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ABSTRACT 

The abundant antimicrobial peptides (AMPs) discovered in amphibian skin secretions 

have raised the interest of many researchers not only because of their broad spectrum 

of actions against many clinically-relevant microorganisms but also their superiority 

over conventional antibiotics. 

 

This investigation has led to the discovery of a novel peptide QUB-2023, from the skin 

secretion of Rana amurensis. This was achieved by “shotgun” cloning. Solid-phase 

peptide synthesis (SPPS) and Reversed-Phase High Performance Liquid 

Chromatography (RP-HPLC) were applied to obtain a sufficient quantity of pure 

peptide replicate. The primary structure of the peptide was confirmed by MALDI-TOF 

(matrix assisted laser desorption ionisation-time of flight) mass spectrometry. QUB-

2023 displayed antimicrobial activity against three microorganisms: the Gram-positive 

bacterium Staphylococcus aureus, the Gram-negative bacterium Escherichia coli and 

the yeast Candida albicans. The minimal inhibitory concentrations against S. aureus 

and C. albicans were fourfold lower than that against E. coli. The minimum haemolytic 

concentration that caused 10% haemolysis of horse red blood cells was lower than the 

MICs. 

 

It is expected that the possible further investigation of QUB-2023 will help understand 

the mechanism and influential parameters of amphibian skin secretion AMPs activities.
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CHAPTER 1 INTRODUCTION 

1.1 A brief introduction to amphibians with special reference to Rana 

amurensis 

1.1.1 Background to amphibians 

Amphibians are considered the most ancient terrestrial vertebrates. Despite 

their individual differences, several characteristics help to identify amphibians: 

most modern amphibians spend at least part of their lives in water and on land 

(Lynn, 1961). Amphibians are ectothermic and some of them have a protein 

in their blood to help resist extreme cold temperatures (Steiner et al., 2000). 

They prefer aquatic habitats (Wilbur and Collins, 1973). Besides, they all have 

naked permeable skins which will be discussed later. 

 

The relationship between amphibians and humans is quite close since 

amphibians were widely used as a medical animal in ancient times. But today, 

one-third of the existing amphibians are on the Critically Endangered list of 

the International Union for Conservation of Nature (IUCN). This urgent 

situation gives concern about not only protecting the species but also studying 

their bioactive components. Many of these studies cause death so M. Zhou and 

her colleagues reported the isolation and identification of mRNA from frog 

skin secretion which provides a better way to protect the animals in molecular 

studies (Zhou et al., 2006). 
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1.1.2 Rana amurensis, a species of true frog 

Rana amurensis is a species of true frog named by Boulenger in 1886 

(Ratnikov, 2001). It is distributed in northeastern China, northern and central 

Mongolia, northern Korean Peninsula, Russia, and Sakhalin. Although Rana 

amurensis has gone through a significant over-harvesting in Russia during the 

1990s, the population trend on a global scale remains stable. 

 

1.2 The skin of amphibians 

1.2.1 Normal functions of amphibian skin 

The two layers of amphibian skin are epidermis and dermis (Wells, 2010). For 

the majority of the amphibians, their skin is a particularly soft and thin organ 

which carries a wide range of functions. Apart from providing mechanical 

protection, the most important roles are respiration and water regulation. The 

penetrable skin allows both liquid and gas to pass in and out and oxygen can 

directly get through into the blood, therefore, assisting in respiration or even 

replacing the lungs in some species (http://www.livescience.com/, accessed 

on March 16th, 2017). Other functions include providing colour camouflage, 

excretion, temperature controlling, reproduction and protection against 

antimicrobial or fungal infections (Clarke, 1997).  

 

1.2.2 Amphibian skin glands 

Skin gland functions include, but are not limited to mating behaviour, predator 

avoidance and colour changing. The glands are generally divided into mucous 

glands and granular glands (Clarke, 1997). Mucous glands are usually 

distributed through the whole body. Their secretion will form a moist layer all 

http://www.livescience.com/
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over the body to help prevent drying. Obviously, this slippery skin can 

efficiently reduce resistance and makes it easier to escape the hold of predators 

(Toledo and Jared, 1995). 

 

Granular glands are surrounded by smooth muscle and will secrete several 

different kinds of secretions to the skin surface upon stress or injury (Neuwirth 

et al., 1979). The distribution of granular glands varies from species to species 

and some scientists believe that the distribution of granular glands might be 

related to the protection needs of amphibians (Toledo and Jared, 1995). 

Compared with mucous glands, granular glands are often ten times less 

abundant but are larger in size (Clarke, 1997) and they do not take part in water 

regulation or skin moistening as mucous glands do (Wells, 2010). 

 

1.3 Four categories of compounds in amphibian skin gland secretions 

Amphibian skin secretion is a remarkable source of bioactive compounds 

which are potential candidates for new drugs. The secretions, especially those 

secreted by the granular glands often have a defensive role and occur as a 

response towards predators or external stimulation (Clarke, 1997).  

 

Biogenic Amines 

Erspamer divided the biogenic amines in amphibian skin secretion into Indole-

alkylamines (IAAs), Imidazole-alkylamines and Phenyl-alkylamines 

(Erspamer, 1971). They have abundant pharmacological activities related to 

smooth muscles, systemic blood pressure and some behaviours (Erspamer, 

1954). 
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Bufogenins and Bufotoxins (Steroids) 

Bufogenins and bufotoxins are toxic and can cause an atrioventricular block, 

bradycardia, ventricular tachycardia or perhaps lethal cardiac arrest (Ma et al., 

2013). In ancient China, people use the digitalis-like properties of Chansu, a 

white powder made from Chinese toad skin secretion that mainly contains 

bufadienolides, as the treatment for heart diseases. It has now been proven that 

Chansu has a pharmacological activity like digoxin 

(https://www.britannica.com/science/steroid/Pharmacological-actions-of-

steroids). 

 

Alkaloids 

Amphibian alkaloids work as potent repellents that cause convulsions, 

narcosis or other effects when meeting predators and some have antimicrobial 

activity (Preusser et al., 1975). John W. Daly and his colleagues classified over 

800 amphibian skin alkaloids at a detailed level (Daly et al., 2005). They also 

found lots of evidence which suggested many of those alkaloids are sourced 

from the amphibian’s daily diet.  

 

Peptides and proteins 

Differing from the amphibian alkaloids, peptides/proteins secreted from 

granular glands are totally synthesised by amphibians themselves. It is now 

well known that frog skin is an extraordinary source of high-value bioactive 

peptides and different amphibian species almost always carry different kinds 

of peptides. These peptides could be classified into pharmacologically active 

peptides and antimicrobial peptides that are considered as competitive 

candidates for antimicrobial drugs. With such diversity and potency, there is 
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no wonder that these proteins/peptides deserve urgent investigation. An 

intriguing phenomenon is that mammalian analogues of amphibian peptides 

almost always exist, especially in central nervous systems, neuroendocrine 

cells and in peptidergic nerves of the gastrointestinal and respiratory tracts 

(Bevins and Zasloff, 1990). The importance of these peptides in researching 

the complexity of human neurochemistry goes without saying. 

 

1.4 Pharmacologically active peptides discovered in amphibian skin 

secretions 

Bevins and Zasloff divided the amphibian pharmacologically active peptides 

into 11 groups (Bevins and Zasloff, 1990). Erspamer pointed out that the 

different sequences of peptides with similar bioactivity might establish a basis 

of structure-function relationships (Erspamer, 1971). 

 

Angiotensin 

It has been reported that some species of amphibians have renin which could 

transfer the angiotensinogen into angiotensin I (ANGI), a precursor to ANG 

II, in the plasma. After removing two C-terminal residues, ANG I will convert 

to ANG II (Grill et al., 1972). Erspamer isolated the neuropeptide ANG II 

(APGDRIYVHPF-OH) from the skin of Crinia georgiana (Erspamer et al., 

1979) and its ability to increase the water absorption amount in the “water 

absorption response” was proven (Slivkoff and Warburton, 2001). 
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Bombesins 

The bombesin family has now been divided into the bombesin group; the 

ranatensin group; the phyllolitorin group and the gastrin-releasing peptide 

(Kastin, 2013). The 14 amino acid peptide bombesin 

(pQQRLGNQWAVGHLM) was first discovered in the skin of Bombina 

bombina (Anastasi et al., 1971). Amphibian bombesins are 100- to 1000-fold 

more potent than their mammalian homologues, neuromedin B and gastrin-

releasing peptide (Kastin, 2013). In amphibians, the exact function of 

bombesin-like peptides still remains to be discovered.  

 

Bradykinins 

Bradykinins (BK) are peptides with myotropic activity found in the skins of 

certain frog families (Bombinatoridae, Heleophryninae, Hylidae, 

Leiopelmatidae, and Ranidae) (Basir et al., 2000). By injecting BK-like 

peptides into predators, the myotropic activity might stimulate gastric and 

oesophageal motility as well as cause vomiting reflex to help amphibians 

escape from attack by predators. In the mammal, the generation of BK in blood 

and tissues requires the activation of the kallikrein-kinin system (Campbell, 

2001), while in amphibians it requires the cleavage of probradykinin at the 

arginine position of BK (RPPGFSPFR) in the presence of some 

uncharacterised enzymes (Conlon, 2006).  

 

Caeruleins 

Caerulein (CN) is an oligopeptide. In 1968, Erspamer and colleagues first 

identified the peptide ( Pyr-QDY(SO3H)TGWMDF-NH2 ) in the dried skin of 
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Litoria caerulea (Anastasi et al., 1968). CN stimulates smooth muscle and 

increases digestive secretion of gastric, bile and pancreatic juices. In mammals, 

the similar sequences are cholecystokinin 8 (DY(SO3H)MGWMDF-NH2) 

(Beinfeld, 1983), hexagastrin (Y(SO3H)GWMDF-NH2) (Matsumoto et al., 

1987), and immunomodulator-eugenin (pEQDY(SO3H)VFMHPF-NH2) 

(Baudinette et al., 2005). 

 

Dermorphins 

Dermorphin was first isolated from the skins of Phyllomedusa species and is 

unique for its D-Ala residue (Broccardo et al., 1981). M. Broccardo and 

Erspamer did a series of research studies to evaluate the opiate-effects of 

dermorphin. On the guinea-pig ileum opiate receptors, it showed 39 times 

more potency than morphine. The intravenous injection of dermorphin to mice 

was 751 times more potent than morphine and 2170 times when given via an 

intracerebroventricular injection to rats (Broccardo et al., 1981). Several 

dermorphin-like immunoreactivities have been found in the stomach of guinea 

pigs and rats (Tsou et al., 1985) but not in humans yet. 

 

Sauvagine 

Sauvagine is a 40 residue neuropeptide first identified from the skin of 

Phyllomedusa sauvagei. It belongs to the corticotropin-releasing factor family 

and shows diuretic effects as well as a long-lasting hypotensive effect 

accompanied by tachycardia in rats (Erspamer et al., 1980). 
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Spasmolysins 

In 1998, Werner Hoffmann cloned pGLa with high similarity to human pS2 

and PSP (Hoffmann, 1988). As a member of the trefoil family of peptides, 

Xenopus laevis spasmolysins show tissue and cell type-specific expression in 

the gastrointestinal tract (Kardaś et al., 1993). 

