancock, 1997).  
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1.6 Aims and objectives of this thesis 

The aims of this research were to study the methods of drug discovery/development, 

obtain skills in independently operating experimental equipment and to discover a 

novel bioactive peptide from the skin secretion of Rana amurensis. 

The following experimental objectives were thus required: 

1) To acquire of skin secretion from Rana amurensis for use in construction of a cDNA 

library for subsequent molecular cloning. 

2) To carry out “shotgun” cloning of the constructed cDNA library of skin secretion 

to obtain a novel peptide precursor-encoding cDNA. 

3) To obtain sufficient peptide replicate by use of solid-phase peptide synthesis for 

application in subsequent bioactivity evaluation. 

4) To test the peptide’s antimicrobial activity against three kinds of microorganisms: 

the Gram-positive bacterium, Staphylococcus aureus; the Gram-negative bacterium, 

Escherichia coli; and the yeast, Candida albicans. 

5) To evaluate the peptide’s anticancer activity on four types of human cancer cell 

lines. 

6) To evaluate the cytotoxicity of the peptide by testing haemolytic activity on horse 

red blood cells. 
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Chapter 2 Materials and methods 

2.1 Acquisition of skin secretion  

The skin secretions of Rana amurensis were collected from dorsal skin by transdermal 

electrical stimulation and then washed from the skin by using de-ionised water. 

Subsequently, the skin secretions were snap-frozen in liquid nitrogen and lyophilised, 

then stored at -20 oC prior to use. 

2.2 ‘Shotgun’ cloning of a cDNA library from Rana 

amurensis skin secretion for discovering possible novel 

peptides 

2.2.1 The isolation of mRNA from the crude skin secretion of Rana 

amurensis  

In this section, a Dynadeads® mRNA DIRECTTM Kit was used to isolate pure mRNA 

from frog skin secretion, which is a rapid and simple way. The principle of this 

procedure was based on A-T base pairing. Under optimal conditions, the polyadenylate 

tail of mRNA could hybridise to the short sequence of oligo-dT that was bonded 

covalently to the surface of the magnetic Dynabeads. With the help of magnetism, 

mRNAs could be extracted rapidly from sample lysates. The hydrogen bond between 

oligo (dT) 25 and mRNA could be damaged by high temperature in mRNA elution so 

that mRNA could be isolated from Dynabeads. 

2.2.1.1 Preparation of the lysate from skin secretion 

Firstly, 5 mg of lyophilised skin secretion was dissolved in 1 ml of lysis/binding buffer 

in a 1.5 ml autoclaved tube. The mixture of lysis/binding buffer and skin secretion was 
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vortexed for 1 min and then chilled in an ice bath for 1min to protect mRNA from 

enzymolysis. This step was performed 5 times. After that, the tube was centrifuged at 

18,000 x g for 5 min in an Eppendorf Centrifuge 5424 (Eppendorf, Germany). 

2.2.1.2 Preparation of Dynabeads oligo (dT) 25 

The bottle of beads in this Kit was shaken gently to re-suspend the beads and a volume 

of 250 µl suspension was transferred into a new 1.5 ml micro-centrifuge tube and 

placed in a magnetic rack for 30 s to separate the beads from the stock solution. Then 

the supernatant was discarded completely. After that, a volume of 250 µl lysis/binding 

buffer was added into the tube and the tube was shaken upside down to wash the beads. 

Then the tube was put in the rack for 30 s and the supernatant was discarded. 

2.2.1.3 Isolation of mRNA 

After centrifugation, the supernatant of sample lysate was transferred to the beads tube. 

The tube was shaken and rotated for 1min and then was placed in an ice box for 1min, 

which was repeated 10 times to allow the hybridisation reaction between the polyA 

tail and the oligo-dT. Subsequently, the tube was placed on the magnetic rack again 

for 5 min and the supernatant was removed carefully and completely with small tips.  

To wash the Dynabeads/mRNA hybrids, a volume of 500 µl washing buffer A was 

added into the tube and was shaken upside down for a few minutes. Next, the tube was 

placed in the rack for several seconds and the buffer was discarded completely. This 

step was repeated 3 times and subsequently, 500 µl of washing buffer B was added 

into the tube and the same process was repeated using washing buffer A twice. 

Washing buffer A was removed as completely as possible before washing buffer B 

was used.  
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For elution, 18 µl of Tris-HCl (10 mM) was added to the tube dropwise and then the 

tube was heated precisely to 80 oC for 2 min. Next, the tube was placed on the magnetic 

rack as quickly as possible. Subsequently, the supernatant containing mRNA was 

transferred to an RNase-free PCR tube immediately.  The PCR tube was placed in an 

ice bath for 2min. Finally, 18 µl ployadenylated mRNA was isolated and stored at -20 

oC. 

2.2.2   cDNA library construction 

2.2.2.1 BD SMARTTM RACE cDNA Amplification Kit 

In this step, a BD SMARTTM RACE cDNA Amplification Kit (BD Bioscience 

Clontech, UK) was employed.  This kit was used to perform both 5’- and 3’- rapid 

amplification of cDNA ends (RACE). This Kit consisted of a BD Marathon™ cDNA 

Amplification Kit and BD SMART (Switching Mechanism at 5' end of RNA 

Transcript) cDNA synthesis technology. BD SMART cDNA synthesis technology can 

be used to generate full-length cDNAs (Figure 2.1). Due to the terminal transferase 

activity, the reverse transcriptase adds several dC residues to the 3’ end of the first 

strand cDNA when it reaches the end of mRNA template. Then The BD SMART II A 

Oligonucleotide that contains several dG residues, anneals to the cDNA tail. The 

template was switched to the original mRNA to the BD SMART oligo, generating a 

complete cDNA copy of the original RNA with the additional BD SMART sequence 

at the end. This process guarantees that the use of high quality RNA will result in the 

formation of a set of cDNAs that have a maximum amount of 5' sequence. 
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Figure 2.1 The mechanism of BD SMART cDNA synthesis. 

(http://download.bioon.com.cn/upload/month_0804/20080429_0a4b96a0bc9058e268

acRQa7jc925ZHv.attach.pdf, accessed on: 28th March, 2017) 

2.2.2.2 First-strand cDNA synthesis 

The isolated mRNA was employed as template for the first-strand cDNA synthesis. 

The following reagents were added into 5 PCR tubes as shown in Table 2.1. The 

reagents in each tube were mixed and then the tubes were centrifuged briefly to remove 

air bubbles. The primers used for cDNA library construction are listed in Table 2.2. 

Table 2.1 Components for 5 PCR tubes 

Reagent 3’-1 3’-2 3’-3 5’-1 5’-2 

mRNA sample 4 µl 4 µl 4 µl 3 µl 3 µl 

3’-CDS primer 1 µl 1 µl 1 µl - - 

5’-CDS primer - - - 1 µl 1 µl 

BD SMART II - - - 1 µl 1 µl 

 

 

 

http://download.bioon.com.cn/upload/month_0804/20080429_0a4b96a0bc9058e268acRQa7jc925ZHv.attach.pdf
http://download.bioon.com.cn/upload/month_0804/20080429_0a4b96a0bc9058e268acRQa7jc925ZHv.attach.pdf
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Table 2.2 The sequence of the primers 

Primer Sequence 

BD SMART II 

3'-CDS Primer A 

 

5'-CDS Primer 

5'–AAGCAGTGGTATCAACGCAGAGTACGCGGG–3' 

5'–AAGCAGTGGTATCAACGCAGAGTAC(T)30V N–3' 

(N = A, C, G, or T; V = A, G, or C) 

5'–(T)25V N–3' (N = A, C, G, or T; V = A, G, or C) 

 

After that, these tubes were heated at 70 oC for 2 min and cooled in an ice bath for 2 

min. Then the tubes were centrifuged again to collect the contents to the bottom of the 

tubes. The following reagents as shown in Table 2.3, were added into each tube and 

were mixed well. 

