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Abstract 

Bacteriocins are antimicrobial peptides produced by bacteria to control growth of rival strains 

of bacteria. A potential use of bacteriocins is as an alternative antibiotic, as they usually have 

narrow specificity, pathogenic bacteria can be eradicated without disturbing the normal 

microbiome. The aim of this project was to distinguish bacteriocin producing strains of 

Klebsiella pneumoniae from nosocomial samples, characterise the bacteriocins and use 

molecular cloning to allow large scale production of bacteriocin without use of pathogenic 

bacteria.  

Bacteriocin producing strains of bacteria were identified by their inhibition of sensitive strains 

in an agar overlay. A selection of bacteriocins produced were chosen to provide a range of 

activity, and were then first purified by ion exchange chromatography, then size exclusion 

chromatography, followed by SDS-PAGE. Once isolated, bacteriocins from three strains were 

analysed by MALDI MS/MS.  

Primers were designed for a previously identified klebicin, allowing amplification of the 

bacteriocin genes by PCR and cloning into non-pathogenic BL21 (DE3) E. coli. After being 

cloned into BL21 (DE3) E. coli, the production of purified bacteriocin without use of 

pathogenic bacteria was possible.  

This allows future investigations into the possible applications of bacteriocins, such as 

alternative antibiotics, water or air filtration, or as components in bacterial contamination 

detecting devices. 
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1. Introduction 

1.1 Antibiotics and resistance 

The discovery of antibiotics in the 20th century revolutionised the treatment of 

infectious diseases, increasing life expectancy, improving quality of life and reducing 

mortality (Langdon et al., 2016). The benefits of easily obtainable antibiotics can be 

demonstrated by observing causes of death in economically developed countries 

(Yoshikawa, 2002). After the introduction of antibiotics in the US, the main cause of 

death changed from communicable diseases to non-communicable diseases such as 

cardiovascular disease (Adedeji, 2016). Procedures such as transplants and complicated 

surgeries are also enabled, which were not possible before the use of antibiotics in 

medical treatments due to risk of infection (Ventola, 2015). Unfortunately, bacteria 

quickly evolve resistance to antibiotics and is usually detected clinically within a few 

years of introduction of a novel antibiotic (Figure 1) (Richardson, 2017).  

Figure 1: Timeline of antibiotic introduction and the development of bacterial resistance (Adapted from 

Clatworthy et al., 2007). 

The development of antibiotic resistance is an escalating problem, all classes of 

antibiotics have shown a loss in efficacy which compromises the treatment of a variety 

of conditions (Coates et al., 2011). Bacteria may have an intrinsic resistance to an 

antibiotic or it may be acquired through mutation or gene transfer either horizontal or 

vertical (Rosenblatt-Farrell, 2009). Mechanisms of horizontal gene transfer include 

conjugation by plasmids, transduction by bacteriophage and transformation by 

extracellular DNA (Lerminiaux and Cameron, 2019). Integrons are mobile genetic 
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elements which collect gene cassettes containing resistance, these can be transferred 

between bacterial species, and are thought to be responsible for the unexpected increase 

in multi-drug resistant bacteria (Li and Zhao, 2018).  

Antibiotics possess a diverse array of bactericidal or bacteriostatic mechanisms, the main 

strategies utilised include weakening the cell membrane or wall, inhibiting protein, DNA 

or RNA synthesis and preventing metabolite synthesis (Soares et al., 2012). Resistant 

bacteria have developed many tactics to evade antibacterial action, including alteration 

of the target site of the antibiotic, changing the structure of the cell wall or membrane, 

inactivation of the antibiotic, modification of metabolic pathways or use of efflux pumps 

(Figure 2) (Done et al., 2015). 

 

Figure 2: The five main mechanisms used by antibiotics and the bacterial resistance tactics (Adapted 

from Wright, 2010). 

 

Genes conferring antibiotic resistance existed in the environmental microbiota without 

any exposure to antimicrobials appropriated or synthesised by man, as a response to 

natural challenges, either abiotic or substances produced by rival bacteria (Martinez, 

2012). This antibiotic resistance can be acquired and disseminated in a bacterial 

population due to the process of natural selection (Zaman et al., 2017). This can occur 

without the bacteria being challenged by antibiotics, for example co-resistance to heavy 

metals and antibiotics occurs either due to the presence of a mobile genetic element or a 
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single resistance mechanism such as an efflux pump (Pal et al., 2017). However, the 

prevalence of antibiotic resistant bacteria has been increased by inappropriate use in both 

agricultural, medical and domestic settings and is usually detected clinically a few years 

after introduction of a new class of antibiotic (Figure 1) (Richardson, 2017).  