 

Tachykinins 

The major sequence motif of tachykinins (TK) in amphibians is -FXGLM-

NH2. TKs possess a potent stimulant effect on salivary secretion which is 

mediated by the NK1 receptor in experiments with rats (SEVERINI and 

IMPROTA, 2006). Its homologues in mammals are neurokinin A and 

neurokinin B (Erspamer, 1981). 

 

Thyrotropin-releasing peptide 

The concentration of thyrotropin-releasing peptide (PEHP-NH2) in the skin of 

R. pipens is twice that of the hypothalamus (Tonon et al., 1980). These 

peptides have directly depolarising actions on motoneurons (Nicoll, 1978) and 

directly act on the anuran amphibian pituitary to stimulate the secretion of 

designated thyrotropin (Denver, 1988). MC Tonon and colleagues found that 

thyrotropin-releasing peptides stimulate the release of α-MSH from perfused 

frog neurointermediate lobes (Tonon et al., 1980). 

 

Xenopsin 

Xenopsin is an octapeptide (pQGKRPWIL-COOH) initially isolated from the 

skin of the frog Xenopus laevis (Feurle et al., 1985) and from the brain and 
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gastrointestinal tissues of amphibians (CARRAWAY et al., 1982). Xenopsin 

has a very similar sequence to the mammalian peptide, neurotensin (Gibson et 

al., 1985). It can inhibit tetragastrin-stimulated gastric acid secretion (Zinner 

et al., 1982).  

 

Tryptophyllins 

Tryptophyllins (TPH) were found in the skin of Phyllomedusa rhodei 

(Montecucchi et al., 1984). PdT-1 was the first Tryptophyllin to be 

pharmacologically characterised. The synthesised PdT-1 was reported to be a 

bioactive agent to relax the arterial smooth muscle and contract intestinal 

smooth muscle (Chen et al., 2004). In addition, TPH-4,-5,-7 might be involved 

in liver protein synthesis (Montecucchi, 1985). 

 

1.5 Antimicrobial peptides (AMPs) discovered in amphibian skin 

secretions 

Antimicrobial peptides (AMPs) are broad-spectrum antibiotics found in all 

classes of organisms (de Oliveira Carvalho and Gomes, 2009). They have 

antimicrobial activity against fungi, bacteria, viruses and protozoa. Moreover, 

a vast number of reports have shown their cytotoxic activity against cancer 

cells (Giuliani et al., 2007). In addition to their primary roles, they also act as 

immune modulators in higher organisms (Zanetti, 2004).  

 

It is not hard to imagine that their living habitats make amphibians easy targets 

to be attacked by microbes, thus the appearance of AMPs seems particularly 

important. Actually, amphibians are one of the richest sources of AMPs in 
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Nature and up to 38.7% of the total known AMPs are amphibian peptides 

(Wang, 2010). They are usually stored in the granular glands and are released 

through a holocrine pathway into the secretion upon stress or physical injury. 

The potential of AMPs as new drug leads or even substitutes of conventional 

antibiotics is based on their high selectivity towards bacterial cells. One of 

their advantages compared to conventional antibiotics, is that their killing 

mechanisms are mainly physical and are less likely to induce a resistance 

problem. Some AMP-based drugs are already available on the market (Raja et 

al., 2003).  

 

1.5.1 Classification of AMPs 

The diversity of AMPs makes it hard to categorise them, usually, the 

classifications can be intricate according to the source, biological activity, 

charge or structure.  

 

The most common secondary structures of AMPs in Nature are α-helices and 

β-sheets. The former is widely distributed in animals and bacteria. The α-helix 

structure is widely distributed among amphibian AMPs and the helical 

structure could be localised to just some parts of the sequence or throughout 

the whole sequence. The β-sheet structure is more likely to occur in plants. 

Other structures such as αβ structures exist in animals, plants, and bacteria and 

extended peptides are found only in animals (http://aps.unmc.edu/AP) and do 

not fold into specific secondary structures.  

 

http://aps.unmc.edu/AP
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Peptides in different structural families have their preferred amino acids. α 

helical AMPs are more likely to have Leu as the major hydrophobic amino 

acid while β sheet and αβ families of AMPs are usually dominated by Cys to 

form a folded structure. AMPs with extended structures are more likely to 

have some specific amino acids like Arg, Trp or Pro (Wang et al., 2009).  

 

 

Although their structures can be varied, most AMPs have several 

characteristics associated with their bioactivity: a high content of hydrophobic 

residues; an amphipathic character in a hydrophobic environment and a net 

positive charge at neutral pH (Di Grazia et al., 2015).  

 

Cationic AMPs are usually subdivided. Linear cationic α-helical peptides will 

form a single, amphipathic α-helix structure when contacting cell membranes 

or in a hydrophobic environment (Bechinger et al., 1993; Zasloff, 1987). Some 

linear cationic AMPs are rich in Pro, Arg, Phe or Trp residues (Brogden, 2005), 

the examples are Indolicidin (Tryptophan-rich) (Brogden, 2005), Abaecin 

(Proline-rich) (Evans et al., 2005), Drosocin (Proline- and arginine-rich) 

(Bulet et al., 1996) and Prophenin (Proline and phenylalanine-rich) (Park and 

Hahm, 2005). Another group are the  peptides with several disulphide-bonds 

which help build stable β-sheets (Mehra et al., 2012), the number of which 

could be one to three or more.  

 

There are also a handful of anionic AMPs. They are usually rich in Glu/Asp 

residues and often require cations like Zn2+ as an accessory factor for their 

activities (Brogden et al., 2003). Examples are maximin H5 from the toad 

https://en.wikipedia.org/wiki/Indolicidin
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Bombina maxima (Lai et al., 2002) and dermcidin secreted by human sweat 

glands (Schittek et al., 2001).The weak antimicrobial activity seems not as 

important as their other bioactivities (Harris et al., 2011). 

 

1.5.2 Different mechanism models of AMPs 

The specific mechanism of AMPs is still unclear, but common agreement has 

been reached that they play their roles by selectively disrupting cell 

membranes. The well-accepted hypotheses are the transmembrane pore 

models including the barrel-stave model, the toroidal pore model and the 

carpet model. 

 

Also, some have ideas that the mechanisms may also include interactions with 

intracellular targets such as the inhibition of cell wall synthesis, DNA, RNA 

and protein synthesis (Nguyen et al., 2011). Indeed, studies on some peptides 

indicates that AMPs may not rely on the simple lytic mechanism (Peschel and 

Sahl, 2006). Leonard T. Nguyen sorted out the complex described modes of 

AMPs and the representative peptides (Nguyen et al., 2011). As a general rule, 

a good model shall have the ability to stand with the identification of new 

AMPs (Shai and Oren, 2001). 

 

To understand the mechanism of the interaction, either in vitro or in vivo 

experiments are used. The intact cell is required in in vivo experiments while 

isolated or model membranes are used in vitro. The most commonly used 

technology to help understanding AMPs working mechanism are: Microscopy 

methods (Brogden, 2005); Nuclear magnetic resonance (NMR) spectroscopy 
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(Hwang and Vogel, 1998); Circular dichroism (CD) (Cabiaux et al., 1994) and 

X-ray (Hristova et al., 1999). 

. 

 

Transmembrane pore models 

The barrel-stave model (Figure1.1) hypothesis states that the hydrophobic 

surface of peptides bundles will interact with the lipid core of cell membranes 

and insert itself into the cell as a monomer. With the increase of monomers, 

the oligomerisation is formed and their hydrophilic surface will form the 

aqueous pore and leakage of cytoplasmic material finally results in cell death 

(Matsuzaki et al., 1998).  The α-helix structure is required in this model. The 

hydrophilic regions take responsibility for forming the lumen of the channel 

while the hydrophobic regions take charge of the membrane interaction 

(Breukink and de Kruijff, 1999). 

 

 

 

 

Figure1.1 Most acceptable transmembrane pore mechanisms of AMPs: (left) 

the carpet model; (middle) the toroidal model; (right) the barrel-stave model.  

(Brogden, 2005) 
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The carpet model (Figure 1.1) was first used to explain the mechanism of  

dermaseptin in 1992 (Dagan et al., 2002). This hypothesis describes peptides 

binding to and covering the target membrane in a “carpet-like” fashion. When 

the “threshold concentration” is reached, the holes start to form and break the 

cell membrane. This model requires no specific secondary structure but highly 

positively charged amino acids because the binding of the peptide to the 

membrane is electrostatically driven, and it could be necessary for these 

residues to spread along the chain to make sure the peptide can continuously 

interact with the lipid head groups of target membranes. Moreover, peptides 

are expected to possess a very low haemolytic activity because they are 

required to distinguish the zwitterionic and negatively charged membranes 

(Zhao, 2003). If the α-helical structure could be reduced, the peptide 

antimicrobial mechanism might be transferred from barrel-stave into the 

carpet. For instance, the incorporation of  D-amino acids into pardaxin (N-

terminus) and melittin (N/C terminus) totally preserved their ability as 

antimicrobials but abolished their haemolytic activity (Pouny and Shai, 1992). 

 

In the toroidal pore model (Figure 1.1) the peptide will be associated with 

the lipid head groups of target membranes and the lipid layer will bend from 

top to bottom, thus, the water lines are formed by both the peptides and lipid 

head groups (Yang et al., 2001). Magainins, protegrins, and melittin are 

examples of peptides with this mechanism (Brogden, 2005). 
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Interactions with intracellular targets of AMPs 

Some observations advocate that there is no direct correlation between the 

membrane permeability and cell death. The multiple mechanisms of AMPs 

are shown in Figure 1.2. The pore-forming magainin is often used as a 

reference of intracellular disruption. Buforin-2 is structurally similar to 

magainin-2 andwhen buforin-2 was employed at 5 × MIC (minimal inhibitory 

concentration), E. coli still showed no optical density change. FITC showed 

the accumulation of buforin-2 inside E. coli below its MIC (4mg/ml) whereas 

magainin-2 remained outside at its MIC (Park et al., 1998). 

 

 

 

Figure 1.2 Multiple killing mechanisms of AMPs and representative 

peptides with an E. coli cell as target. 

(Brogden, 2005) 
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A DNA/RNA binding assay found buforin-2 binding with DNA and RNA in  

cells was over 20 times stronger than that of magainin-2 (Park et al., 1998). 