Table 2.3 Reagents for cDNA library construction  

Reagents Each volume 

5X First-Strand Buffer 

DTT (20 mM) 

dNTP Mix (10 mM) 

BD Reverse Transcriptase (100Unit/µl)    

Total Volume 

2µl 

1µl 

1µl 

1µl 

5 µl 

 

Final components for 3’-RACE-RACE cDNA in each 3’ reaction tube are shown in 

Table 2.4. After all components in tubes were mixed well, these tubes were centrifuged 

briefly to remove air bubbles and then were incubated at 42oC for 1.5 h in a PCR 

machine (ThermoFisher Scientific, USA). After that, 50 µl of deionised water were 

added to each tube to dilute the samples. Then these tubes were placed in a PCR 
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machine again at 72oC for 10 min.  Eventually, the cDNA library had been established 

and then the 5 tubes were put into a universal tube and stored at -20oC. 

Table 2.4 Components of each tube for 3’-RACE-Ready cDNA 

Reagent Volume Final concentration 

mRNA sample  4 µl 40% 

3’-CDS primer  1 µl 1 µM 

5X First-Strand Buffer 2 µl 1X  

DTT  1 µl 2 mM 

dNTP Mix  1 µl 1 mM 

BD RTase  1 µl 10 Unit/μl 

Total volume 10 µl  

 

2.2.3 Rapid-amplification of 3’-cDNA ends (3’ RACE) by polymerase 

chain reaction (PCR) 

In this step, the first-strand cDNA was subjected to 3’- RACE procedures to obtain 

full-length precursor nucleic acid sequence data and the BD SMART RACE cDNA 

Amplification Kit (BD CLONTECH, UK) was applied to the subsequent RACE PCR. 

The polymerase chain reaction (PCR) is a powerful technology that is used in 

molecular genetics. It can amplify specific sequences a million fold with remarkable 

efficiency. The mechanism of this technology is thermal cycling. Generally, PCR 

cycling procedures contains 3 stages: denaturation, annealing and extension.   

In this section, only 3’-RACE PCR was performed and 3’-RACE-Ready cDNA served 

as a template. A degenerate primer pool served as the sense primer and a nested 

universal primer (NUP) served as antisense primer annealing to the single-stranded 

DNA as template to amplify in PCR cycles. The sense primer (5’ ATG TTC ACC 

WYR AAG AAA TCC MTK YTA 3’) contained a highly-conserved domain of the 
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5’-untranslated region of previously-characterised homologous peptide cDNAs from 

Rana species. 

At this stage, four PCR tubes were prepared. Two of these were used to amplify certain 

DNA fragments with appropriate annealing temperatures (61 oC), while the other two 

were used as negative controls. The sample group was prepared by adding the 

following reagents in each tube (Table 2.5).  The negative control group was prepared 

by adding 5µl PCR water into each tube instead of 5 µl cDNA library. 

Table 2.5 Components in each tube of sample group in RACE PCR 

Reagent Volume Final concentration 

PCR-Grade Water 2.6 µl  

10X BD Advantage 2 PCR Buffer        1 µl 1X 

dNTP Mix (10 mM) 0.2 µl 0.2 mM 

NUP  (20 µM ) 0.5 µl 1 µM 

Sense Primer (20 µM)/Anti-sense 

primer 

0.5 µl 1 µM 

50 X BD Advantage™ 2 Polymerase 

Mix 

0.2 µl 1 X 

cDNA library  

Total volume 

5 µl 

10 µl 

 

 

Then both sample group and negative control groups were mixed and put into a PCR 

machine. The PCR cycling process was as described in Table 2.6. Finally, the products 

were stored at 4 oC.  
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Table 2.6 Programme for 3’-RACE PCR 

Stage  Parameter 

Stage 1 initial denaturation at 96 oC for 1 min 

Stage 2 40 cycles (denaturation at 96 oC for 30 s, primer annealing 

at 61 oC for 30 s, extension at 60 oC for 3 min) 

Stage 3 final extension at 72 oC for 10 min 

 

2.2.4 Agarose gel analysis of RACE PCR products 

2.2.4.1 Gel electrophoresis  

Gel electrophoresis is a technique used in laboratories to separate and analyse charged 

macromolecules, like DNA, according to size and charge. DNA is negatively charged 

and migrates towards the positively charged electrode. The shorter a strand of DNA is, 

the faster it moves through the gel and vice versa. Then the DNA fragments are 

distinguished by length. In our experiments, Ethidium Bromide (EB) (Sigma-Aldrich, 

USA) is an intercalating agent used as a fluorescent tag, therefore, the DNA fragments 

can be seen under the Ultraviolet lamp (UV). Loading Dye can increase the viscosity 

of DNA and makes the DNA appear as bands so that the migration of DNA can be 

tracked visually. A DNA ladder (BioLabs, UK) that contains different DNA fragments 

of known size, was used to determine the size and quantity of DNA fragments. 

2.2.4.2 Gel analysis 

To begin, 0.45 g agarose gel powder (Invitrogen, UK) was poured into 35 ml of freshly 

prepared 1X Tris/Borate/EDTA (TBE) buffer (Invitrogen, UK) in a conical flask. The 

flask was then put into a microwave oven until the agarose had melted completely. 

The concentration of agarose gel was ≥ 1% w/v. When the gel was cooled to 60-70 oC, 
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2.5 µl of 10 mg/ml EB was added to the conical flask and was mixed. Then the molten 

gel was poured into the tank in which the gel-forming blocks and combs had been 

inserted. The combs were used to make wells for samples. The gel was solidified after 

about 30-40 min.  Afterwards, the combs and forming blocks were removed carefully. 

1xTBE buffer was poured into the tank to immerse the surface the gel. 2µl 6X Loading 

Dye (Promega, USA) was divided into 4 spots. 1.5µl of PCR products were pipetted 

with each spot and then the mixture was loaded to the well. 2µl 0.5 µg/lane 100bp 

DNA ladder (BioLabs, UK) was added to the first well of the gel.  The lid was placed 

on the tank. The migration of DNA samples happened when the tank was supplied 

with a voltage of 90 V for approximately 30 min. The gel was then observed under a 

Benchtop UV Transilluminator (UVP, UK). By comparing with DNA ladder, the size 

of PCR products could be estimated. The selected samples were applied to the 

following experiments. 

2.2.5 Purification of RACE PCR products 

In this section, A Cycle Pure Kit (Omega Bio-Tek, USA) was employed. Chaotropic 

solutions could interfere with non-covalent intramolecular interactions, increasing the 

entropy of the system. Besides, salts possessed capabilities to shield charges, prevent 

stabilisation of salt bridges and destabilise hydrogen bonding. Therefore, double-

stranded DNAs could be selectively adsorbed on the silica-based membrane of a 

cartridge in chaotropic salt solutions. Other compounds such as DNA polymerases and 

dNTPs could be removed with alcohol-containing wash buffer. Eventually, DNAs 

could be eluted with low-salt concentration solution or deionised water.  

The CP buffer was added at five times the volume of the 3’-cDNA library to the 3’- 

RACE PCR products.  After mixing well, all the liquid was transferred to the cartridge. 

The cartridge was centrifuged at 15,000 x g for 1 min in an Eppendorf Centrifuge 5424 
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(Eppendorf, Germany) and liquid in the outer tube was removed. Later, DNA washing 

buffer was separately added in 700 μl and 500 μl to the cartridge drop-by-drop and the 

tube was centrifuged as in the former operation. In order to remove the washing buffer 

totally, the cartridge was centrifuged at 20,000 x g for 2 min, and the support tube was 

replaced by a new 1.5ml autoclaved tube. 30µl deionised water was added into the 

cartridge filter to dissolve the DNA fragments and then the tube was incubated at room 

temperature for 2 min. After that, the tube was centrifuged at 18,000 x g for 2 min. To 

remove residual water, this 1.5 ml tube (containing target DNA) was opened and 

concentrated for 40 min to 1 h. Finally, the tube was sealed with parafilm and stored 

at -20 oC before use. 

2.2.6 Ligation of purified RACE PCR products into pGEM-T Easy 

Vectors 

2.2.6.1 pGEM®-T Easy Vector 

Vectors are used as vehicles to carry foreign genetic material into cells. pGEM®-T 

Easy Vector is a kind of plasmid vector. It is separate from chromosomal DNA and 

can replicate independently. pGEM®-T Easy Vector is prepared by cutting with EcoR 

V and adding a 3´terminal thymidine to both ends. Polymerases often add a single 

deoxyadenosine to the 3´-ends of the amplified fragments. These single 3´-T 

overhangs at the insertion site will bind to the 3’-A of PCR products and prevent 

recircularisation of the vector, therefore greatly improving the efficiency of ligation of 

a PCR product into the plasmids.  
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Figure 2.2: pGEM-T Easy Vector containing sticky ends and lac Z gene, which 

allows DNA to insert, and the recombinant products can be used for further 

screening. (https://www.promega.com/-/media/files/resources/protocols/technical-

manuals/0/pgem-t-and-pgem-t-easy-vector-systems-protocol.pdf, accessed on: 28th 

March, 2017) 

2.2.6.2 Ligation 

At first, 6µl deionised water were added into the PCR DNA product tube to dissolve 

the PCR products (The volume of PCR-Grade water added to every tube depended on 

the amount of purified RACE PCR products). The tube was vortexed for 1min, then 

placed in an ice bath for 30s and centrifuged briefly. This process was repeated 5 times. 