The impact of antibiotic resistance is compounded by lack of discovery of new classes of 

conventional antibiotics; the rate of discovery has declined so drastically that only two 

new antibiotic classes have been commercially released since 1962 (Coates et al., 2011; 

Laffite et al., 2016). There is decrease in research due to reduction in profit for 

companies, as effective antibiotics are retained for use against recalcitrant infections and 

not commonly prescribed and use tends to be short term, unlike drugs used to treat long 

term conditions such as diabetes (Gould and Bal, 2013).  

To combat antibiotic resistance, strategies to address issues in all aspects of their use 

should be developed (Buckner et al., 2018). These issues include clinical over 

prescription and misuse, unnecessary use as growth factors in agriculture, lack of 

treatment of hospital effluent and presence of heavy metals in wastewater (Coates et al., 

2011; Laffite et al., 2016). These issues should be confronted alongside research into 

novel antibiotics and approaches urgently needed to replace the arsenal of traditional 

antibiotics which is being depleted (Waldetoft and Brown, 2017). Bacteriocins are one 

such alternative to traditional antibiotics being considered to replace, reduce or improve 

efficacy of contemporary antibiotics (Mathur et al., 2017). 

 

1.2 Klebsiella pneumoniae 

Klebsiella pneumoniae is a Gram-negative, non-motile, encapsulated rod, first isolated 

in 1882 from the lungs of a patient who had died from pneumonia (Friedlander, 1882). 

K. pneumoniae is naturally present and asymptomatic in the GI tract, but is an 

opportunistic pathogen (Ghodhbane et al., 2015). In immune-compromised, elderly and 

neonates, uncontrolled lung, wound, soft tissue and urinary tract infections can occur 

(Holt et al., 2015).  

The ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumanii, Pseudomonas aeruginosa, and Enterobacter species) 

pathogens are a group of multi-drug resistant Gram-negative bacteria, which are resistant 

to most traditional antibiotics due to both intrinsic and acquired resistance mechanisms 
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(Behrens et al., 2017). Intrinsic causes of resistance in Gram-negative bacteria include 

the impermeable outer membrane and the chromosomal beta-lactamase gene SHV-1 of 

K. pneumoniae, which confers ampicillin resistance by production of beta lactamases 

which break the beta lactam ring of the antibiotic (Bernardini et al., 2019). An example 

of acquired resistance is the floR gene contained on a transferable plasmid, which 

bestows resistance to florfenical by production of acetyl transferases which inactivate the 

antibiotic (Lu et al., 2018). 

K. pneumoniae is a member of the ESKAPE group, the primary cause of nosocomial 

infections (Santajit and Indrawattana, 2016). In 2016, a patient infected with a strain of 

K. pneumoniae resistant to all available antimicrobial drugs died in the United States, 

highlighting the need for development of novel antimicrobials (Chen et al., 2017). 

Carbapenem resistant, ESBL (extended-spectrum β-lactamase) producing K. pneumoniae 

is prioritised as critical on the first list of antibiotic resistant pathogens needing research 

and development into new antibiotics published by the World Health Organisation 

(Kumar et al., 2017).  

Each strain of K. pneumoniae has an accessory genome between 3,000 and 4,000 genes, 

taken from a shared diverse accessory “pangenome” of 30,000 protein coding genes, 

which bestow virulence to particular bacterial strains (Holt et al., 2015; Martin and 

Bachman, 2018). Accessory genomes are defined as genes present in certain bacterial 

isolates within a species, whereas the core genome is present in all isolates across a 

species (Tonder et al., 2014). This results in the creation of hypervirulent strains which 

can infect healthy individuals and multi-drug resistant strains which can produce 

carbapenemases (Martin and Bachman, 2018).  