 

1.5.3 AMPs from the genus Rana 

As a worldwide distributed group, the genus Rana is one of the most studied 

of frog taxa. Most AMPs described in the genus Rana have a C-terminal loop 

region delineated by an intra-disulphide bridge named a rana box (Simmaco 

et al., 1998). The number of AMPs differs in different species: from one active 

AMP produced by Rana sylvatica (Matutte et al., 2000) to twenty-two AMPs 

produced by Rana palustris (Basir et al., 2000). Here, AMPs in the genus Rana 

are classified according to their structural similarities: 

 

Brevinin-1 and -2 families 

In 1992, brevinin-1 (FLPVLAGIAAKVVPALFCKITKKC) and brevinin-2 

(GLLDSLKGFAATAGKGVLQSLLSTASCKLAKTC) were discovered in R. 

brevipoda porsa by Noriyuki Morikawa (Morikawa et al., 1992). Peptides of 

the brevinin superfamily are linear, amphipathic and cationic with the 

presence of cysteine (Savelyeva et al., 2014b). Many have strong antibacterial 

activities and some show anticancer activity (brevinn-2R) (Ghavami et al., 

2008). For the brevinin-1 family, the sequence is poorly conserved across 

species, with only 4 invariant residues (Ala9, Cys18, Lys23, and Cys24). 

Peptides in this family often present broad-spectrum antimicrobial activity 

(Simmaco et al., 1994). CD study determined the existence of brevinin-1 as a 

random coil in aqueous solution, and an extended α-helical conformation in 

50% trifluoroethanol (Vanhoye et al., 2003). The brevinin-2 family is widely 
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distributed in species of the genus Rana of Asian, European as well as North 

American origin. Only three amino acids residues (Cys27, Lys28, and Cys33) 

in this family are invariant (Conlon et al., 2004a). The anti-fungal activity of 

this family is weak (Conlon et al., 2004b).  

 

Ranalexin family 

Ranalexin (FLGGLIKIVPAMICAVTKKC) (Vanhoye et al., 2003) was first 

isolated from R. catesbeiana tadpole extracts and its primary structure is well 

conserved (Clark et al., 1994). Its disulphide bonds do not strongly affect the 

activity or the confirmation, while the reduced and oxidised forms of the 

peptides may adopt an α-helical conformation in the central region of the 

molecule in 30% trifluoroethanol (Vignal et al., 1998). Ranalexin acts strongly 

against Gram-positive bacteria but showed nearly no activity against Gram-

negative bacteria (Giacometti et al., 1998).  

 

Esculentin-1 and -2 families 

Esculentin-1 and -2 families were first isolated from skin secretion of R. 

esculenta (Dathe and Wieprecht, 1999) and have been found in ranid frogs of 

both Eurasian and North American origin. The 46 amino acid esculentin-1 

(GIFSKLGRKKIKNLLISGLKNVGKEVGMDVVRTGIDIAGCKIKGEC) 

is the longest AMP found in amphibians to date (Mangoni et al., 2015). Its 

primary structure is highly conserved among species and most of the 

substitutions are amino acids with similar polarities (Carnicelli et al., 2013). 

For esculentin-1, the N-terminal 1-18 residues are the region which 

contributes its antimicrobial activity while the 19-46 residues show no 
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antimicrobial activity (Mangoni et al., 2003). The primary structure of 

esculentin-2 (GILSLVKGVAKLAGKGLAKEGGKFGLELIACKIAKQC) 

(Vanhoye et al., 2003) is poorly conserved. The peptide show high potency 

against E. coli and S. aureus (MIC<10 μM) (Dathe and Wieprecht, 1999). 

 

Ranatuerin-1 and -2 families 

At present, peptides in these families have only been found in R. catesbeiana 

(Goraya et al., 1998), R. grylio (Halverson et al., 2000) and R. clamitans 

(Halverson et al., 2000). They usually show low potency against human 

pathogens (Conlon et al., 2003). The primary structure of the ranatuerin-1 

(SMLSVLKNLGKVGLGFVACKINKQC) family is well preserved across 

the species. The predicted conformation of the peptides contains α-helix 

(residues 1–8), β-sheet (residues 11–16) and β-turn (residues 20–25), 

disruption of β-sheet at positions 10,13 and 15 will reduce the antimicrobial 

potency (Conlon et al., 2003). The primary structure of the ranatuerin-2 

(GLFLDTLKGAAKDVAGKLEGLKCKITGCKLP) family is poorly 

conserved. The distinguishing feature of this family is the C-terminal cyclic 

hexapeptide domain (Conlon et al., 2003). Ranatuerin-2 has potency against 

E. coli and S. aureus (Vanhoye et al., 2003). 

 

Temporin family 

Temporin (FLPLIASLLSKLL-NH2) was first discovered in R. temporaria and 

is the among the smallest of AMPs found in amphibians (Simmaco et al., 

1996). The temporins are linear, basic and highly hydrophobic, usually, all are 

amidated at the C-terminals (Wade et al., 2000). Except for temporin L, which 
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acts against E.coli and Pseudomonas aeruginosa , most temporins are active 

only against Gram-positive bacteria (Rinaldi et al., 2002). 

 

Palustrin-1,-2 and -3 families 

In the skin secretion of R. palustris, these three families of peptides were 

isolated and palustrin-1 (ALFSILRGLKKLGKMGQAFVNCEIYKKC) has 

not been found in any other species. Palustrin-2 

(GFLSTVKNLATNVAGTVLDTIRCKVTGGCRP) and -3 

(GIFPKIIGKGIKTGIVNGIKSLVKGVGMKVFKAGKNNIGNTGCNEDE

C) families, however, have also been found in the skin secretions of sister 

groups of R. palustris (Ali et al., 2002).  

 

Japonicin-1 and -2 families                                                                                                           

Isaacson identified japonicin-1 (FFPIGVFCKIFKTC) and japonicin-2 

(FGLPMLSILPKALCILLKRKC) from the skin of the Japanese brown frog, 

R. japonica (Isaacson et al., 2002). Both are active against E. coli while 

japonicin-2 is also active against S. aureus. The heptapeptide domain of 

japonicin-1 shares some structural similarity with the corresponding region of 

brevinin-2. Japonicin-2 contains an anoctapeptide region which shows an α-

helical conformation in 50% trifluoroethanol (Conlon et al., 2003). 

 

Tigerinin family 

Tigerinin (RVCFAIPLPICH) was first isolated from the skin secretion of R. 

tigerina (Conlon et al., 2003). The cysteine residue and the C-terminal CONH2 
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group are predicted to be crucial to its antimicrobial activity (Conlon et al., 

2003). 

 

1.6 Pharmacological value and potential applications of peptide-based 

drugs 

As shown in Figure 1.3, if we look back before 1982, the overwhelming top 

position within the pharmaceutical industry was held by chemically-based 

small molecules, and this domination has lasted until now. In 1982, the first 

protein-based drug: human insulin, was approved by the American Food and 

Drug Administration (FDA) (Muheem et al., 2016). Since then, drugs with 

larger molecular weights have started to be developed. The larger molecule-

based drugs such as large protein molecules could target more specifically 

which makes up for the relatively low target selectivity of small molecules. 

Their limitations are low bioavailability, poor membrane permeability, and 

metabolic instability (Craik et al., 2013).  
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Figure 1.3 Numbers of new small molecules and biopharmaceuticals 

entering the market place each year from 1990 to 2008. Small molecules 

obviously constitute the vast majority of marketed drugs. 

https://www.ftc.govs 

 Accessed on March 15th, 2017 

 

It might be the time to shed light on peptides which are similar to proteins but 

fill the gap between small molecules and “Biologics” 

(http://www.portfoliomanagementsolutions.com/, accessed on March 16th, 

2017). Compared with conventional small molecules, their superiority is 

manifest in higher potency, more chemical/biological diversity, lower toxicity, 

and ease of metabolism without retained harmful chemical residues (Sun, 

2012). Moreover, they do not cause serious immune responses as proteins do 

(Fosgerau and Hoffmann, 2015).  

 

It is reported that more than 100 peptide-based drugs have been marketed and 

the scale of sales is expected to be 29.70 billion dollars by 2020 (Ruhanen et 

al., 2014). On a global scale, North America is the leading market while the 

Asian market is expected to have an impressive growth. The three leaders in 

https://www.ftc.govs/
http://www.portfoliomanagementsolutions.com/
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global peptide therapeutic markets are Teva Pharmaceutical Industries Ltd., 

Takeda Pharmaceuticals Co. Ltd., and Novo Nordisk 

(https://globenewswire.com/, accessed on March 16th, 2017).  

 

Although promised a bright future, there are still some obstacles which peptide 

drugs have to overcome. First and foremost is the limitation of their delivery 

systems. Due to their low bioactivity, usually peptide based drugs would not 

be taken orally. “Although some attempts have been made, the success is still 

limited” (Takei et al., 2014). The good news is that injection could also be 

“patient-friendly”, reflecting the wide usage of synthetic insulin administered 

at-home by subcutaneous injections. Other delivery methods include nasal and 

pulmonary (Sachdeva, 2016). Moreover, some formulation hardware like 

absorption enhancers, enzymatic inhibitors and nanocarriers  have already 

been applied to enhance efficacy in oral delivery (Muheem et al., 2016). 

 

Secondly, naturally occurring peptides are not suitable to be directly used 

because of low metabolic stability (Latham, 1999) and short circulating 

plasma half-time (Muheem et al., 2016). They also suffer from having limited 

access to the intracellular space and contain potential immunogenic sequences 

(Fosgerau and Hoffmann, 2015).The basic strategies to solve these problems 

are in relative modifications such as terminal modification, PEG covalent 

attachment, head-to-tail cyclisation, enzymatic cleavage, susceptible amino 

acid replacement, peptide- enzyme inhibitors co-administered or designer 

peptides with different chirality from the natural peptides (Werle and 

Bernkop-Schnürch, 2006).  

https://globenewswire.com/
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At present, the majority of peptide drugs are of 8–10 amino acids and these 

modifications as well as boosting the market, require better synthesis and 

purification technologies. Some scientific and methodological advanced 

methods have been used in promising the optimising of in-vivo stability, 

bioavailability and cell permeability. These include better chemical and 

biological screening technologies and robust computational methods (Audie 

and Boyd, 2010). 
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1.7 Aim and objectives of this thesis 

1. To obtain a novel peptide precursor-encoding cDNA from a Rana 

amurensis skin secretion library by use of a “shotgun” molecular cloning 

method. 

 

2. To obtain and confirm the biological information of the deduced mature 

peptide by nucleotide sequencing and BLAST analyses (Basic Local 

Alignment Search Tool; https://www.ncbi.nlm.nih.gov/BLAST/). 

 

3. To synthesise the novel peptide by solid-phase peptide synthesis and purify 

this by means of RP-HPLC. 

 

4. To evaluate antimicrobial potency of the novel peptide against Escherichia 

coli, Staphylococcus aureus, and Candida albicans. 

 

5. To perform cytotoxicity evaluation assays using the synthesised peptide and 

horse red blood cells.  

 

6. To develop abilities in operating experimental installations/equipment 

independently. 

 

7. To grasp the basic knowledge of early stage drug research and development.  

 

 

 

http://topics.sciencedirect.com/topics/page/Nucleic_acid_sequence
https://www.ncbi.nlm.nih.gov/BLAST/
https://www.ncbi.nlm.nih.gov/BLAST/
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CHAPTER 2 METHODOLOGY 

2.1 Determination of biosynthetic precursor-encoding cDNA sequence 

2.1.1 Frog skin secretion acquisition 

After adapting to the environment, the skin secretions of specimens of Rana 

amurensis were obtained from the dorsal skin by mild transdermal electrical 

stimulation using the method described by Tyler et al (1992). The secretions 

were washed from the skin with double deionised water then lyophilised and 

stored at -20°C for further analysis. All the procedures were carried out 

without sacrificing the specimens. 