Then 2.5µl 2X Rapid Ligation Buffer were added into a new PCR tube after vortexing 

briefly. 0.5µl pGEM®-T Easy Vector was added into the new PCR tube after being 

centrifuged briefly. 1.5µl diluted PCR products were transferred into the new PCR 

tube. Lastly, 0.5µl T4 DNA Ligase was added into the tube.  The components for 

ligation are shown in Table 2.7. After that, this tube was put into the PCR machine (4 

oC) overnight after incubation at room temperature for 1 h, in order to obtain as many 

ligation products as possible. 

 

https://www.promega.com/-/media/files/resources/protocols/technical-manuals/0/pgem-t-and-pgem-t-easy-vector-systems-protocol.pdf
https://www.promega.com/-/media/files/resources/protocols/technical-manuals/0/pgem-t-and-pgem-t-easy-vector-systems-protocol.pdf
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Table 2.7 The reagents added into the PCR tube and their concentrations 

Reagent Volume Final concentration 

2X Rapid Ligation Buffer 2.5 µl 1X 

pGEM®-T Easy Vector  0.5 µl 5 ng/µl 

Diluted PCR products 1.5 µl  

T4 DNA Ligase  

Total volume  

0.5 µl 

5 µl 

0.3 Unit/µl 

 

2.2.7 Transformation of ligation products to competent cells 

2.2.7.1 Preparation of LB/ampicillin/IPTG/X-Gal plates 

At first, 200 ml of deionised water and 6.4 g of LB agar powder (Invitrogen, UK) were 

added to a 500 ml bottle and autoclaved. After that, 550 µl of ampicillin was added to 

the warm autoclaved LB agar solution to reach a final concentration of 100 U/ml. After 

mixed well, 10ml agar solution was allocated into each Petri dish and dishes were 

swirled in a circular motion to distribute agar completely. 110µl of 100 mM Isopropyl 

β-D-1-thiogalactopyranoside (IPTG) (Promega, USA) was added to each Petri dish 

and the IPTG was spread evenly. Then 20µl of 50 mg/ml 5-bromo-4-chloro-3-indolyl-

β-D-galactopyranoside (X-Gal) (Promega, USA) was added to Petri dishes and spread. 

Finally, the ampicillin/IPTG/X-Gal LB agar Petri dishes were incubated at 37 oC for 

45 min to 1 h, upside down.        

2.2.7.2 Transformation of the recombinant vectors into competent cells 

In this step, the Gram-negative bacterium, E. coli JM109, were prepared and applied 

as competent cells. The competent cells are cells with the ability to take up 

extracellular DNA from their environment. First of all, 2.3µl of ligation product were 
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added into a new 1.5ml autoclaved tube. A bottle of JM109 cells (>108 CFU/µg) 

(Promega, USA) was taken from the -80 oC freezer and was placed in an ice bath 

immediately. After 4 min, when the contents were thawed, all cells were transferred 

into the tube quickly. After gently tapping 2-3 times, the tube was left on ice for at 

least 20 min, and then put in the heating block at 42 oC for 47 s exactly. The time and 

temperature should be accurate to let the competent cells open and obtain more ligation 

products. After warming, the tube was quickly transferred onto ice for 2 min to 

stabilise the transformed competent cells. The tube was placed onto ice again for 2 

min. Next, 950 μl of S.O.C medium (Invitrogen, USA) were added to the tube and 

incubated in an orbital incubator (37 oC, 2.5 h, 160 rpm) to ensure more transformation 

products were generated in a short time. 100 µl of incubated samples were plated onto 

ampicillin/IPTG/X-Gal LB agar Petri dishes by gently spreading. All dishes were 

finally put upside down and incubated at 37 oC for 20-22 h. 

2.2.8 Blue & White screening 

Blue-white screening is an efficient method used to identify successful ligations. To 

begin with, the β-galactosidase is encoded by the lacZ gene region. The host E. coli 

strain is used as competent cells and carry the lacZ deletion mutant (lacZΔM15) which 

contains the ω-peptide, while the plasmid vector carries lacZα sequence which encodes 

the first 59 residues of β-galactosidase, the α-peptide. When the plasmid vector is 

transferred into host cells, the α-complementation process happens, and then a 

functional β-galactosidase enzyme is produced.  

Moreover, the plasmid vector carries a multiple cloning site (MCS) within the lacZα 

sequence. MCS is cut by restriction enzymes so that the foreign DNA may be inserted 

in, thereby disrupting the production of α-peptide. Consequently, when a recombinant 

vector is taken up by the host E. coli, a functional β-galactosidase enzyme may not be 
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produced. IPTG is used to induce the expression of lacZ gene. X-gal is added into the 

plate as a chromogenic substrate. β-galactosidase can hydrolyse X-gal and product 

blue insoluble pigment. Therefore, the blue colonies are formed by non-recombinant 

cells, while the white colonies are formed by recombinant ones. In addition, the 

plasmid vector contains the ampicillin resistance gene, so only the cells with the 

plasmid vector can grow on the ampicillin agar plate.  

Several LB/ampicillin/IPTG/X-Gal plates were divided into several grids. There were 

white and blue colonies on the Petri dishes after incubation. White colonies were 

numbered in accordance with the numbers of grids on new dishes. White colonies were 

transferred to grids separately using sterilised inoculating loops by gently dipping and 

drawing lines. The new dishes were put upside down and incubated at 37 oC overnight 

to let the bacteria continue growing. 

2.2.9 Isolation of recombinant DNA from JM109 cells 

After the overnight incubation, white colonies were selected and numbered at the 

bottom of plates while tubes were labelled with the corresponding numbers. PCR-

Grade water was added to each tube to reach a volume of 20 µl. Each square containing 

white colonies was scratched gently at a small angle by an autoclaved tip to collect all 

cells and next, the tip was put into 20 µl of PCR-Grade water and shaken vigorously. 

After that, these tubes were put into a 100 oC heating block for 5 min, and buried into 

ice for 5 min to make cells fragile. Each tube was vortexed slightly and centrifuged at 

20,000 x g for 5 min in an Eppendorf Centrifuge 5424 to break the cell wall and release 

more recombinant DNA. 
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2.2.10 Cloning PCR 

The reagents as shown in Table 2.8 were added into each PCR tube and mixed well. 

Isolated DNA products were centrifuged at 20,000 x g for 5 min in an Eppendorf 

Centrifuge 5424 (Eppendorf, Germany) and meanwhile, 0.25 µl of Taq polymerase 

(Bioline, UK) was added to every PCR tube. After centrifugation, 2.5 µl of supernatant 

were added to the corresponding PCR tube. Subsequently, the PCR cycling procedure 

was carried out as shown in Table 2.9. 

Table 2.8 Reagents added to the PCR tube 

Reagent Volume Final concentration 

5X Cloning Buffer 10 µl 1X 

dNTP Mix  (10mM) 1 µl 0.2 mM 

M13F (20µM) 2.5 µl 1 µM 

M13R (20µM) 2.5 µl 1 µM 

PCR-Grade water 

Total volume 

31 µl 

47 µl 

 

 

Table 2.9 Programme for cloning PCR 

Stage  Parameter 

Stage 1 initial denaturation at 94 oC for 1 min 

Stage 2 31 cycles (denaturation at 94 oC for 30 s, annealing at 55 oC for 30 

s, extension at 72 oC for 3 min) 

Stage 3 final extension at 72 oC for 3 min and storage at 4 oC prior to use 

 

2.2.11 Gel analysis of cloned PCR products 

The steps here were the same as described in section 2.2.4 except that there was no 

loading-dye in the samples. The samples with a band at the proper position (usually 
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the amounts of base pairs are two hundred more than before because of the M13F/M13R) 

were selected for the following experiments. 