Sub-species of K. pneumoniae are classified based on their cell surface antigens (Yeh et 

al., 2016). These are either O antigens linked to lipopolysaccharide (LPS) in the cell 

membrane or K antigens attached to the capsule polysaccharide (Follador et al., 2016). 

The K antigen has 77 types, hypervirulent strains are either K1 or K2 (Paczosa and 

Mecsas, 2016). The O antigen has 9 variations, which have no impact on virulence 

(Follador et al., 2016). 

The four main virulence factors of K. pneumoniae are the capsule, lipopolysaccharide, 

fimbriae and siderophores (Paczosa and Mecsas, 2016). The capsule is a polysaccharide 

layer which coats the bacteria, its expression is increased in hypervirulent strains, which 
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protects the bacteria from the host immune response (Khaertynov et al., 2018). LPS is a 

component of the outer leaflet, and contains the O antigen, which blocks the complement 

pathway; absence of this makes the bacteria more vulnerable (Figure 3) (Clegg and 

Murphy, 2016). Lipid A in LPS protects against cationic antimicrobial peptides and can 

be modified to prevent recognition by the inflammatory response (Follador et al., 2016).  

 
 

Figure 3: LPS effect on virulence. Lipid A can be modified to reduce inflammatory response, and O antigen 

protects against complement (Adapted from Paczosa and Mecsas, 2016). 

 

Expression of fimbriae allows biofilm formation in the bladder and abiotic surfaces 

(Paczosa and Mecsas, 2016). Siderophores are iron chelating molecules, which transfer 

iron from the host across the cell membrane, utilising specific cell wall transporters 

(Schalk and Mislin, 2017). Yersiniabactin, salmochelin and aerobactin siderophores help 

the bacteria avoid inhibition from the host, allowing K. pneumoniae to reach high 

bacterial loads in low iron environments (Khaertynov et al., 2018). 

Bacteriocins produced by Gram-negative bacteria such as K. pneumoniae may be 

particularly valuable clinically as a source of narrow spectrum treatment against related 

ESKAPE pathogens which have multi-drug resistance, making them challenging to treat 

(Yang et al., 2014). Most of the bacteriocins which have already been characterised are 

produced by Gram-positive bacteria, there is an obvious opportunity to discover Gram-

PP

O-Antigen

Oligosaccharide core

Lipid A

C1q binding and complement activation

Binds and sequesters C3b, preventing 
association with the membrane and 
pore formation

Killing by cationic antimicrobial peptides

Activation of inflammatory sequence



 6 

negative bacteriocins relevant to K. pneumoniae infections (Perez et al., 2014: Yang et 

al., 2014: Lagha et al., 2017).  

 

1.3 Bacteriocins 

Antimicrobial peptides are ubiquitous in nature, produced by multicellular organisms as 

defence against infection and by unicellular organisms to help compete for resources 

(Ageitos et al., 2016). Bacteriocins are a diverse and abundant range of ribosomally 

synthesised antimicrobial peptides produced by bacteria (Kaur and Kaur, 2015). Over 

99% of bacteria produce at least one type of bacteriocin, used to control growth of rival 

strains competing for resources (Yang et al., 2014). The most common use of bacteriocins 

is in food preservation, nisin is a broad spectrum bacteriocin which has been safely used 

in food production to extend shelf life and suppress Gram-positive pathogens in the UK 

since 1959 (Muller-Auffermann et al., 2014). 

Although the structure and mode of action of different classes of bacteriocin vary hugely, 

they share a common biosynthetic pathway, with the genes responsible for bacteriocin 

production usually arranged in operons (Kim et al., 2014). If post-translational 

modification occurs, genes synthesising the necessary enzymes are found close to the 

operon, along with genes for immunity factors (Morton et al., 2015). The production of 

bacteriocins enables the bacteriocin-producing strain of bacteria to control growth of rival 

strains, reducing competition for limited resources (Jakes, 2016). However, there is a 

high genetic cost associated with the production of bacteriocins, leading to an equilibrium 

analogous to ‘rock-paper-scissors’, involving immune bacteriocin producing strains, 

immune non-producing strains and susceptible non-producing strains (Biernaskie et al., 

2013).   