 

2.1.2 Cloning strategy 

mRNA isolation 

This process was performed by a Dynabeads® mRNA DIRECT™ Kit 

(BIOTECH, UK). The kit provides a simple and rapid way to extract pure, 

intact polyA+ mRNA directly from the crude lysates of animal and plant cell 

and tissues. This is implemented by the hybridisation of mRNA polyA+ tail 

and short sequences of oligo-dT that covalently bound to the surface of the 

Dynabeads Oligo (dT)25. The reactions were all performed on ice unless 

otherwise indicated. It is important to make sure all reaction tubes, tips, and 

solutions are RNase-free. 

 

Dynabeads Oligo (dT)25 preparation 

Dynabeads Oligo (dT)25 (5 mg/ml) were thoroughly but gently suspended 

before use. Then 250 μl of beads were transferred into a 1.5 ml microtube and 
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placed on a magnet. The supernatant was discarded when it was almost clear. 

The tube was then removed from the magnet and 250 μl of Lysis/binding 

buffer* was added into the tube to wash beads. The tube was placed on the 

magnet and the supernatant was removed before the skin secretion lysate was 

ready for the combination.  

* Lysis/binding buffer: 100 mM Tris-HCl, pH 7.5; 500 mM LiCl; 10 mM   

Ethylenediaminetetraacetic acid (EDTA), pH 8; 1% LiDS; 5 mM 

dithiothreitol (DTT) 

 

Skin secretion lysate preparation 

5.4 mg of lyophilised Rana amurensis skin secretion were added to a 1.5 ml 

microtube followed by 1 ml of Lysis/binding buffer. The tube was cooled on 

ice for 1 min then vortexed for another 1 min. This process was repeated for 

20 min to ensure the secretion was entirely resuspended. The tube was then 

centrifuged for 5 min at 18,000 × g in an Eppendorf Centrifuge 5424 

(Eppendorf, Germany) as a sample. 

 

mRNA isolation 

The microtube with pre-washed Dynabeads Oligo (dT)25 was removed from 

the magnet to another rack and the supernatant of sample lysate was added 

into the microtube. The mixture was gently mixed for 1 min then cooled for 1 

min, this was repeated for 18 min at room temperature to allow the mRNA 

polyA+ tail anneal to the oligo-dT on the beads.  
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The microtube was placed on the magnet and the supernatant was removed 

when it was clear. The beads/mRNA complex was first washed three times 

with 500 μl washing buffer A* then washed two times with 500 μl washing 

buffer B*. It was important to make sure the beads and the solution were 

thoroughly separated between each step. 

 

The beads were then resuspended in 18 μl Tris-HCL* and incubated at 80°C 

for 2 min to elute the mRNA from beads. The microtube was put on a magnet 

and the supernatant was immediately transferred into a PCR tube when it was 

clear. This PCR tube was cooled as soon as possible. 

*Washing Buffer A: 10 mM Tris-HCl, pH 7.5; 0.15 mM LiCl; 1 mM EDTA; 

0.1% LiDS 

Washing Buffer B: 10 mM Tris-HCl, pH 7.5; 0.15 M LiCl; 1 mM EDTA 

  Elution Solution/10 mM Tris-HCl: 10 mM Tris-HCl, pH 7.5 

 

3’-RACE PCR reaction 

This process was performed by a BD SMART™ RACE cDNA Amplification 

Kit (BD Bioscience Clontech, UK). RACE refers to the method to performing 

both 5’- and 3’- rapid amplification of cDNA ends. It contains first- strand 

cDNA synthesis and the following RACE step used the cDNA as template. 

All compounds were thawed completely during the preparation. The reactions 

were all performed on ice unless otherwise indicated. 
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First-strand cDNA Synthesis 

This produced a hybrid with single-strand DNA bound to the mRNA template 

using a Reverse Transcriptase. The components added to each PCR tube are 

shown in Table 2.1.  

 

      Table 2.1 Components in each tube for preparation of RACE-Ready cDNA 

Components for 3’-RACE-Ready cDNA 

         4μl             mRNA template 

1μl             3’ CDS primer* 

Total volume: 5μl 

*3’ CDS primer (10 mM): 5'–

AAGCAGTGGTATCAACGCAGAGTAC(T)30V N–3' (N = A, C, G, or T; V 

= A, G, or C) 

 

The mixture was thoroughly mixed and briefly centrifuged. The tubes were 

incubated for 2 min at 70°C then immediately cooled for 2 min. Then a Master 

Mix solvent was prepared, the reagents for a single reaction are shown in Table 

2.2. After that, 4 μl of Master Mix and 1 μl of BD PowerScript™ Reverse 

Transcriptase were added into tube (already containing 5 μl) and well mixed. 

Thus, the total volume of each tube was 10 μl. The final components added to 

each RACE-Ready cDNA PCR tube are shown in Table 2.3. 
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Table 2.2 Components in Master Mix for single reaction 

Volume Reagent 

2 μl  *5× 1st strand buffer 

1 μl  Dithiothreitol (DTT; 20 mM) 

1 μl  *dNTP Mix (10 mM) 

Total volume: 4 μl 

 

 

Table 2.3 Final components added to each RACE-Ready cDNA PCR tube 

Volume Reagent Final concentration 

2 μl *5 × 1st strand buffer 1 × 

1 μl Dithiothreitol (DTT) 2 mM 

1 μl *dNTP Mix  1 mM 

1 μl BD PoweScript ™ Reverse 

Transcriptase 

10 Unit/μl 

Total volume: 5 μl 

  *5 × First-Strand Buffer: 250 mM Tris-HCl (pH 8.3); 375 mM KCl; 30 

mM MgCl2 

   dNTP Mix (10 mM): dATP, dCTP, dGTP, and dTTP, each at 10 mM 

 

After a brief centrifugation, the tubes were incubated in a 96 well Thermal 

Cycler (ThermoFisher Scientific, USA) for 90 min at 42°C to obtain the first-

strand reaction products. Each product was then diluted with 500 μl PCR-
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Grade water and continued to heat in a PCR machine for 7 min at 72°C. The 

final products of 3’- and 5’- RACE-ready cDNA samples were stored at -20°C. 

 

Rapid Amplification of cDNA Ends (RACE) 

All the reactions were performed on ice unless otherwise indicated. A Master 

Mix solvent was prepared, the reagents for a single reaction are shown in Table 

2.4. The mixture was well mixed, then briefly centrifuged in an Eppendorf 

Centrifuge 5424 (Eppendorf, Germany). The samples for RACE PCR reaction 

were prepared as in Table 2.5 in PCR tubes. 

 

Table 2.4 Components in Master Mix for a single reaction 

Volume Reagent Final concentration 

2.6 μl  PCR-Grade water  

0.2 μl  *dNTP Mix (10 mM) 0.2 mM 

0.5 μl *3’ Primer (20 µM) 1 µM 

0.5 μl *Nested Universal Primer 

(NUP) (20 µM) 

1 µM 

1 μl 10 × BD Advantage 2 PCR 

Buffer 

1.5 × 

0.2 μl 50 × BD Advantage 2 

Polymerase Mix 

1 × 

Total volume: 5 μl 

*dNTP Mix (10 mM): dATP, dCTP, dGTP, and dTTP, each at 10 Mm 

*3’ Primer: 5’ -ATG TTC ACC WYR AAG AAA TCC MTK YTA -3’ 
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*Nested Universal Primer (NUP): 5'–

AAGCAGTGGTATCAACGCAGAGT–3' 

 

Table 2.5 Preparation for 3’-RACE PCR reaction samples 

Component 3’-RACE 

Sample1 

3’-RACE 

Sample2 

 

3’-RACE 

Negative control 

1 

 

3’-RACE 

Negative control 

2 

Master Mix 5 μl 5 μl 5 μl 5 μl 

3’-RACE-Ready 

cDNA 

5 μl 5 μl    /    / 

PCR-Grade water / / 5 μl 5 μl 

Total volume: 10 μl 

 

The tubes were subjected to PCR reaction which was carried out in a 96 well 

Thermal Cycler (ThermoFisher Scientific, USA). The programme was set as 

in Table 2.6: 
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Table 2.6 Programme for 3’-RACE PCR 

Stage Parameter 

Stage 1 Initial denaturation at 94 °C for 1min 

Stage 2 40 cycles (denaturation at 94°C for 30 s, primer 

annealing at design temperature* for 30 s, 

extension at 60°C for 3 min) 

Stage 3 Final extension at 72 °C for 10 min 

*Design temperature for each sample:  

3’-RACE sample1/3’-RACE Negative control 1: 61°C 

3’-RACE sample2/3’-RACE Negative control 2: 63°C 

 

Finally, RACE PCR reaction products were temporarily stored at 4°C prior to 

gel electrophoresis. 

 

Agarose gel electrophoresis 

This method is used to separate a mixed population of macromolecules by 

sizes. The size can be determined by comparison with strands of known length. 

As for DNA separation, the negatively charged phosphate backbone moves 

DNA towards the anode, and smaller DNA fragments move faster.  

 

Casting of gel 

To prepare the running gel, 4.5 g of agarose powder (Invitrogen, UK) were 

dissolved in approximately 35 ml (Agarose gel: ≥ 1% w/v) of freshly prepared 

1 × Tris/Borate/EDTA (TBE) buffer (Invitrogen, UK) and heated until 

completely dissolved. When the gel had cooled to about 50°C, 2.5 µl of 10 
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mg/ml Ethidium Bromide (EB)* (Sigma-Aldrich, USA) was added and well 

mixed. The gel was poured into the gel electrophoresis equipment (Figure 2.1) 

and a gel comb was inserted to create wells for loading samples. When the gel 

solidified, the comb was extracted and 1 × TBE running buffer was poured 

into the tank to totally cover the solidified gel.  

 

 

Figure 2.1 An agarose gel electrophoresis apparatus 

http://www.dwalab.ca 

 Accessed on April 24th, 2017 

 

*Ethidium Bromide (EB): carcinogenic agent 

 

Loading of samples and Electrophoresis 

The mixture consisted of 1.5 µl of each 3’-RACE product and 0.5 μl 6 × 

loading dye (Promega, USA) and this was added into the gel wells. To 

determine the sizes of tested RACE samples, 2.0 μl 0.5 µg/lane 100 base pairs 

(bp) DNA ladder (BioLabs, UK) was added into a well. The electrophoresis 

http://www.dwalab.ca/
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was then allowed to run for about 30 min at the voltage of 90 V. The sample 

loading and running process was as shown in Figure 2.2. 

 

 

Figure 2.2 Schematic drawing of the electrophoresis process 

③ ：Sample loading wells were created by a comb; ②: Ladder was added;  

③: Samples were added; ④⑤⑥: The electrophoresis was allowed to run for 30min 

at 90V; DNA fragments were separated by sizes, and smaller DNAs ran faster. 

https://en.wikiversity.org 

Accessed on April 23rd, 2017 

 

Visualisation 

When the electrophoresis stopped, the gel was taken out and viewed under a 

UV-Transilluminator (UVP, UK). Selected samples were used for the 

following experiments. 