2.2.12 Purification of cloned PCR products 

The cloned PCR products were purified as described in section 2.2.5. However, 20 µl 

of PCR-Grade water were added to dissolve DNA with no concentration step, at the 

end of purification. The purified DNA products were stored at 4 oC.   

2.2.13 Sequencing reaction  

In this step, a Big Dye® Terminator v 3.1 Cycle Sequencing Kit was used. M13 

Forward primer (10 μl) and PCR-Grade water (52.5 μl) were added to a 1.5ml tube 

and pipetted to prepare a lower concentration of M13 Forward primer in advance. For 

each PCR tube, the reagents were added and mixed as shown in Table 2.10.  

Table 2.10 Components in each sequencing reaction tube. (M13-F was used first. If 

the results of sequencing were shown DT, then M13-R was used.) 

Reagents Volume Initial concentration 

PCR-Grade water 12.4 µl  

Diluted M13F or M13R  1.14 µl 3.2 µM 

2.5X Ready reaction mix 2.86 µl 2.5X 

5X BigDye Sequencing 

Buffer 

3.57 µl 5X 

Purified cloned PCR products 

Total volume 

2.5 µl 

22.47µl 

 

  

After that, the tubes were put into a PCR machine and the programme was set as shown 

in Table 2.11. The PCR products were stored at 4 oC after the reaction had finished. 
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Table 2.11 Programme for sequencing reaction 

Stage  Parameter 

Stage 1 initial denaturation at 96 oC for 1 min 

Stage 2 26 cycles (denaturation at 96 oC for 20 s, annealing at 55 oC for 10 

s, extension at 60 oC for 4 min) 

Stage 3 preservation at 4 oC for 7min 

 

2.2.14 Purification of extension products 

The volume of PCR-Grade water added to each 1.5ml autoclaved tube was 10 µl. Then 

72 µl of pre-prepared 95% ethanol were added to each PCR tube. Subsequently, all 

liquid in the PCR tube was transferred to the corresponding tube without pipetting. All 

tubes were then vortexed for 30 s and incubated at room temperature for 20 min to 

precipitate the extension products. After that, these tubes were centrifuged at 20,000 x 

g for 20 min in an Eppendorf Centrifuge 5424 (Eppendorf, Germany) at marked 

orientation, followed by the removal of all the supernatant. Next, 260 µl of pre-

prepared 70% ethanol were added to each tube and each one was vortexed for 30 s. 

Then these tubes were centrifuged at 20,000 x g for 10min and the supernatant was 

poured off again as quickly as possible. At last, the remaining ethanol in tubes was 

removed in a vacuum concentrator for 2h. 
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2.2.15 DNA sequencing 

Deionised-formamide (HiDi) (Applied Biosystems, USA) (10.3µl) was added to each 

tube. Then all tubes were centrifuged briefly at 18,000 x g and heated at 95 oC for 

exactly 4.5 min. After that, they were placed on ice for 3 min and 10 µl of liquid from 

each tube were added to the corresponding wells in a 96-well sequencing plate without 

any bubbles. Finally, capillary electrophoresis and data analysis of the samples were 

carried out using the ABI 3730 automated capillary sequencer (Applied Biosystems, 

USA).). 

The nucleotide sequence results were evaluated by using Chromas (version 2.33) 

software and translated using ExPASy Bioinformatics Resource Portal translate tool 

(Available at: http://web.expasy.org/translate/). In addition, the Basic Local Alignment 

Search Tool (BLAST) was used to search for proteins similar to the sequenced product. 

The similarity of the newly sequenced peptide to other known peptides could thus be 

determined. 

2.3 Solid-phase peptide synthesis (SPPS) of the novel 

brevinin-1, QUB-2274 

In solid-phase peptide synthesis, the synthetic direction is from the C-terminus to the 

N-terminus of the peptide chain, which is opposite to natural peptide synthesis. The 

first amino acid in the C-terminus with Fmoc as protecting group is attached to the 

resin by a covalent bond. Different resins can be chosen as solid-phase supports 

according to the existence or not of C-terminal amidation. Wang resin is used for 

peptide chains with no amidation while MBHA resin is used for peptides which are 

amidated at the C-terminus.  

file:///E:/新建文件夹/Available%20at:%20http:/web.expasy.org/translate/
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In Fmoc-based solid-phase peptide synthesis, HBTU is a coupling reagent used to 

activate the coupling between two amino acids. In the synthesis reaction, the first 

amino acid is de-protected to remove Fmoc, providing a free amino group to react with 

the C-terminus of the second activated amino acid. In the peptide synthesis cycle, 

amino acids are coupled with the chain that has been formed in order. When all amino 

acids have been coupled, the last Fmoc protecting group will be deblocked and the 

side-chain protection groups are removed in a cleavage step.  

2.3.1 Preparations 

To synthesise 0.3 mmol of peptide, 1.2 mmol of every protected amino acid were 

weighed. Meanwhile, 1.2 mmol HBTU was added to every vial to work as activator. 

All vials were sealed tightly with a cap and a septum. 0.3 mmol of resin was weighed 

and transferred to a clean reaction vessel. The weight of resin was calculated by the 

formula shown below: 

0.3 mmol resin = (0.3 mmol peptide)/ (loading substitution mmol/g)  

2.3.2 Synthesis  

The novel QUB-2274 peptide (FLPLLLSALPKLFCLISRKC) was chemically 

synthesised by using a PS4 Tribute peptide synthesiser (Protein Technologies, USA). 

The vails of protected amino acids were loaded onto the carousel one-by-one in 

sequence. Afterwards, the programme for each amino acid was selected and the 

synthesiser was set to run.  

Several solvents were employed in this synthesis procedure: two solvent bottles 

contained N, N-dimethylformamide (DMF), piperidine/ DMF (1/4, v/v) was put in the 

deprotection solvent bottle, 4-methylmorpholine (NMM)/ DMF (11/89, v/v) was 

placed in the coupling bottle, and dichloromethane (DCM) was used to remove the 
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impurities. Before synthesis, sufficient reagents for synthesis should be added to the 

reagent bottles. 

2.3.3 Cleavage and de-protection of peptides 

After the peptide was synthesised by the synthesiser, the dry product was removed 

from the vessel to a clean 50 ml round-bottom flask and weighed. The reagents for 

cleavage included Trifluoroacetic acid (TFA) (Sigma-Aldrich, USA), 1,2-

Ethanedithiol (EDT) (Sigma-Aldrich, USA) and Thioanisole (TIS) (Sigma-Aldrich, 

USA). The cleavage cocktail (25ml/g) was prepared by adding 94%TFA, 2%TIS, 

2%EDT, and 2%H2O to the flask. The cleavage reaction proceeded at room 

temperature for 4h with stirring. During this period, the side chain protecting groups 

were removed and the peptides were cleaved from the resin by TFA.  

2.3.4 Washing process 

After cleavage, the tube was centrifuged at 2,900 x g for 5 min to collect the peptide, 

and the supernatant was discarded carefully.  Then, about 45 ml fresh Et2O was added 

again, shaking vigorously to wash the peptide, and the mixture was handled as above. 

This washing step was repeated 3 times. The tube was then covered by tinfoil with 

holes, and stored at room temperature to volatilise the remaining diethyl ether. 

2.3.5 Oxidation to form disulphide bonds 

For each universal tube with synthesised peptide, 5 ml buffer A (trifluoroacetic acid 

(TFA)/ water: 0.05/99.95, v/v)) was added and if the peptide was not dissolved, 15 ml 

buffer B (TFA/water/acetonitrile: 0.05/19.95/80.0, v/v/v) was then added to dissolve 

the peptide. To help form the disulphide bonds, 0.2% H2O2 was added and the tube 

was covered with punctured tinfoil. The tube was placed eat room temperature for 2h.  
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2.3.6 Lyophilisation  

When nearly all the diethyl ether was evaporated, 15 ml of solution B 

(TFA/water/acetonitrile: 0.05/19.95/80.0, v/v/v) were added to the dry peptide. Then, 

the tube was covered by tinfoil with holes, snap frozen in liquid nitrogen and loaded 

onto an Alpha 1-2 freeze-drying system (Martinchrist, Germany). The lyophilised 

peptide was then stored at -20 oC. 