Strategies used by bacteriocins (Figure 4) to control contending strains include forming 

pores in the inner membrane by depolarisation, degrading host nucleic acids and 

inhibiting peptidoglycan synthesis (Brown et al., 2012; Yang et al., 2014). When 

produced at sub-lethal concentrations, bacteriocins can interfere with quorum sensing in 

rival bacteria, hampering biofilm formation, therefore preventing the rival strain from 

becoming established with minimum expenditure of resources on bacteriocin production 

(Chikindas et al., 2017). 
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Figure 4: Examples of bacteriocin mechanisms of action, including peptidoglycanase, DNase, RNase and pore-forming mechanisms 

(Yang et al., 2014). 

 

Bacteriocins are an attractive alternative to antibiotics and have shown activity against 

multi-drug resistant bacteria, even in biofilms which are typically challenging to eradicate 

(Perez et al., 2014). This is because bacteriocin have alternative receptors to those used 

by antibiotics, for example a lantibiotic class of bacteriocin and vancomycin both use the 

peptidoglycan precursor lipid II as a binding site, but as the bacteriocin uses a different 

site in lipid II it remains active to vancomycin resistant bacteria (Mathur et al., 2017).  

Bacteriocin exert bactericidal effects mainly on related bacterial species, although some 

strains can be active against a broad spectrum of bacteria (Silva et al., 2018). The 

specificity of bacteriocins would be beneficial in clinical use, as the narrow spectrum of 

activity would prevent resistance being inadvertently transmitted by bacteria that were 

not the intended target (Zacharof and Lovitt, 2012). The specificity of bacteriocins would 

also be less disruptive to the normal gut microflora, and minimise the associated side 

effects that occur with broad range antibiotics, as they eradicate both pathogenic and 

beneficial bacteria (Perez et al., 2014).   

Combination therapy with antibiotics has been shown to have a synergistic effect and 

would reduce the dose of antibiotic necessary, therefore reduce unwanted side effects 

such as nephrotoxicity caused by polymyxin and lower the cost of treatment with 

expensive antibiotics (Ahmad et al., 2017: Mathur et al., 2017). Bacteriocins are often 

more effective than conventional antibiotics, exhibiting bactericidal activity in nanomolar 

concentrations rather than micromolar (Kaur and Kaur, 2015: Ming et al., 2015).  
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Bacteriocins are non-toxic to humans and animals as their targets are bacterial and they 

do not damage eukaryotic cells (Yang et al., 2014). As they are proteinaceous, they are 

degraded by proteases which ensures no intact bacteriocin remains in the body or 

environment, minimising the chance of side effects or development of antibiotic 

resistance, indeed no resistance has been reported to date (Perez et al., 2014). This 

degradation makes oral delivery problematic, however with appropriate encapsulation 

such as use of nanoliposomes or by parenteral drug delivery this can be overcome (Fahim 

et al., 2016). Many bacteriocins are heat stable, therefore do not require refrigeration, so 

could be of use in developing countries with limited access to electricity (Yang et al., 

2014). Bacteriocins typically retain their activity over a wide pH range, enhancing their 

potential usefulness (Perez et al., 2014). Most antibiotics are secondary metabolites, 

however bacteriocins are primary metabolites, making them more malleable to genetic 

engineering to alter activity or specificity (Perez et al., 2014). In animal models, a single 

dose of topical epidermicin has been as effective as a course of mupirocin in reducing 

MRSA levels (Halliwell et al., 2017).  

As bacteriocins are ribosomally synthesised, they can be produced in vivo by probiotic 

bacteria, this has already been successful with the use of pediocin and nisin produced by 

bacteria in the GI tract to reduce vancomycin-resistant enterococci populations (Dobson 

et al., 2012). By either colonising livestock with bacteriocin-producing bacteria or by use 

of purified bacteriocins, protection against bacterial pathogens could be bestowed, 

decreasing the need for antibiotic intervention and ultimately reducing levels of antibiotic 

bacteria in the environment and food chain (Lagha et al., 2017). This may however result 

in transmission of the immunity gene to the pathogenic bacteria through conjugation, so 

administration of the purified bacteriocin may be preferable to ensure resistance is not 

conferred (Yang et al., 2014).   

More potential uses of bacteriocins are becoming apparent such as the potential to treat 

cancer, some bacteriocins have been shown to cause cytotoxicity selectively in cancer 

cells (Chikindas et al., 2018). Bacteriocins induce apoptosis or depolarisation of the cell 

membrane, either due to increased presence of negatively charged molecules on the 

membrane surface or because of increased membrane fluidity (Kaur and Kaur, 2015).  