 

https://en.wikiversity.org/
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PCR RACE products purification 

Desired samples were processed by a Cycle Pure Kit (Omega Bio-Tek, USA). 

The DNA mini column will specifically, but reversibly bind with DNA, 

allowing proteins and other contaminants to be removed. DNA will be eluted 

following the wash steps. The purification protocol was as shown in Figure 

2.3 

 

 

 

Figure 2.3 PCR products purification protocol  

BigDye™ Terminator v3.1 Cycle Sequencing Kit 

USER GUIDE 

https://www.thermofisher.com 

 Accessed on April 24th, 2017 

 

https://www.thermofisher.com/
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Sample preparation 

The PCR tube which contained 3’-RACE sample 1 had 90 μl CP buffer added 

to it and this mixture was transferred into a PCR tube containing 3’-RACE 

sample 2. The mixture in each step was well mixed and briefly centrifuged to 

collect the liquid at the bottom of the tubes.  

 

DNA binding 

A HiBind ® DNA minicolumn was inserted into a 2 ml collection tube. The 

total mixture in the last step was loaded onto the column. The mixture was 

centrifuged in an Eppendorf Centrifuge 5424 (Eppendorf, Germany) at 15,000 

× g for 1 min. The filtrate was discarded while the collection tube was reused.  

 

Washing 

A volume of 700 μl washing buffer A was added to the column and centrifuged 

at 15,000 × g for 1 min in an Eppendorf Centrifuge 5424 (Eppendorf, 

Germany), the flow-through was discarded. Another 500 μl washing buffer A 

was then added to the column and centrifuged at 15,000 × g for 1 min in an 

Eppendorf Centrifuge 5424 (Eppendorf, Germany), the flow-through was 

discarded. The empty column continued to be centrifuged for 2 min at 18,000 

× g in an Eppendorf Centrifuge 5424 (Eppendorf, Germany) in order to 

remove all the traces of ethanol. 

 

DNA Elution 

The column was transferred into a nuclease-free microtube and 30 μl PCR-

Grade water was added to the centre of the column. This was allowed to stand 
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for 2 min for better absorption. Then the cartridge was centrifuged at 15,000 

× g for 1 min in an Eppendorf Centrifuge 5424 (Eppendorf, Germany) and 

vacuum concentrated (Eppendorf, Germany) at 30°C for 45 min. The final 

product was sealed and stored at -20°C. 

 

Molecular cloning 

Molecular cloning is a series of experiments to assemble recombinant DNA 

molecules and to direct their replication within host organisms. T-A cloning 

provides a subcloning method that relies on the ability of adenine (A) 

and thymine (T) on different DNA fragments to hybridise. As there is no need 

to use restriction enzymes and no need to add restriction sites when designing 

primers, it is easier and more cost-effective compared to traditional cloning 

methods. The 50 × BD Advantage 2 Polymerase Mix used in the RACE PCR 

reaction, contains Taq DNA polymerase that can add a single, 3'-

adenine overhang to each end of the PCR products.  

 

Ligation 

Ligation refers to a way that DNA fragments are joined together to create 

recombinant DNA. In this step, vector and foreign source DNA are mixed 

together and exposed to DNA ligase that covalently links their ends together. 

A pGEM®-T Easy Vector was prepared by cutting with EcoR V and adding a 

3’-terminal thymidine to both ends. These 3’-T overhangs improve the 

efficiency of ligation by preventing recircularisation and providing a 

compatible overhang for PCR products generated by certain thermostable 

polymerases that often add a single deoxyadenosine to the 3’-end of the 

https://en.wikipedia.org/wiki/Adenine
https://en.wikipedia.org/wiki/Thymine
https://en.wikipedia.org/wiki/Adenine
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amplified fragments. The vectors contain the α-peptide coding region allowing 

direct identification by blue-white screening after insertional inactivation. 

 

This process was performed using a pGEM®-T and pGEM®-T Easy Vector 

System (Promega, USA). All compounds were thawed completely during the 

preparation. The reactions were all performed on ice unless otherwise 

indicated. The reaction was set up in a PCR tube as shown in Table 2.7. 

 

Table 2.7 Set up for ligation reaction 

Volume Solvent Final concentration 

2.5 μl 2 × Rapid Ligation Buffer 1 × 

0.5 μl pGEM®-T Easy Vector  

(50 ng/µl) 

5 ng/µl 

1.5 μl DNA purification product 

resuspension 

 

0.5 µl T4 DNA Ligase (3 Unit/µl) 0.3 Unit/µl 

Total Volume: 5 µl 

 

DNA purification product was completely dissolved in 8 μl PCR-Grade water. 

The reaction was incubated for 1 h at room temperature and 4°C overnight to 

obtain the maximum number of transformants. 
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Preparation of LB/ampicillin/IPTG/X-Gal plates 

Luria broth (LB)/ampicillin/IPTG/X-Gal plates needed to be prepared before 

transformation. To do this, 6.4 g of LB Agar (Invitrogen, UK) powder were 

mixed in 200 ml of double-distilled water (DD water), autoclaved and stored 

at -20°C in advance. The agar was heated in a microwave oven until clear. 

When the gel cooled to about 50°C, 550 µl ampicillin (Roche, USA) was 

added to the gel to give a concentration of 100 Unit/ml. On to each 9 cm Petri 

dish, a 10-11 ml mixed gel was spread and set in a laminar flow hood to harden. 

After that, 110 μl 0.1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) 

(Promega, USA) and 20 μl 50 mg/ml 5-bromo-4-chloro-indolyl-β-D-

galactopyranoside (X-Gal) (Promega, USA) were gently spread over the gel 

plate successively. The plates were incubated for 1 h at 37°C.  

 

Transformation 

This process was performed by a pGEM®-T and pGEM®-T Easy Vector 

Ligation System (Promega, USA). The ligation products were moved into a 

living cell in this step. High-efficiency competent Escherichia Coli (E. coli) 

cells (≥1 × 108 cfu/µg DNA, cfu: colony forming units) were used for 

transformation. All compounds were thawed completely during the 

preparation. The reactions were all performed on ice unless otherwise 

indicated. 

 

JM109 High-Efficiency Competent Cells (>108 cfu/µg) (Promega, USA) were 

taken from -80°C storage and melted on ice for no more than 4 min. After that, 

2.3 μl DNA ligation product together with 50 μl cells were transferred into a 

sterile microtube. The mixture was placed on ice for 20 min and precisely 
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heated for 47 s at 42°C then returned to the ice for 2 min as soon as possible. 

This helped to introduce DNA into competent cells through pores in the cell 

membrane. The heating time needs to be accurately controlled, if it is too short, 

the efficiency of the transformation will be low, resulting in few transformed 

cells. However, if the heating time is too long, the cells will be damaged. To 

the tube containing cells transformed by ligation reactions, 950 μl of super 

optimal broth with catabolite repression (S.O.C) medium (Invitrogen, USA) 

were added and the tube was incubated for 2.5 h at 37°C. Then 100 µl sample 

was added to each Petri dish which were incubated at 37°C overnight. 

 

Blue-white screening 

The technique allows for the rapid and convenient detection of recombinant 

DNA products. Host E. coli cells carry the lacZ deletion mutant which 

contains a ω-peptide, while the vectors carry the α-peptide. Neither of these is 

functional by themselves, but when they are expressed together, they will form 

a functional β-glactosidase enzyme. The vector contains internal multiple 

cloning sites within the lacZα sequence. When the desired DNA fragment was 

inserted within the lacZα gene in the presence of restriction enzymes, the gene 

is disrupted and in cells containing the vector with an insert, only non-

functional β-glactosidase will be formed. X-gal is a colourless detector of 

functional β -galactosidase, it can be cleaved by β-glactosidase to form 5-

bromo-4-chloro-4,4’-dichloro-indigo which will then form a blue pigment 

5,5’-dibromo-4,4#-dichloro-indigo. Therefore, as shown in Figure 2.4, cells 

with vectors contain successfully transformed DNA will grow as white 

colonies, otherwise, blue colonies will grow.  

https://en.wikipedia.org/wiki/Catabolite_repression
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Figure 2.4 Possible consequences of transformation reaction. Cells with correct 

inserts produce white colonies while cells with wrong inserts or no inserts produce 

blue colonies in the presence of X-gal.  

http://www.sigmaaldrich.com 

 Accessed on April 24th, 2017 

 

Volumes of 80 μl, 90 μl, 100 μl, 100 μl, 110 μl DNA transformation products, 

were spread onto the five LB/ampicillin/IPTG/X-Gal plates respectively, and 

incubated for 18 h at 37°C. After that, white colonies were picked from the 

plates and streaked onto 3 new LB/ampicillin/IPTG/X-Gal plates and 

incubated overnight. 

 

Isolation of recombinant DNA 

White colonies on the three plates were picked and each was mixed with 20 

μl PCR-Grade water into a 1.5 μl microtube. The tubes were incubated for 5 

min at 100℃ and transferred onto ice as soon as possible in order to lyse the 

E. coli cells. After being cooled for 5 min, the tubes were vortexed for the 30 

s then centrifuged for 5 min at 20,000 × g in an Eppendorf Centrifuge 5424 

http://www.sigmaaldrich.com/
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(Eppendorf, Germany). The recombinant DNA was in the supernatant as the 

template for cloning PCR reactions.  

 

PCR plasmid cDNA 

The components in each prepared PCR tubes were prepared in the order as 

shown in Table 2.8. Before the cloning PCR reaction template was added, the 

tubes were centrifuged at 20,000 × g for 5 min in an Eppendorf Centrifuge 

5424 (Eppendorf, Germany). 

 

Table 2.8 Setting up PCR plasmid cDNA tubes 

Volume Components Final concentration 

10 µl 5 × Cloning Buffer 1 × 

1 µl dNTP Mix (10mM) 0.2 mM 

2.5 µl M13F (20µM)/  

 

1 µM 

2.5 µl M13R (20µM)* 1 µM 

31 µl PCR-Grade water  

0.25 µl Taq polymerase  

(5 Unit/µl) 

0.025 Unit/µl 

2.5 µl Cloning PCR reaction 

template 

 

Total volume 49.75 µl 

*M13 Forward primer: 5’-GTAACGCCAGGGTTTTCCCAG-3’ 

M13 Reverse primer:  5’-TGTGAGCGGATAACAATTTCAC-3’ 
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M13 Forward primer was added as the first attempt and, as directional cloning 

is not possible in T-A cloning, the gene has a 50% chance of getting cloned in 

the reverse direction. If the final DNA sequence identification results show 

poly-T, this and the following steps will be repeated using an M13 Reverse 

primer. The contents were mixed and briefly centrifuged. All the tubes were 

put into a 96 well Thermal Cycler (ThermoFisher Scientific, USA). The 

programme was set as in Table 2.9. 