2.5.7 Identification and purification 

2.5.7.1 Matrix-assisted laser desorption/ionisation time-of-flight mass 

spectrometry (MALDI-TOF MS) 

Throughout the study, a MALDI-TOF mass spectrometer (Voyager DE, PerSeptive 

Biosystems, Framingham, MA, USA) was used for mass analyses. Matrix-assisted 

laser desorption/ionisation (MALDI), a soft ionisation technique, was used in mass 

spectrometry, allowing the analysis of biomolecules and large organic molecules 

which tend to be fragile and fragmented when ionised by more conventional ionisation 

methods. The matrix with a conjugated π system could absorb energy in the form of 

UV light and blast the molecules into gas phase, thus facilitating the ionisation process. 

In time-of-flight (TOF), the ions were separated according to their mass-to-charge 

ratios (m/z). The same charged molecules with different masses spent different times 

in reaching the detector. Lighter ions drifted more quickly to the detector, while 

heavier ions drifted more slowly. 

In this experiment, CHCA (α-cyano-4-hydroxycinnamic acid) was used as a matrix; 

and the concentration was 10 mg/ml in a mixed solvent (acetonitrile/TFA/Water: 

300/0.2/700, v/v/v).  
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Sample target fractions (2 μl) were spotted onto the MALDI plate in order and left on 

the bench to dry, following which the matrix solution (1 µl) was added to the same 

spot and left to dry once again.  

Masses were recorded as mass-to-charge ratios (m/z) against abundance and the 

masses observed were compared with the theoretical mass values that had been 

calculated earlier by a peptide mass calculator.  

2.5.7.2 Reversed-phase high performance liquid chromatography (RP-HPLC) 

Reversed-phase high performance liquid chromatography (RP-HPLC) with a non-

polar stationary phase and an aqueous, moderately polar mobile phase was used to 

separate and identify the components in the skin secretion mixture. The components 

travelled through the system at different speeds depending on their different affinities 

for the stationary and mobile phases. 

To purify the synthesised peptide, the lyophilised peptide was diluted to 1mg/ml by 

using HPLC solution A (trifluoroacetic acid (TFA)/ water: 0.05/99.95, v/v)) and HPLC 

solution B (TFA/water/acetonitrile: 0.05/19.95/80.0, v/v/v) and clarified of micro-

particulates by centrifugation at 20,000 x g for 15 min. 

Before the sample was injected, the HPLC column (LUNA C-18 preparative column, 

250 x 10 mm, Phenomenex, U.K) was washed with solution B for 30 min to clean any 

impurities and then it was equilibrated with solution A for 30min. The syringe was 

washed with solution B and solution A 3 times each. 

The supernatant was then subjected to RP-HPLC using a Cecil Adept CE4200 HPLC 

system (Amersham Biosciences) and Powerstream HPLC software, with the aid of a 

Waters 2489 UV/Visible detector and Waters 1525 Binary HPLC pump. 
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The peptides were eluted using a gradient from 100% A (0% B) to 0% A (100% B) in 

80 min at a flow rate of 1 ml/min. All peaks were collected, and these fractions were 

analysed by MALDI-TOF MS. After the fraction was identified, the peptide was 

purified using the same elution method. All desired fractions were lyophilised and 

stored at -20 oC. 

2.4 Antimicrobial activity assays of the novel brevinin-1 

QUB-2274 

This experiment was for the detection of minimum inhibitory concentrations (MICs) 

and minimum bactericidal concentrations (MBCs) of the peptide towards three 

different microorganisms, Staphylococcus aureus (S.aureus) (NCTC 10788), 

Escherichia coli (E.coli) (NCTC 10418) and Candida albicans (C.albicans) (NCPF 

1467). The MIC is defined as the minimal concentration causing the visible growth 

inhibition of a microorganism. The MBC is defined as the minimum concentration 

killing a microorganism. In these assays, the minimum peptide concentration leading 

to a significant absorbance decrease and a transparent solution was the MIC and the 

minimum peptide concentration without microbial growth on an MHA plate was the 

MBC. 

2.4.1 Inoculation 

For each microorganism (S. aureus, E. coli and C. albicans), one bead was taken from 

frozen stock into a sterilised flask that contained 100 ml Mueller-Hinton Broth (MHB). 

Then the flask was incubated in an orbital incubator at 37 oC, 150-200 rpm for 16-20 

h. Several McCartney bottles of 20 ml MHB were also pre-warmed in the incubator 

overnight to. 
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2.4.2 Subculture of the overnight growth culture 

For each microorganism, 500 µl of overnight growth culture were transferred to 20 ml 

of MHB in a pre-warmed McCartney bottle and the bottle was placed in the shaking 

incubator at 150-200 rpm until microbes reached their logarithmic growth phase. The 

times and optical densities of each microbial subculture needed are shown in Table 

2.12. 

Table 2.12 The estimated times to reach the log phase and corresponding optical 

densities (OD). 

Microorganisms 
Subculture 

incubation time 
OD 

Concentration 

(cfu/ml) 

S. aureus 2.5 h 0.23 108 

E. coli 1.0 h 0.4 108 

C. albicans 2.0 h 0.15 5 x106 

*The OD was measured by UV spectrophotometer at λ=550nm, cfu=colony-forming 

units. 

The optical density (OD) was used to assess whether cultures had reached the log phase 

as was measured by a UV spectrophotometer, CO7000 Medical Colorimeter 

(Biochrom Ltd, UK.), at λ = 550 nm. The blank was prepared with fresh sterile MHB. 

The recommended final inoculum is 5x105cfu/ml, so microbial subculture was diluted 

with fresh MHB before use. For subcultured S.aureus or E.coli, 100 µl of cultures were 

mixed with 19.9 ml MHB. For subcultured C.albicans, 2 ml of subculture was added 

to 18 ml MHB. Then the Petri dish was shaken gently to mix thoroughly. 

 

 

 



48 
 

2.4.3 Microbroth dilution assay  

2.4.3.1 Preparation of gradient peptide concentrations  

Peptide was weighed and dissolved in dimethylsulphoxide (DMSO) to a concentration 

of 512 x102 µM and the mixture was shaken and centrifuged to mix well. This solution 

was then double-diluted to produce a series of concentrations of peptide solutions: 

(512, 256, 128, 64, 32, 16, 8, 4, 2, 1) x102 µM, which were then diluted 100 times by 

the microbial subculture in the 96-well plate later. 

2.4.3.2 Loading sample 

In this step, a 96-well plate was used to load gradient peptide solutions and control 

solutions. The components in each group are shown in Table 2.13. Each group was 

loaded with 5 replications. The plate was incubated at 37 oC, 150-200 rpm for 5-10 

min and incubated in an incubator at 37 oC for 16-20 h. After incubation, the 96-well 

plate was examined in a Synergy HT plate reader (BioTek, USA) at a wavelength of 

550 nm. 
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Table 2.13 Components of each group in 96-well plate for MIC assay. Sterile control 

was used to eliminate the influence of solvent. Growth control was used to detect the 

normal growth of microorganisms. Vehicle control was used to detect the influence of 

1% DMSO towards microorganisms. 

Group name Components/well 

Sterile  control 100 μl of MHB 

Growth control 100 μl of diluted microbial suspension 

Vehicle control 1 μl of DMSO and 99 μl of diluted microbial suspension 

Sample  1 μl of peptide solution and 99 μl of diluted microbial 

suspension 

2.4.4 Viable cell counts 

Viable cell counts were used to evaluate the number of viable bacteria. For each 

organism, 6 micro tubes were prepared with 900µl PBS. Then 100µl of adjusted 

subcultured organism suspension were added to the first micro tubes to make a 10 x 

dilution.  Then 100µl of suspension were transferred from the first tube to the second 

one to make 102 times dilution. The remaining tubes were prepared in the same manner 

until 106 times dilution. Thus different concentrations of cells from 10-1 to 10-6 were 

prepared. Afterwards, 20µl of each concentration were dropped onto the MHA plate 

with three replications. After the drop points had dried, the MHA plate was incubated 

at 37°C overnight.  A countable grid was chosen in the MHA Petri dish after culturing 

to count numbers of colonies. Then the original colony-forming units (CFUs) were 

calculated according to the following formula: 

CFU = Average number of colonies in one concentration x dilution ratio x 50 
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2.4.5 Determination of MBC 

The minimum inhibitory concentration (MIC) is the lowest concentration of an 

antimicrobial that will inhibit the visible growth of a microorganism after overnight 

incubation. The concentrations of peptide solutions with no growth of microorganisms 

were pipetted and 20 µl from each well were transferred to an MHA plate in order. 