Bacteriocins may have applications in agriculture, as a number have been found to be 

active against plant phytopathogens which reduce crop yield (Grinter et al., 2012).   
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Bacteriocins are produced by both Gram-negative and Gram-positive bacteria and can be 

classified by either the producing strain, mode of action or size of the bacteriocin, making 

classification confusing and sometimes contradictory (Yang et al., 2014). The main three 

classes of bacteriocin in Gram-negative bacteria determined by structure are microcins, 

colicins (or colicin-like) and tailocins (Table 1) (Rather et al., 2017).  

Colicins were the first bacteriocin discovered, named after the producing strain, E. coli; 

this form of nomenclature was followed for subsequent discoveries, for example 

bacteriocins produced by Pseudomonas aeruginosa are named pyocins, by Klebsiella sp. 

klebicins and Clostridium difficile, diffocins (Kim et al., 2014). R and F type pyocins 

possess a phage-like structure and are also described as tailocins, S type pyocins have 

three domains and an immunity protein and are classified as colicin-like (Ghequire et al., 

2015: Kageyama et al., 1996). One of the previously characterised bacteriocins produced 

by Klebsiella is cloacin, so named as its homologue was first found in Enterobacter 

cloacae (Oudega et al., 1979). It can also be described as a colicin-like nuclease as it 

contains translocation, receptor binding and cytotoxic domains and as a klebicin as it is 

produced by Klebsiella (Cooper and James, 1985). 

 

Table 1: Classification of Gram-negative bacteriocin (Riley and Wertz, 2002; Nakayama et al., 2000; 

Michel-Briand and Baysse, 2002; Rebuffet, 2012). 

Type Features Size Examples 

Microcins Can be post 

translationally modified 
<10 kDa Microcin V 

Colicin and colicin-like Pore forming/ nucleases 20-80 kDa Colicin A, B, E2, E3 

Tailocins Cell membrane 

depolarisation 
>80 kDa Pyocins, alveicins 

 

1.4 Colicins 

Colicins were the first bacteriocins to be discovered, identified by Gratia in 1925 as being 

produced by one strain of E. coli and having bacteriocidal activity against another strain 

of E. coli (Gratia, 1925). They are the most extensively researched and well characterised, 
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similar molecules produced by other bacteria are therefore referred to as colicin-like 

bacteriocins (Kamensek and Zgur-Bertok, 2013).  

Colicins with endonuclease function are often found in complex with an immunity 

protein, which binds the bacteriocin adjacent to its active site, preventing DNA binding 

while in the producing strain of bacteria (Kleanthous et al., 1999) Bacteria that produce 

pore-forming colicins produce an immunity protein in the form of an integral membrane 

protein, which forms an inactive complex with the bacteriocin if it attempts to re-enter 

the cell and reaches the inner membrane (Metola et al., 2017). Expression of the 

immunity protein prevents harm to the bacterial strain producing the bacteriocin by 

binding the cytotoxic domain, allowing the accumulation of large amounts of colicin in 

the host cell (Yang et al., 2014: Behrens et al., 2017: Lagha et al., 2017).  

Colicins have a tripartite structure, a N-terminal translocation (T) domain, central 

receptor binding (R) domain and C-terminal active domain (Figure 5) (Cascales et al., 

2007). 

 

 

Figure 5: Example of bacteriocin tripartite structure, colicin E9 shown in complex with immunity protein (PBD ID: 5EW5).  ColE9 
N-terminal translocation domain coloured blue, receptor binding domain coloured green, C-terminal DNase domain coloured red, 
and immunity protein (Im9) coloured yellow. Immunity protein is a different polypeptide separately synthesised (Klein et al., 
2016). 