 

    Table 2.9 Programme for cloning PCR 

Stage Parameter 

Stage 1 Initial denaturation at 94 °C for 1 min 

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

s, extension at 72°C for 3 min) 

Stage 3 Final extension at 72 ℃ for 10 min and storage at 4 °C prior to 

use 

 

Electrophoresis 

The cloning PCR products were subjected to agar gel electrophoresis as 

described in section 2.2.3 but loading dye was not required.  

 

PCR products purification 

In this step, recombinant DNA samples was purified as described in section 

2.2.4 according to the electrophoresis result. However, 210 μl quintuple CP 
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buffer was used for each sample preparation and the samples were eluted with 

20 μl PCR-Grade water. The purification products in this step were directly 

stored at -20°C without any centrifugation and vacuum concentration. 

 

Sequencing reaction 

Sanger sequencing (chain termination method), developed by Frederick 

Sanger and colleagues in 1997, is a widely used DNA sequencing method 

based on the selective incorporation of chain-terminating dideoxynucleotides 

(ddNTPs) by DNA polymerase during in vitro DNA replication. The 

mechanism is well explained in Figure 2.5. 

 

 

Figure 2.5 Brief illustration of Sanger sequencing procedure 

http://www.thermofisher.com 
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This method requires a single-stranded DNA template, a DNA primer, a DNA 

polymerase, normal deoxynucleoside triphosphates (dNTPs), and modified 

ddNTPs. These ddNTPs lack 3'-hydroxyl groups so no nucleotides can be 

added further once they are added to a growing nucleotide because the 

phosphodiester bond is absent. Once a ddNTP is added in place of a dNTP, 

the growing DNA chain will be terminated. Each of the four 

http://www.thermofisher.com/
https://en.wikipedia.org/wiki/DNA_polymerase
https://en.wikipedia.org/wiki/DNA_polymerase
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dideoxynucleotide chain terminators was labelled with fluorescent dyes and 

added into samples, so the final products emit light at different wavelengths. 

DNA fragments were separated by size using capillary electrophoresis and the 

dye fluorescence was detected and recorded. 

 

This process was performed by a Big Dye® Terminator v 3.1 Cycle 

Sequencing Kit (Applied Biosystems, USA). This kit provides pre-reagents 

for Sanger sequencing reactions. A Master Mix was prepared with reagents 

for a single reaction as shown in Table 2.10. 

 

Table 2.10 Master Mix for single reaction of pre-reagents for Sanger sequencing  

Volume Reagents 

12.4µl PCR-Grade water 

1.1 µl Diluted M13F 

2.86 µl  2.5 × Ready reaction mix 

3.57 µl  5 × BigDye Sequencing Buffer 

Total volume: 19.93 µl 

 

Firstly, PCR tubes were prepared and each received 18.4 µl Master Mix and 

2.5 µl of purified PCR product sample. The tubes were well mixed and put 

into a PCR machine for the reaction to occur. The programme was set as 

follows: 
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    Table 2.11 Programme for sequencing reaction 

Stage Parameter 

Stage 1 Initial denaturation at 96 °C for 1 min 

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

s, extension at 60 °C for 4 min) 

Stage 3 Preservation at 4 °C for 7 min 

 

Purifying extension products 

To each PCR tube containing sequencing reaction products, 10 µl of PCR-

Grade water and 72 µl 95% ethanol were added. The tubes were briefly 

centrifuged and contents were separately transferred into 1.5ml microtubes. 

The tubes were vortexed for 30 s and stood for 20 min to precipitate the 

extension products. After that, each tube was centrifuged for 20 min at 20,000 

× g in an Eppendorf Centrifuge 5424 (Eppendorf, Germany) to collect the 

precipitated products. The supernatant was carefully discarded at once. 

Another 260 µl 70% ethanol were added to each tube. The tubes were vortexed 

for 30 s and centrifuged for 10 min at 20,000 × g in an Eppendorf Centrifuge 

5424 (Eppendorf, Germany) and the supernatant was discarded as above. The 

final extension purification products were vacuum concentrated (Eppendorf, 

Germany) at 30°C for 3 h. When the concentration was completed, 10.3 µl of 

highly deionised (Hi-Di) formamide was added into each tube. Tubes with 

mixture were vortexed for 30 s and briefly centrifuged. Finally, the tubes were 

heated for 4.5 min at 95°C and cooled on ice for 3 min, after which, samples 

were added into a 96 well plate and sent for sequencing. 
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2.2 Bioinformatic confirmation of deduced novel peptide 

Sequence identification results were corrected and adjusted using Chromas 

(version 2.6.4). Corrected sequences were entered into SIB Bioinformatics 

Resouces Portal (ExPASy, https://www.expasy.org/) that provides access to 

translating base sequences into a protein sequence. Finally, Basic Local 

Alignment Search Tool (BLAST, https://www.ncbi.nlm.nih.gov/blast/) was 

used to search for proteins similar to the deduced product in order to provide 

reference of post-translational information. The peptide theoretical molecular 

mass was accessed from the Peptide Mass Calculator 

(http://www.peptidesynthetics.co.uk/tools/) 

 

2.3: Solid-phase peptide synthesis and purification 

2.3.1 Peptide synthesis 

R. Bruce Merrifield first reported the solid-phase peptide synthesis (SPPS) 

method in 1963 (Merrifield, 1963) and he won a Nobel Prize in 1984 for his 

great contribution to peptide synthesis techniques. SPPS is now the most 

commonly used method to synthesise peptides in the lab.  

 

The general principle is to couple the carboxyl group of the incoming amino 

acids with the N-terminus of the growing side chain, cyclically and stepwise. 

The amino group of the amino acid is protected by the protecting groups, 

mostly commonly used being a 9-fluorenylmethyloxycarbonyl group (Fmoc) 

or t-butyloxycarbonyl (Boc) group, while the side-chains are protected by 

acid-labile groups. The initial amino-protected amino acid at its N-terminus, 

https://www.expasy.org/
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is linked onto a resin forming covalent bonds between the carbonyl group and 

the resin. 

 

As shown in Figure 2.6, the first step was to deprotect the protecting group 

with piperidine, following which the amino group was activated. The amino 

group was then reacted with the carbonyl group of the next amino-protected 

amino acid in the presence of activator 2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU). This newly synthesised 

dipeptide was continuously deprotected and reacted with the next amino-

protected amino acid. This cycle was repeated until all the amino acids were 

linked. The cycling was performed by the automatic synthesiser. The 

synthesiser performed wash cycles after each reaction to remove excess 

reagents. After all the cycles were completed, deprotection and cleavage steps 

were used to remove the side-chain protecting groups and cleave the 

synthesised peptide from the resin, which was performed by use of 

trifluoroacetic acid (TFA).  
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Figure 2.6 Flow chart for solid phase peptide synthesis 

http://www.sigmaaldrich.com 

 Accessed on April 24th, 2017 

 

The peptide was synthesised by a PS4 automated solid phase peptide 

synthesiser.  The reagent bottles stored Dimethylformamide (DMF), 20% 

piperidine, 11% N-methylmorpholine (NMM) in 89% DMF (v/v) and 

Dicholormethane (DCM), respectively. The amino acids vials were loaded 

into the rack and the reaction happened in reaction vessels. The synthesiser 

automatically ran the synthesis procedure with the programme instructed and 

washed the system after the process. 

 

Calculations and weighings 

Calculation: To synthesise 0.3 mmol of peptide, the amino acids used in the 

reaction should be 1.2 mmol. HBTU should be 1 mmol for each coupling. The 

http://www.sigmaaldrich.com/
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resin will be utilised at 0.3 mmol, the weight of the resin (g) = (peptide 0.3 mmol)/ 

(loading capacity mmol/g).  

 

Weighing: since the resin was used to protect the C-terminus group, the peptide 

should be synthesised from the C-terminus to the N-terminus.  The protected amino 

acids and HBTU were weighted into amino acid vials. The resin was weighed into 

a reaction vessel just before the start of the synthesis. 

 

PS4 automated peptide synthesis 

The inline solvent filters and the source of nitrogen were checked before starting 

the reaction. Sufficient volumes of reagents were ensured. An empty clear reagent 

bottle was pressurised and a wash programme was started to wash the instrument. 

After the wash, the vials were then loaded onto the carousel in order from C-

terminus to N-terminus. Then the reagent bottle with resin was pressurised. The 

reaction vessel, start, and stop position on the carousel and the coupling 

programme for each amino acid were selected.  

 

      Table 2.12 Programme for single coupling 

STEP REAGENT TIME REPEAT COMMENTS 

1 SOLV 5 min 3 Wash resin 

2 DEP 10 min 3 Deprotect N-terminus 

3 SOLV 5 min 5 Wash resin 

4 ACT 1 min 1 Dissolves amino acid/Activation 

5 AA 1 h 1 Coupling 

6 SOLV 5 min 3 Wash resin 
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In the programme, the resin in the reaction bottle was first washed with DMF, 

then deprotected by piperidine. After that, the resin was washed with DMF and 

the reagent in bottle 4 was injected into the amino acid vials. The liquid was then 

transferred to the reaction vessel for coupling. At last, the resin was washed with 

DMF again. This programme was repeated until all the amino acids were 

coupled. 

 

                Table 2.13 Programme for deprotecting the final Fmoc group 

Step Reagent Time Repeat Comments 

1 SOLV 5 min 3 Wash resin 

2 DEP 10 min 3 Deprotects N-terminus 

3 SOLV 5 min 6 Wash resin 

 

This programme was run for the final deprotection of N-terminal amino acid. 

When the reaction was ended, the reagent in the bottle was transferred to a round-

bottomed flask and weighed as 1.194 g. 

 

Cleavage 

The synthesised peptide was cleaved by treatment with cleavage cocktail from the 

resin and the side-chain protecting groups were removed at the same time as well. 

For each gram of synthesised peptide, the volume of cleavage cocktail required 

was about 25 ml. The composition was: 94% TFA + 2% TIS (Triisopropylsilane) 

+ 2% EDT (1, 2-Ethanedithiol) + 2% H2O. 
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               Table 2.14 Components of cleavage cocktail 

Volume Reagents 

30 ml TFA (Trifluoroacetic acid) 

0.598 ml TIS (Triisopropylsilane) 

0.598 ml EDT (1,2-Ethanedithiol) 

0.598 ml H2O 

Total volume: 31.8 ml 

 

The cleavage cocktail was added into the flask together with synthesised peptide. 

The cleavage and deprotection were allowed to react for 6 h with stirring at room 

temperature.  

 

Washing 

After the cleavage reaction was finished, the mixture was filtered into a round-

bottomed flask using the Buchner funnel. The filtrate was split into two 50 ml 

universal tubes and iced diethyl ether (Et2O) was added in a total volume of 45ml. 

The universals were then stored at -20°C overnight to complete the peptide 

precipitation. The two tubes were centrifuged at 2900 × g for 5 min in an Eppendorf 

Centrifuge 5430 (Eppendorf, Germany) to collect the precipitate and the 

supernatant was carefully discarded. This process was repeated three times. The 

washed peptide was exposed to the air till dry. 