After the solution was dried, the MHA plate was incubated at 37°C overnight. After 

incubation, the minimum concentration at which no sign of microorganism growth was 

observed, represented the MBC of the antimicrobial agent.  

2.5 Haemolysis assay of the novel brevinin-1 QUB-2274 

Haemolysis is the lytic breakdown of red blood cells. A peptide solution with a high 

haemolytic activity cannot be intravenously injected. The haemolysis assay plays an 

important role in drug discovery especially in dosage form design. 

2.5.1 Preparation of the red cells 

Whole horse blood was mixed thoroughly by a rotating mixer. A volume of 2 ml 

defibrinated horse blood was added into a 50 ml universal tube and was centrifuged at 

930 x g for 5 min in an Eppendorf Centrifuge 5430 (Eppendorf, Germany). After 

centrifugation, the supernatant was aspirated carefully and 30 ml PBS was added into 

the tube to re-suspend and wash the red cells. Then cells were centrifuged at 930 x g 

for 5 min after they were mixed thoroughly. The PBS washing and centrifugation 

procedures were repeated until the supernatant became colourless and transparent. 

Finally, 50 ml PBS were added into the tube to dilute the red cells and then a 4% (v/v) 

suspension of cells was prepared. 
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2.5.2 Loading samples 

QUB-2274 was weighed and dissolved in PBS to a concentration of 1024 µM. Then 

this peptide stock solution was double-diluted to form a series of concentrations: 512, 

256, 128, 64, 32, 16, 8, 4, 2 µM. The re-suspended red blood cells (200 µl) were 

dropwise added into the tubes to half dilute the peptide solution and obtain the desired 

concentrations ranging from 512 µM to 1 µM. The positive control was prepared with 

200 µl of 2% Triton-X and 200 µl red blood cell suspension samples. Negative control 

consists of a 200 µl cell suspension and an equal volume of PBS. Each group was 

loaded with 5 replicates. 

2.5.3 Incubation and detection 

After erythrocytes were loaded, all the tubes were incubated at 37 oC for 120 min. 

Then the tubes were centrifuged at 900 x g for 5 min in an Eppendorf Centrifuge 5424 

(Eppendorf, Germany). After that, 100 μl of supernatant from each tube were 

transferred to the corresponding wells in a 96-well plate. Subsequently, the optical 

density was measured by using an ELISA plate reader at a wavelength of 570 nm. The 

half haemolysis concentration (HC50) value and the 10% haemolysis concentration 

(HC10) of QUB-2274 were obtained by analysis of data using GraphPad Prism 6.0 

software. 

The formula for calculation of haemolysis is shown below: 

 Haemolysis (%) = (C - N) / (P - N) ×100 

Where ‘C’= the average absorbance of test solution, ‘N’= the average absorbance of 

negative control solution, ‘P’= the average absorbance of positive control solution. 
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2.6 Anticancer cell activity assays of the novel brevinin-1 

QUB-2274 

MTT (ThermoFisher Scientific) is the abbreviation of 3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide, which is a yellow powder and is used to assess cell 

viability. Viable cells with active metabolism convert MTT into an insoluble purple 

coloured formazan product with an absorbance maximum near 570 nm. When cells 

die, they will lose the ability to convert MTT into formazan, thus colour formation 

serves as a useful and convenient marker of only the viable cells 

2.6.1 Cell resuscitation 

The medium used for cell resuscitation contained foetal bovine serum (FBS) (Sigma-

Aldrich, USA) and penicillin-streptomycin (P-S) (Sigma-Aldrich, USA). The final 

concentrations of FBS, penicillin and streptomycin in the medium were 10%, 100 

Units/ml and 100 μg/ml, respectively. First of all, 15 ml of medium were transferred 

to a medium-sized culture flask (Sigma-Aldrich, USA). A cryo-vial containing frozen 

cells was taken out of a -80 oC freezer and swiftly stirred in 37 oC water to defrost 

immediately. After this, all cells were transferred to the flask. The flask was shaken 

gently to mix medium and cells thoroughly. Finally, the flask was placed in an 

incubator at 37 oC under 5% CO2. 

2.6.2 Cell culture 

Four kinds of cancer cell lines were incubated in flasks with corresponding media as 

shown in Table 2.14. The cells were observed by use of an inverted microscope to 

check the cell state. Then the spent medium was discarded and 10ml of pre-warmed 
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PBS were added into the flask to wash the cells. After that, 12ml of fresh growth 

medium were added into the flask to provide nutrition. Then the flask was put back 

into the incubator at 37 oC under 5% CO2. 

Table 2.14 Cell lines and media used in the anticancer cell assays 

Cell line Medium  Tumour types 

PC-3  RPMI-1640 

medium,10%FBS  

Human prostate carcinoma 

(GIV)cell line 

NCI-H157 RPMI-1640 

medium,10%FBS 

Non-small cell lung cancer 

MDA-MB-435S DMEM medium,10%FBS Melanoma 

U251MG DMEM medium,10%FBS Human neuronal glioblastoma cell 

2.6.3 Subculture 

The cells were observed by microscopy and frequently checked for degree of 

confluence. When the cells were about 90% confluent, they were sub-cultured to 

provide enough space for cell growth. The spent medium was removed and 10 ml of 

PBS were added to flask to wash out dead cells and metabolites. Then 1000 μl of 0.5% 

trypsin solution (Life Technology, USA) were added and the flask was shaken gently 

and incubated at 37 oC with 5% CO2 for several minutes to digest the cells. When cells 

became detached, 10 ml of new medium containing FBS and P-S were added to stop 

trypsin digestion. Different cells needed different digestion times. Next, the cell 

mixture was transferred to a 15ml universal centrifuge tube and centrifuged at 380 x g 

in Eppendorf Centrifuge 5430R (Eppendorf, Germany), 24-37 oC for 5 min. 

Meanwhile, the culture flask was washed by 10 ml of PBS, then 15 ml of fresh medium 

were added. After centrifugation, the supernatant was poured out quickly. 5-7 ml 

growth medium were added to the centrifuge tube and mixed well by pipetting. No 
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less than 1/4 of cell suspension was added into the cleaned flask. Finally, the flask was 

shaken gently and cells were continuously cultured at 37 oC with 5% CO2. 

2.6.4 MTT cell viability assay 

2.6.4.1 Cell seeding 

The prior procedures were the same as described in section 2.6.3. After about 5-7 ml 

medium containing FBS and P-S were added and mixed well in a centrifuge tube in 

passaging, 50 μl of cell suspension and 50 μl of 0.5% trypan blue were mixed by 

pipetting. Next, 50 µl of the mixture were added to two chambers of a haemocytometer 

and covered by a coverslip to count the cell number under an inverted microscope. As 

the trypan blue dyed dead cells, the blue cells should not be counted. After that, the 

cell suspension was diluted to 5x103cells/100µl.  100µl of cell suspension were added 

into each well of a 96-well cell culture plate by a multi-channel pipette. Then the 96-

well plate was incubated for 24h at 37 oC before starvation. Finally, no less than 1/4 of 

the suspension was transferred into the cleaned flask to continue culturing while the 

other cells were disposed of. Since the loading volume of each square was 10-4 ml, the 

concentration of cells in the centrifuge tube was determined using the equation: 

C = N / n x 2 x 104 

In this equation, “C” = the number of cells/ml in the centrifuge tube, “N” = the total 

number of counted viable cells, “n” represents the total number of counted grids, “2” 

represents cells being half diluted by trypan blue, and “104” indicates the sample 

loading in each grid.  

 



55 
 

 

 

2.6.4.2 Starvation 

The spent medium was discarded and 100 µl medium without FBS were added into 

each well subsequently by a multichannel pipette. Then the plate was incubated for 6-

12h at 37 oC under 5% CO2. 