 

The three functional domains allow the colicin to bind to the surface receptors of a 

susceptible cell and translocate through the outer membrane to their target which may be 

in the periplasm or intracellular (Cascales et al., 2007). Colicins central receptor binding 
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domain interacts with nutrient, nucleotide and metal ion uptake receptors and porins such 

as the OmpF, BtuB, Cir and FhuA (Jakes, 2016). The susceptibility of competing 

bacterial strains to the bacteriocin is dictated by the presence of cognate receptors in the 

target cell (Kim et al., 2014). The translocation domain passes through the outer 

membrane, by utilising a second outer membrane protein as a translocator, and then 

recruits the inner membrane bound Tol or Ton complex (Figure 6), which then provides 

energy for the active transport of the bacteriocin across the outer membrane (Grinter et 

al., 2014). The colicin then exerts cytotoxic effect upon the cell, which can be nuclease 

degradation, depolarisation of the cytoplasmic membrane or peptidoglycan inhibition 

(Kim et al., 2014). These cytotoxic effects are caused by either ionophores, lipid II 

hydrolases in the periplasm or DNases, tRNases or rRNases in the cytoplasm (Sharp et 

al., 2017). The modular structure exhibited by colicin-like bacteriocins would allow 

bioengineering of domains to create a chimera with the salient receptor binding, 

immunity protein and cytotoxic action to precisely combat individual infections (Behrens 

et al., 2017).  

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Entry of colicins into sensitive cells, binding or receptor allows access to the periplasm via translocator, using energy 

provided by Tol or Ton systems (Behrens et al., 2017). 
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Colicins were first classified by their method of translocation across the periplasm, as 

determined by use of Tol or Ton deficient mutants (Cascales et al., 2007). Group A utilise 

the Tol system, group B the TonB system (Table 2) (Kim et al., 2014). Colicins were 

then further classified into subgroups dependent on which cell surface receptor they bind 

to; all E group colicins bind the B12 receptor BtuB (Cascales et al., 2007).  

Once a colicin from group A has crossed the outer membrane, the C-terminal cytotoxic 

domain enters the cytoplasm or periplasm, where it is cleaved from the colicin and can 

exert its bactericidal action (Kamensek and Zgur-Bertok, 2013: Sharp et al., 2017). Group 

A colicins are secreted from the cell when the lysis gene is expressed resulting in the 

death of the producing cell, under high stress levels this is a tactic used to ensure survival 

of a percentage of the colony (Mader et al., 2015).  

B colicins do not possess lysis genes, it is thought that group B colicins are released by 

leakage and the cell survives after colicin production (Kim et al., 2014). 

Table 2: Classification of colicins  

Colicin Outer membrane 

receptor 
Translocator Mechanism of 

translocation 
Cytotoxicity 

Group A 

A BtuB OmpF TolA, B, Q, R Pore-forming 

E2, E7, E8, E9 BtuB OmpF TolA, B, Q, R DNase 

E3, E4, E6 BtuB OmpF TolA, B, Q, R rRNase 

E5 BtuB OmpF TolA, B, Q, R tRNase 

N LPS OmpF TolA, Q, R Pore-forming 

Cloacin DF13 lutA Unknown TolA, Q, R RNase 

Group B 

5, 10 Tsx TolC TonB, ExbB, D Pore-forming 

Ia, Ib Cir Cir TonB, ExbB, D Pore-forming 

B Fep A Unknown TonB, ExbB, D Pore-forming 

D Fep A Unknown TonB, ExbB, D tRNase 

M Fhu A Unknown TonB, ExbB, D Peptidoglycan 

synthesis inhibitor 
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Colicin production is controlled by the colicin operon, contained on plasmids and 

regulated by the SOS promoter, therefore produced in times of stress (Riley and Wertz, 

2002). When conditions are optimal colicin is rarely produced as the operon is repressed 

by LexA protein dimers (Mader et al., 2015). When DNA damage occurs the RecA 

protein is activated and cleaves LexA dimers (Figure 7), which can then no longer repress 

the colicin operon and co-expression of colicin and immunity proteins occurs (Mader et 

al., 2015). The number of cells in a population that express colicin are in equilibrium 

with levels of DNA damage, when unchallenged only a small percentage express colicin, 

but when stress levels increase the number of colicin producing cells in a population 

increase simultaneously (Bayramoglu et al., 2017).  

 

 

Figure 7: Colicin A operon, showing SOS promoters (PSOS) immunity promoter (Pcei) The colicin gene is represented by cea, the 

immunity gene by cei and lysis protein gene by cel. T1 and T2 ae transcriptional terminators (Mader et al., 2015). 