 

Oxidation 

For each universal tube with synthesised peptide, 5 ml buffer A was added and if 

the peptide was not dissolved, 20 ml buffer B was then added to dissolve the 

https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=%E4%B9%99%E9%86%9A
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peptide. To help form the disulphide bonds, 0.5 ml H2O2 was added and the tube 

was covered with punctured tinfoil. The tube was placed at room temperature for 

three days. The contents of buffer A and buffer B are shown in Table 2.15. 

                

               Table 2.15 Contents of buffer A and buffer B 

Buffer A (V %) Buffer B (V %) 

99.95% H2O 80% ACN 

0.05% TFA 19.95% H2O 

 0.05% TFA 

 

Lyophilisation 

This process was performed by an Alpha 1-2 freeze-drying system (HetoSicc, 

Martinchrist, Germany). The peptide was stored at -20°C after lyophilisation. 

 

2.3.2 Purification of synthetic QUB-2023 

Firstly, a MALDI-TOF (matrix assisted laser desorption ionisation-time of flight) 

mass spectrometer (Voyager DE, PerSeptive Biosystems, Framingham, MA, USA) 

was used to determine the purity of synthetic peptide. For analysis, 1 mg crude 

peptide was dissolved in 500 μl Buffer A and 500 μl Buffer B (the contents of the 

buffers were given in section 2.3.1) in a 1.5 ml microtube to form a 1 mg/ml peptide 

solution. The tube was vortexed for 30 s and centrifuged for 15 min at 20,000 × g 

in an Eppendorf Centrifuge 5424 (Eppendorf, Germany). On the MALDI plate, 1 

μl of the supernatant was spotted and dried by air, after which 1 μl of matrix 

solution α-cyano-4-hydroxycinnamic acid (CHCA) was spotted onto the dried 
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solution and left to dry again. The impure peptide product was chromatographed 

on a Cecil Adept CE4200 HPLC system (Amersham Biosciences).  

 

To purify the synthesised peptide, the peptide was diluted to 1 mg/ml solution then 

vortexed and centrifuged as described above. The peptide solution was pumped 

into the Reversed-Phase HPLC column (RP-HPLC) (Jupiter C-5 semi-preparative 

column, 25 × 1cm, Phenomenex, U.K). The elution system was programmed as 

follows: 

 

Table 2.16 Peptide elution system 

Time V% buffer A V% buffer B Flow (ml/min) 

00:00 60 40 1 

30:00 40 60 1 

45:00 35 65 1 

80:00 0 0 1 

 

Samples were separated over 80 min and the peptide was detected at 214 nm 

wavelength. Contents in each peak were analysed by the MALDI-TOF mass 

spectrometer to find the desired compound. The purified peptide was collected and 

lyophilised again. 
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2.4: Activity/toxicity evaluation of synthesised peptide 

2.4.1 Antimicrobial assays 

The antimicrobial activity of the peptide was determined by evaluating the minimal 

inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) 

using a Gram-negative bacterium, Escherichia coli (E. coli, NCTC 10418), a 

Gram-positive bacterium, Staphylococcus aureus (S. aureus, NCTC 10788) and a 

yeast, Candida albicans (C. albicans, NCTC 1467). The entire trial was carried 

out in triplicate and values reported were the average of the three. 

1st day Inoculation 

Three kinds of microorganisms (S. aureus, E. coli, C. albicans) were attached to 

storage beads and stored at -20 °C. A bead was placed into a flask containing 100 

ml Mueller Hinton Broth (MHB). The flask was incubated overnight at 37℃. 

 

2nd day Peptide solution preparation  

The concentration gradients of peptide solutions were set as: (512; 256; 128; 64; 

32; 16; 8; 4 ;2;1) μM. The concentration of peptide stock solution was 512 × 102 

μM.  

 

Subculture 

The overnight grown microorganisms (500 μl) were transferred into McCartney 

bottles containing 20 ml of fresh MHB. The bottles were incubated in a shaking 

incubator until growth proceeded to initial log phase. To determine the growing 

state of microorganisms, a mini UV spectrophotometer was used to evaluate their 

optical densities (OD). 
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Table 2.17 Concentrations at suggested subculture times and the corresponding 

optical density (OD) values for the microorganisms 

Microbe 

Approximate 

subculture 

incubation time 

OD 

(λ=550nm) 

Concentration 

(cfu/ml) 

Staphylococcus 

aureus 

1.5 h 0.23 1 × 108 

Escherichia coli 1.0 h 0.41 1 × 108 

Candida albicans 45 min 0.15 1 × 106 

Cfu: colony forming units 

 

S. aureus and E. coli were diluted using 200 μl of subcultured bacterial 

suspension and 19.8 ml of fresh MHB, C. albicans was diluted using 2 ml of 

subcultured suspension and 18 ml of fresh MHB. 

 

Loading samples 

All the samples and control groups were arranged in a 96-well plate with 5 

replications. The contents in each well are shown in Table 2.18. 
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Table 2.18 Contents in each well of the 96-well plate for each group 

 Peptide 

solution 

Culture MHB DMSO Total 

volume 

Sample 1 μl 99 μl / / 100 μl 

Sterile MHB / / 100 μl / 100 μl 

Vehicle 

control 

/ 99 μl / 1 μl 100 μl 

Growth 

control 

/ 100 μl / / 100 μl 

 

The plate was incubated at 37°C overnight. 

 

Viable cell count preparation 

To perform viable cell counting, 900 μl PBS solution and 100 μl adjusted 

subculture suspension were added into a microtube and mixed. From the first 

tube, 100 μl suspension was transferred into the second tube and mixed with 

900 μl PBS solution. The remaining dilutions were made in the same 

sequential manner until 106 times dilution was reached. From each tube, 20 μl 

of suspension was added onto a Mueller Hinton Agar (MHA) plate with three 

replications. The plate was air-dried and then incubated at 37°C overnight. 

 

3rd day 

Minimum bactericidal concentration (MBC) detection 

The overnight incubated 96-well plate was observed. The concentrations with 

clear wells indicated potential bactericidal ability. Onto an MHA plate, 20 μl 

 

https://en.wikipedia.org/wiki/Mueller-Hinton_agar
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suspension of each clear well was dropped and air-dried. The plate was then 

incubated at 37℃ overnight and observed. 

 

Minimum inhibition concentration (MIC) detection 

This was performed by a Synergy HT plate reader (BioTek, USA) set at 550 

nm.  

 

Viable cell counts 

A countable grid on the MHA plate was chosen to quantify the number of 

colonies in each drop. The average number was counted to calculate the 

original cfu, then a proper number of cfu was obtained. 

 

2.4.2 Haemolysis activity assay 

In order to be considered for in clinical trials, an AMP should ideally show no 

interaction with mammalian cells. A ‘Therapeutic Index’ (TI) was introduced 

to evaluate the safety profile of a peptide. TI is the ratio of HC10 (the minimum 

haemolytic concentration that caused 10% haemolysis of red blood cells) to 

the value of MIC (Zhang et al., 2016). A 2% (v/v) suspension of red blood 

cells was prepared from defibrinated horse blood (TCS Biosciences Ltd, UK). 

The peptide concentration gradients were set exactly as described in 

antimicrobial activity assays.  
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Preparation of the peptide solutions 

The peptide was weighed and dissolved in PBS to form a 512 × 2 μM stock 

solution. The stock solution was double-diluted to achieve the following 

concentrations of peptide solutions: (256, 128, 64, 32, 16, 8, 4, 2, 1 × 2) μM. 

 

Preparation of the red blood cells (RBCs) 

The horse blood was gently mixed, after 2 ml were transferred into a 50 ml 

centrifuge tube and centrifuged at 930 × g for 5 min in an Eppendorf Centrifuge 

5424 (Eppendorf, Germany). The supernatant was discarded while 30 ml of sterile 

PBS was added into the tube and again centrifuged at 930 × g for 5 min. The 

resulting supernatant was removed without disturbing the RBCs and the step was 

repeated until the supernatant was clear. Finally, 50 ml sterile PBS was added to 

the RBCs and gently shaken to make a 4% suspension. 

 

Haemolytic test 

Peptide solution (200μl) of each concentration was added to 200 μl 4% RBCs in a 

1.5 ml microtube to make the final concentration of 2% RBCs. Negative and 

positive control groups were set as 200 μl RBCs + 200 μl PBS and as 200 μl RBCs 

+ 195 μl PBS+5 μl Triton-x 100, respectively. The vehicle control was 1% DMSO 

in PBS. The contents of each group are shown in Table 2.19. For each group, 5 

replications were made and values reported are the average of the five.   
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Table 2.19 Components in each group for haemolysis assay 

 Peptide 

solution 

RBC 

suspension 

PBS Triton-x 

100 

1% 

DMSO 

Total 

volume 

Sample 200 μl 200 μl / / / 400 μl 

Negative / 200 μl 200 μl / / 400 μl 

Positive / 200 μl / 200 μl / 400 μl 

Vehicle / 200 μl / / 200 μl 400 μl 

 

All the tubes were incubated at 37°C for 2 h then centrifuged at 900 × g for 5 

min in an Eppendorf Centrifuge 5424 (Eppendorf, Germany). Finally, the 

resultant supernatants (100μl) in each tube were arranged in wells of a 96-well 

plate. Haemoglobin concentration was measured at λ570 using a Synergy HT 

plate reader (BioTek, USA).  
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CHAPTER 3 RESULTS 

3.1 “Shotgun” molecular cloning and bioinformatics on novel peptide 

QUB-2023 

A cDNA encoding the biosynthetic precursor of a novel peptide was 

successfully and consistently-cloned from the constructed cDNA library of 

Rana amurensis skin secretion. The Sanger sequencing result was translated 

by the ExPASy (https://www.expasy.org/) and is shown in Figure 3.1. The 

theoretical molecular mass of deduced mature peptide was 2023.57 (av.) 

(http://www.peptidesynthetics.co.uk/tools/, accessed on April 25th, 2017), thus 

the peptide was named QUB-2023. 

 

 

Figure 3.1 

Nucleotide sequence of the cDNA-encoding peptide precursor and amino 

acid sequence of translated open-reading frame (ORF) of QUB-2023. The 

ORF consisted of 66 amino acid residues and was divided into three 

domains: The signal peptide region (double-underlined) which contained 22 

amino acid residues; the spacer domain which was rich in acidic amino acid 

http://www.peptidesynthetics.co.uk/tools/
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residues and ended with a propeptide convertase processing site- Lys-Arg 

(KR); the mature peptide (single-underlined) which was ended with the 

termination codon, the termination codon is marked by an asterisk. 

 

The search result of QUB-2023 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_29276, Query date: 04/14/2017) showed high similarities to 

residues 33 to 50 of an unpublished peptide Japonicin-1AM, which was also 

discovered in Rana amurensis (Table 3.1). 

 

Table 3.1: Comparison of QUB-2023 sequence with the top hit obtained from Basic 

Local Alignment Search Tool (BLAST). The identical residues are indicated by 

shading. The Identity is the percentage of amino acids that directly match in the 

alignment and the space is introduced to show the different amino acids. The Positive 

is the sum of both identical amino acids and amino acids with similar physiochemical 

properties, and “+” is introduced to show the amino acids that are physicochemically 

similar between the query and subjective sequence considered by BLAST. 