2.6.4.3 Dosing  

During the incubation, the peptide was dissolved in DMSO to a concentration of 10-

2M. Then the peptide solution was 10-fold diluted with FBS-free medium to a 

concentration gradient from 10- 4 M to 10-9 M. After incubation, the spent medium of 

each well was discarded and 100 µl of each peptide concentration were added to the 

plate separately with 5 replications. 100 µl of FBS-free medium were added into 5 

wells separately as a blank control, and 100 µl of 1% DMSO in FBS-free medium were 

added as a vehicle control with 5 replications. After dosing, the 96-well plate was 

incubated in an incubator at 37 oC under 5% CO2 for 24 h. 

2.6.4.4 MTT assay 

Cell viability was determined by the reduction of MTT (5 mg/ml, ThermoFisher 

Scientific, USA) to its insoluble formazan. In a dim place, 10 µl MTT solution were 

added to each well and then the plate was put back into the incubator for 4-6 h. After 

incubation, the medium was removed by a pump and 100 µl of DMSO were added 

into each well. Subsequently, the plate was shaken at maximum speed (250 rpm) for 

10 min. Following this, the absorbance of solutions was determined at 570 nm. The 
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cell viability at different concentrations of peptide solutions was calculated as follows 

and the half maximal inhibitory concentrations values (IC50) of QUB-2274 to different 

cells was analysed in GraphPad Prism 6.0 software. Dunnett's multiple comparisons 

test was used in one-way ANOVA. 

Cell viability (%) = A / V x 100%  

The A represents for the average absorbance of sample groups in same concentration. 

V represents for the average absorbance of vehicle control. 
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Chapter 3 Results 

3.1 “Shotgun” cloning of novel peptide precursor-encoding 

cDNA 

A cDNA encoding the biosynthetic precursor of a novel peptide was cloned from the 

cDNA library constructed from the skin secretion of Rana amurensis. The DNA 

sequence obtained by Sanger sequencing was translated by the ExPASy translate tool. 

As shown in Figure 3.1, the open-reading frame consisted of 67 amino acid residues 

and contained three domains: a signal peptide region, a spacer peptide region and a 

mature peptide region. The putative signal peptide region contained 22 amino acid 

residues followed by a spacer domain which was rich in acidic amino acid residues. 

The sequence of mature peptide contained 20 amino acid residues located after a 

typical cleavage site - Lys-Arg (KR) and ended with the termination codon.  
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Figure 3.1: The nucleotide sequence of the cDNA-encoding the novel peptide 

precursor and translated amino acid sequence of the open-reading frame. The 

putative signal peptide sequence is double underlined, the mature peptide sequence, 

QUB-2274, is single underlined and the termination codon is marked by an asterisk. 

The search result of QUB-2274 sequence (FLPPTLIGLAFCKVFKKC) in NCBI 

(National Centre for Biotechnology Information) BLAST (Basic Local Alignment 

Search Tool; https://www.ncbi.nlm.nih.gov/BLAST/) (Query ID: lcl|Query_280079, 

Query date: 4th March, 2017) showed 75% similarity to the 48 to 67 residues of 

brevinin-1ZHa, which isolated from Rana zhenhaiensis (Table 3.1). 

 

 

 

 

https://www.ncbi.nlm.nih.gov/BLAST
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Table 3.1 The BLAST results of QUB-2274. The identical residues are indicated by 

shading. The identity is the percentage of amino acids that are directly matched in the 

alignment and the space is introduced to show the alignment of the different amino 

acids in the sequence. Positive value is the sum of both identical amino acids and 

amino acids with similar physiochemical properties. 

RecName Sequence  Expect Identities  Positives  Gaps  

brevinin-

1ZHa 

FLPFLLSALPKVFCFFSKKC 

7e-05 15/20(75%) 15/20(75%) 0/20(0%) 

 FLP  LLSALPK   FC    S   KC     

QUB-2274 FLPLLLSALPKLFCLISRKC     

 

3.2 Chemical synthesis of QUB-2274  

After synthesis, the products were purified by RP-HPLC and the target peptide peak 

is shown in Figure 3.2. The final products were subjected to MALDI-TOF mass 

spectrometry to analyse the purity of peptides. The result is shown in Figure 3.3. The 

molecular mass of QUB-2274 was 2273.91 Da (av.) as calculated by the Peptide Mass 

Calculator (http://www.peptidesynthetics.co.uk/tools/, accessed on: 22nd March, 2017). 

The peak with the highest intensity (%) should show as 2274.91 Da because of single 

protonation. There was a peak with a molecular mass of 2296.24 Da which was 21.33 

Da higher than the main peak, it was predicted to represent the sodium adduct of the 

peptide. The difference between theoretical molecular mass and the observed value 

was of the order of 0.03% and was caused by a small systematic error. 

http://www.peptidesynthetics.co.uk/tools/
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Figure 3.2: RP-HPLC chromatogram of synthetic QUB-2274. The peak indicated by 

an arrow indicates the position of authentic QUB-2274. Solution A: 0.05% TFA in 

H2O; Solution B: 80% acetonitrile, 0.05% TFA in H2O with a gradient formed from 

100% A, 0% B to 0% A, 100% B in 80 min. UV monitoring wavelength: 214 nm; 

flow rate, 1 ml/min. 
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3.3 Antimicrobial activity assays of QUB-2274 

The antimicrobial activities of QUB-2274 against the Gram-positive bacterium 

S.aureus, the Gram –negative bacterium E.coli, and the yeast C.albicans were 

evaluated by obtaining the MICs and MBCs. Each microorganism was tested three 

times by a series of QUB-2274 solutions of different concentrations ranging from 512 

µM to 1 µM. The MICs and MBCs obtained are summarised in Table 3.2 and the 

antimicrobial activities of QUB-2274 against S.aureus, E.coli, and C.albicans were 

expressed as microbial viability curves illustrated in Figures 3.4 - 3.6, respectively. 

Table 3.2 The MICs and MBCs of QUB-2274 against tested microorganisms 

Microorganism MIC (µM) MBC (µM) 

S.aureus 8  128 

E.coli 64 256 

C.albicans 4 64 
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Figure 3.4: The absorbance of S.aureus at different concentrations of QUB-2274. 

The horizontal axis is the peptide concentration (µM) while the ordinate axis is the 

microbial viability (%). The MIC of QUB-2274 against S.aureus was 8 µM. The data 

represent means ± SEM (standard error of mean) of three independent experiments 5 

replicates in each. V-vehicle control, G-growth control, S-sterile control. 
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Figure 3.5: The absorbance of E.coli at different concentrations of QUB-2274. The 

horizontal axis is the peptide concentration (µM) while the ordinate axis is the 

microbial viability (%). The MIC of QUB-2274 against E.coli was 64 (µM). The data 

represent means ± SEM of three independent experiments 5 replicates in each. V-

vehicle control, G-growth control, S-sterile control. 
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Figure 3.6: The absorbance of C.albicans at different concentrations of QUB-2274. 

The horizontal axis is the peptide concentration (µM) while the ordinate axis is the 

viability (%). The MIC of QUB-2274 against C.albicans was 4 (µM). The data 

represent means ± SEM of three independent experiments 5 replicates in each. V-

vehicle control, G-growth control, S-sterile control. 

3.4 Haemolytic activity assay of QUB-2274 

The haemolytic activity of QUB-2274 was tested on horse erythrocytes. The HC50 

value and HC10 value of QUB-2274 were 13.28 µM and 3.48 µM, respectively. The 

haemolysis values of QUB-2274 at concentrations of 4 µM, 8 µM and 64 µM were 

15.57%, 32.29% and 98.53%, respectively. The percentage of haemolysis was 100% 

when the concentration was equal to or greater than 128 µM (Figure 3.7). The 

therapeutic indices (TI) (TI=HC10/MIC) of QUB-2274 against S. aureus, E. coli, and 

C. albicans, were 0.435, 0.054 and 0.87, respectively (Olsen et al., 2010). 
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Figure 3.7: Haemolytic activity of QUB-2274. The horizontal axis is concentration 

of peptide solution (µM) while the ordinate axis is haemolysis (%). Data illustrate 

means ± SEM of five replicates. The negative and positive controls were PBS and 1 

% Triton X-100, respectively. 