 

https://www.ncbi.nlm.nih.gov/BLAST/
https://www.ncbi.nlm.nih.gov/BLAST/
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As described in Chapter 1, with the exception of the linear temporins, the main 

characteristic of AMPs from skins of genus Rana frogs, is their C-terminal 

loop region delineated by an intra-disulphide bridge named a rana box 

(Simmaco et al., 1998). Another observation is that japonicin-1CDYa from 

Rana dybowskii, shares exactly the same sequence with QUB-2023 in its rana 

box region, and its disulphide bridge has already been confirmed (Jin et al., 

2009a). Thus, an intra-disulphide bridge in QUB-2023 from C12 to C18 is 

almost assured. 

 

3.2 Solid phase peptide synthesis and purification 

The solid phase peptide synthesis (SPPS) of QUB-2023 was successfully 

accomplished. The MALDI-TOF mass spectrometry analysis (Figure 3.3) 

indicated a high degree of purity after purification through Reversed-Phase 

HPLC (RP-HPLC) (Figure 3.2). The difference between theoretical molecular 

mass with the observed value, was caused by a systematic error. 
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3.3 Activity/toxicity evaluation of synthesised peptide 

3.3.1 QUB-2023 growth-inhibitory activity against Gram-positive /negative bacteria 

and yeast. 

QUB-2023 was tested against three kinds of common microorganisms. The 

MICs were 32 μM, 128μM and 32μM, respectively (Figures 3.4 to 3.6). QUB-

2023 showed better potency against the Gram-positive bacterium and yeast. 

No significant coincidence was observed between MIC and MBC values 

(more than two-fold differences) (Table 3.2). In all of the tests against the three 

microorganisms, the absorbance values were higher at high concentrations 

than lower concentrations resulting from the precipitation of peptide. 

Therefore, to judge the inhibitory activity at higher concentrations was 

difficult. 

 

Table 3.2 The MICs and MBCs of QUB-1932 against tested microorganisms 

Microorganism MIC (μM) MBC (μM) 

S. aureus 32 128 

E. coli 128 256 

C. albicans 32 128 
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Figure 3.4 Minimal inhibitory concentration of QUB-2023 against E. coli. 

The minimal inhibitory concentration was 128μM. The data represent means 

± SEM (standard error of mean) of three independent experiments 5 

replicates in each. 

G: growth control; V: vehicle control; S: sterile MHB 
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Figure 3.5 Minimal inhibitory concentration of QUB-2023 against S. 

aureus. 

The minimal inhibitory concentration was 32μM. The data represent means 

± SEM of three independent experiments 5 replicates in each. 

G: growth control; V: vehicle control; S: sterile MHB 
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Fiugre 3.6 Minimal inhibitory concentration of QUB-2023 against C. 

albicans. 

The minimal inhibitory concentration was 32 μM. The data represent means 

± SEM of three independent experiments 5 replicates in each. 

G: growth control; V: vehicle control; S: sterile MHB 

 

3.4.2 QUB-2023 effects on horse red blood cells 

The haemolytic activity of QUB-2023 was tested on horse RBCs. The 

haemolytic ratio of QUB-2023 at certain concentrations are shown in Figure 

3.7. The haemolytic ratios were nearly 50% at higher concentrations.  The 

HC10 was 9.20 µM, lower than the MICs to the three microorganisms (Table 

3.2). 
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Figure 3.7 Haemolytic activity of QUB-2023 

The haemolytic ratio of QUB-2023 was tested on horse erythrocytes at 

concentrations of 32 and 128 μM were 20.95% and 33.38% respectively. 

Data represent means ± SEM of 5 replicates.  

P - Positive control, N – negative control 

 

Table 3.2 Antimicrobial (MIC) and haemolytic activities (HC10) of QUB-2023 against 

three microorganisms. HC10 was calculated according to the dose-response graphical 

data by Prism (version 6.0); TI is the ratio of the HC10 to the MIC, larger value 

indicates greater cell selectivity. 

MIC 

 

HC10 

 

Therapeutic index (TI) 

S. aureus E. coli C. albicans  S. aureus E. coli C. albicans 

32 μM 128 μM 32 μM 9.20 μM 0.288  0.072  0.288  
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CHAPTER 4 DISCUSSION 

This investigation has led to the discovery of a cDNA encoding the 

biosynthetic precursor of novel peptide QUB-2023 from the skin secretion of 

Rana amurensis. The AMPs isolated from the European, Asian and North 

American frogs of the genus Rana can be traced back to a single family of 

precursor polypeptides (preprodermaseptins) which have a well conserved N-

terminal sequence (Amiche et al., 1999). The search result of the open reading 

fame (ORF) amino acid sequence of QUB-2023 precursor in NCBI BLAST 

(Query ID: lcl|Query_110843, Querty date: 04/14/2017) showed similarity to 

the putative signal peptide and the first three residues of the acidic spacer 

peptide domain of the peptides from brevinin and temporin families (brevinin-

1DY1, brevinin-1SN2, brevinin-1RTa, temporin-HB3, temporin-HB2, 

temporin-HB4). 

 

Basically, all the AMPs discovered from the genus Rana are hydrophobic, 

cationic and can form an amphipathic α-helix in a membrane-mimetic solvent, 

and QUB-2023 is not an exception. The primary sequence of putative mature 

peptide QUB-2023 (FLPPTLIGLAFCKVFKKC) is dominated by non-polar 

residues (Leu 16.7%, Phe16.7%, Pro 11.1%, Gly 5.6%, Ala5.6%, Ile 5.6% and 

Val 5.6%,). The polar residues (Lys 16.7%, Cys 11.1% and Thr 5.6%) are 

interspersed among the hydrophobic residues to give the potential of forming 

an amphiphilic helix structure. All these characteristics are crucial for 

activity/toxicity. QUB-2023 also has the C-terminal intra-disulphide bridge 

known as a “rana box” which is considered to be responsible for increasing 

the helix stability (Wang, 2012). By use of the peptide predicting tool Psipred 
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(http://bioinf.cs.ucl.ac.uk/psipred/), the predicted helix structure of QUB-2023 

starts from Pro3 as Pro has the tendency to break helix structure. The further 

discussion related to the secondary structure is based on this prediction. 

However, the structural variability of QUB-2023 in different solvents still 

needs to be confirmed. 

 

The antimicrobial activity of QUB-2023 was almost predictable not only 

because of its characteristics but also the antimicrobial activity of Japonicin-1 

and -2 members which have similar structural characteristics to QUB-2023 

(Lu et al., 2010, Isaacson et al., 2002, Jin et al., 2009b). QUB-2023 showed a 

potent broad-spectrum antimicrobial activity against a range of clinically 

relevant microorganisms. The MBCs and MICs were not directly coincident 

(more than twofold difference). This might indicate that QUB-2023 is more 

likely a “bacteriostat”. The lipopolysaccharides (LPS) of Gram-negative 

bacteria outer membrane and the teichoic acids of the Gram-positive bacteria 

contribute to the electrostatic attraction between cationic AMPs and bacteria 

(Yeaman and Yount, 2003).  As for fungi/yeasts, the major component of their 

phospholipid membranes is zwitterionic phosphatidylethanolamine, but they 

also contain negatively charged phosphatidylinositol, phosphatidylserine and 

diphosphatidylglycerol. Some research indicated that some cationic AMPs 

could self-associate by their hydrophobic terminals and bind to both 

zwitterionic and negatively charged phospholipids (Shai, 2002).  For QUB-

2023, all the positively charged residues cluster in the rana box, thus it is 

assumed that this region playsa  crucial role for QUB-2023 in binding with the 
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target membrane and stabilising the C-terminal structure (Simmaco et al., 

2009).  

 

The MIC of QUB-2023 against Gram-negative E. coli required 4 times more 

peptide than that for the Gram-positive bacterium, S. aureus, thus it indicated 

this novel peptide could be used mainly against Gram-positive bacteria and 

yeasts. The approaches to killing different bacteria are certainly different. To 

penetrate into the Gram-positive bacteria, peptides need to go through the 

cross-linked peptidoglycan, and the teichoic acid on the peptidoglycan could 

help accelerate the accumulation of cationic AMPs.  However, it takes AMPs 

to go through both the inner and outer membranes to work with the Gram-

negative bacteria. The peptidoglycan layer of the Gram-negative bacteria is 

thinner but is covered with a layer of LPS, which might make them more 

resistant to QUB-2023 (Shai, 2002).  

 

A problem occurred when the microdilution assay was carried out, and it was 

that QUB-2023 showed strong precipitation in MHB when the concentration 

was high (>128 μM). This did not influence the determination of MICs but the 

viability ratios were therefore incalculable. For peptides with the possibility 

to precipitate in broth, one can try to dissolve these peptides in 0.01% acetic 

acid containing 0.2% bovine serum albumin rather than MHB (Steinberg et al., 

1997).  

 

The haemolysis assay could be considered as a measure of the toxicity and 

selectivity of QUB-2023 toward eukaryotic cells. What helps AMPs to 
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preferentially bind to bacteria and fungi are the zwitterionic 

phosphatydilcholine and sphingomyelin phospholipids of the eukaryotic cells 

outer leaflet (Yeaman and Yount, 2003). The haemolytic ratio of QUB-2023 

at MICs against S. aureus (32 μM), E. coli (128 μM) and C. albicans (32 μM) 

were 20.95%, 33.38% and 20.95% respectively. Then the HC10 was 9.20 µM 

which is obviously lower than MICs. QUB-2023 could not be considered as 

well tolerated by the horse red blood cells at MICs. 

 

Considering the better tolerance of human red blood cells compared with those 

of the horse, the haemolytic activity of QUB-2023 in human blood is expected 

to be lower. However, the cationic peptide haemolytic activity is affected by 

many factors and it might not be appropriate to directly link the performance 

of the antimicrobial activity assay with that of the haemolysis assay 

(Matsuzaki, 2009). Firstly, the haemolysis assay was carried out in PBS which 

is considered as a high salt buffer in antimicrobial assays (Helmerhorst et al., 

1999). Besides, the corresponding cell concentration (2.4× 108 cells/ml) in the 

haemolysis assay (Westerman et al., 1961) was nearly three orders of 

magnitude larger than the microorganism concentration of the antimicrobial 

assay (5 × 105 cfu/ml). The different incubation times of the two activity 

assays might also influence the results. 

 

Ideally, AMPs should show high selectivity, and lots of factors are involved 

including the number and position of positively charged residues, secondary 

structure, amphipathic nature and more (Chen et al., 2007). For QUB-2023, it 

is better to widen its TI value by decreasing its haemolytic activity without 
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influencing the antimicrobial activity. Possible modifications might involve 

changing several L-amino acids into D- amino acids or substituting/inserting 

a positively charged polar residue at the centre of the nonpolar face. The actual 

in vivo situation is more complex than the hypotheses and any modification to 

a single parameter will bring on board a series of changes. Only by 

investigating the mechanism of QUB-2023 can we understand how and to 

what extent the conjecture parameters influence the bioactivity/toxicity of 

QUB-2023. 
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