3.5 MTT cell viability assay of the QUB-2274 

QUB-2274 had an anti-proliferative effect on the four tested human cancer cell lines, 

human prostate cancer cells (PC-3), non-small cell lung cancer cells (NCI-H157), 

melanoma cancer cells (MDA-MB-435S), and human neuronal glioblastoma cells 

(U251MG). The viability of tested cell lines at different concentrations of QUB-2274 

are shown in Figure 3.8 (A), (C), (E), and (G). The curve graphs that provided a more 

direct reflection of IC50 values are shown in Figure 3.8 (B), (D), (F), and (H). The IC50 

and the TI values (TI=HC50/IC50) (Jenner et al., 2017, no pagination) of the novel 

peptide QUB-2274 against these types of cancer cells are summarised in Table 3.3. 

All data were analysed by GraphPad Prism 6.0 software.  
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Figure 3.8: The column charts and cell viability curves of QUB-2274 dose-

dependent anti-proliferative effects on the PC-3 cancer cell line (A), (B), the NCI-

H157 cancer cell line (C), (D), the MDA-MB-435S cancer cell line (E),(F) and the 

U251MG cancer cell line (G),(H). The results are expressed as cell viability (%) at 

different peptide concentrations from 10-4 M to 10-9 M. The data represent means ± 

SEM of three independent experiments 5 replicates in each. Each column was 

compared with vehicle control. (Asterisk “****” indicates p < 0.0001, “***” 

indicates p<0.001. “ns” indicates P > 0.05, which means no significant difference).  

B-blank control, V-vehicle control. 

 

Table 3.3 The half maximal inhibitory concentrations (IC50) and TI of novel peptide 

QUB-2274 against four tested cancer cell lines. 

Cell line PC-3 NCI-H157 MDA-MB-435S U251MG 

IC50 (μM) 6.81 7.28 4.87 7.89 

TI 1.95 1.82 2.73 1.68 
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Chapter 4 Discussion 
 

AMPs are ubiquitous and multipotent components in all kinds of living organisms.  

According to structure –activity studies, two main properties are required: the cationic 

charge and an induced amphipathic conformation (Powers and Hancock, 2003). 

Positive charge means peptides may electrostatically interact with negatively charged 

membranes in the initial stages. The formation of amphipathic structures when AMPs 

bind with the microbial membrane may lead AMPs to permeate the membrane and 

then inhibit intracellular processes, thereby inducing the cell death. QUB-2274 mostly 

fulfils physiochemical properties in which it contains 65% hydrophobic residues (a 

preponderance of lysine residues), and 3 positive net charges and belongs to the 

brevinin-1 family that has a propensity to form amphipathic α-helical structures. 

Therefore, QUB-2274 may be a multifunctional agent. After the bioactivity screening, 

experimental data demonstrated that QUB-2274 has broad-spectrum antimicrobial 

activity and remarkable anticancer activity.  

According to the results, QUB-2274 showed differential growth-inhibitory activity 

towards the Gram-positive bacterium S. aureus, the Gram –negative bacterium E. coli, 

and the yeast C. albicans. AMPs from Rana species share common structural features. 

They contain a proline kink in the middle and a C-terminal loop region delineated by 

an intra-disulphide bridge. The proline hinge region may play a significant role in 

inducing the transmembrane pores. As for the disulphide bridge, it can help the 

formation of α-helical structure in the membrane-mimetic environment and increase 

the hydrophobicity (Kwon et al., 1998). Conlon reported that cationic residues, 

particularly lysine, could form ion channels and destroy the osmotic balance across 

microbial membranes (Conlon et al., 2004). 
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QUB-2274 may adjust to an extended α-helical conformation in microbial solution, 

which helps it interact with the fatty acyl chain in the membrane.  Then it may permeate 

the membrane in either ‘barrel-stave’, ‘carpet’ or ‘toroidal-pore’ modes. Subsequently 

it causes the disruption of the membrane and the leakage of ions, metabolites and leads 

to depolarisation.  Studies also report that some peptides inhibit intracellular targets to 

kill cells without the disruption of membrane. The exact mechanism of how QUB-

2274 acts still needs further study. The method of solid-state NMR may be developed 

to determine the secondary structure, the location and the orientation of the peptide in 

lipid bilayers.  

The difference between bacterial cell membranes and mammalian cell membranes 

contributes to the AMPs selective toxicity to bacteria. The major components of 

mammalian membranes are neutral phospholipids, such as phosphatidylethanolamine 

(PE), phosphatidylcholine (PC), or sphingomyelin (SM). Moreover, the presence of 

cholesterol in mammalian membranes causes the AMPs difficulty in disrupting the 

lipid bilayer structures. By contrast, the bacterial membrane consists of negatively 

charged lipids, such as phosphatidylglycerol (PG), cardiolipin (CL), or 

phosphatidylserine (PS).  Therefore, the bacterial membrane is more attractive to 

AMPs.  

The MICs against S. aureus and E. coli were 8 µM and 64µM, which meant that QUB 

-2274 showed a stronger inhibition activity against S. aureus than against E.coli. 

According to membrane compositions, the E. coli membrane contains more negatively 

charged phospholipids, such as CL, PG, than S. aureus (Yeaman and Yount, 2003). In 

addition, the main molecular components of Gram-negative bacterial outer membranes 

are anionic lipopolysaccharides (LPS). However, LPS is stabilised by Ca2+ and Mg2+, 

so the AMPs need to replace the divalent cations to interact with outer membrane. That 
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means the LPS severs as a barrier and determines bacterial susceptibility to AMPs. 

Therefore, though the net charge and membrane composition can affect the 

electrostatic interaction between AMPs and microbial membranes, the complex 

structure of the Gram-negative bacteria makes itself more resistant to AMPs and 

determines the AMPs bioactivity.  

Generally, AMPs kill microorganisms by targeting the cell membrane instead of 

interacting with some specific proteins, so QUB-2274 is less likely to cause drug 

resistance. 

A growing number of studies have shown that not all AMPs are able to kill cancer 

cells. It is now known that the changes in cancer cell membranes may lead to abnormal 

growth, invasion and metastasis. So the cancer cell membrane possibly gives insight 

into the killing of cancer cells by AMPs. Electrostatic interaction is believed to account 

for the activity. Cancer cells biosynthesise more anionic molecules, such as PS and O-

glycosylated mucins, so their membranes are typically negatively charged and more 

attractive to cationic AMPs. In addition, the cytotoxic activity may also be influenced 

by the negative membrane potential. Other factors can also lead to the preferential 

killing, such as membrane fluidity and cell-surface area. In this regard, a higher 

membrane fluidity of cancer cells makes a higher lytic activity by AMPs.  Cancer cells 

contain higher numbers of microvilli, which provides AMPs with a greater cell surface 

to bind to (Domagala and Koss, 1979). Another putative mechanism is that the AMPs 

disrupt the mitochondrial membranes and induce apoptosis. 

In the MTT assay, QUB-2274 inhibited the proliferation of the four tested human 

cancer cell lines: PC-3, NCI-H157, MDA-MB-435s and U251MG. However, it is not 

clear exactly what the mechanism of cell death was, so in future work, a cell death 
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ELISA should be employed to determine whether QUB-2274 inhibited the 

proliferation of cell lines by necrosis or apoptosis or both. 

Although QUB-2274 shows a relatively high cytotoxic activity against 

microorganisms (Tables 3.2), it displays stronger haemolytic activity against horse 

erythrocytes. The TI values of QUB-2274 against S. aureus, C. albicans and E. coli, 

were all less than 1, which means this peptide begins to cause toxicity to normal cells 

before it shows antimicrobial activity.  Therefore, the haemolytic activity of QUB-

2274 would greatly hinder its clinical applications. The minimum value and the 

maximum value of the TI values of QUB-2274 against the four types of cancer cell 

lines are 1.64 and 2.73, respectively. So the safety window of QUB-2274 is narrow. 

Based on the results of extensive experiments, brevinin-1 peptides mostly possess 

antimicrobial activity with very strong haemolytic activity (Conlon et al., 2004). 

Structure–activity studies with brevinin-1 peptides indicate that the disulphide bridge 

is not essential for their high antimicrobial potency but important for their haemolytic 

activity. After carboxamidomethylation, the linear analogue was less haemolytic than 

the native peptide (Kumari and Nagaraj, 2001).  After transposing the C-terminal 

cyclic heptapetide domain to the central region, the peptide had less haemolytic 

activity without decreasing its antibacterial activities. Moreover, the absence of the 

disulphide bridge led to a loss of haemolytic activity. Therefore, QUB-2274 could be 

engineered for lower haemolytic activity after which it could be re-evaluated for 

possible clinical applications. 
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