 

1.5 Microcins 

Microcins are small (less than 10 kDa), hydrophobic bacteriocins produced by 

enterobacteria, including K. pneumoniae (Schalk and Mislin, 2017). They do not have a 

corresponding lysis gene as they can be secreted by the Type I ABC transporter secretion 

system (Yang et al., 2014). Microcin production is usually induced by lack of iron, unlike 

colicin production which is induced by DNA damage (Zhao et al., 2017). Trojan horse 

strategies are commonly used by microcins to enter competing cells, where they 
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inactivate enzymes or disrupt the inner membrane, resulting in the destruction of the cell 

(Rebuffat, 2012). Characteristics shared by microcins include resistance to proteases, 

extreme pH and temperature and solubility in methanol (Lagos et al., 1993). Microcins 

are organised into two classes, class I have a molecular weight below 5 kDa, are plasmid 

encoded and are post-translationally modified. Class II microcins have a molecular 

weight between 5-10 kDa and have two further subgroups, IIa and IIb. Class IIa microcins 

are constructed from three plasmid encoded peptides and are not post-translationally 

modified, and class IIb are chromosomally coded and linear (Rebuffat, 2012). 

Microcin E492 is an example of a class IIa bacteriocin produced by K. pneumoniae, it is 

a broad-spectrum antimicrobial, active on the Enterobacteriaceae family (Hetz et al., 

2002). Microcin E492 is produced in an inactive form and is post translationally modified 

requiring the action of several enzymes (Mercado et al., 2008). Microcin E492 is 

modified by addition of salmochelin at the C terminus, which results in the ability of 

antibacterial activity, by binding iron-catecholate receptors (Marcoleta et al., 2013). 

Microcin E492 interacts with inner membrane proteins ManY/ManZ of mannose 

permease, forms cation selective channels in phospholipid bilayers, leading to loss of 

transmembrane potential (Lagos, 1993; Rebuffet, 2012).  

Microcin J25 is another example of a microcin produced by K. pneumoniae, a lasso-

peptide consisting of a macrolactam ring between the N-terminal amino group and a side 

chain carboxy group, through which the C terminal is inserted (Rebuffat, 2012). Microcin 

J25 utilises the outer membrane siderophore receptor FhuA, inner membrane transporter 

SbmA, and the TonB-ExbB-ExbD energy transduction system (Metelev et al., 2017). 

Once inside the cell, microcin J25 blocks the RNAP active site, preventing transcription 

(Rebuffat, 2012). Microcin and colicin production co-occurs in many strains of bacteria, 

although as they are induced by different conditions they may not be produced at the 

same time (Jeziorowski and Gordon, 2007).  

 

1.6 Tailocins 

Tailocins is a term used to describe a group of large bacteriocin derived from and 

morphologically alike bacteriophage tails, encoded in the genomes of both Gram-

negative and Gram-positive bacteria (Behrens et al., 2017; Dorosky et al., 2017). The 
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two main tailocin structures are R-type and F-type, both induced intracellularly by the 

SOS response and released by lysis (Lee et al., 2016). F-type tailocin tails are a 

noncontractile tube resembling siphoviridae phage tails (Yao et al., 2017). R-type 

tailocins possess a contractile tail resembling myophage tails, a tube surrounded by a 

contractile sheath (Lee et al., 2016). Both R and F-type tailocins have a baseplate 

structure at the end of the tube component, to which six receptor binding proteins are 

attached, allowing adsorption to the salient receptors on the cell surface (Lee et al., 2016).  

R-type tailocins are separated into five groups (R1 to R5) based on their target specificity 

(Behrens et al., 2017). After adsorption, the R-type tailocin tail sheath contracts, inserting 

the tube through the bacterial membrane, resulting in membrane puncture, ion release, 

depolarisation and death (Yao et al., 2017). The exact mechanism of F-type tailocins is 

unknown, but kinetic analysis suggest a single-hit process is responsible similar to R-

type tailocins, where only one tailocin causes cell death (Ghequire and De Mot., 2014). 

 

1.7 Klebicins 

The bacteriocins produced by K. pneumoniae which have been isolated and characterised 

to date are either microcins or colicin-like. The colicin-like klebicins utilise the same 

three domain structure as colicins, a N-terminal translocation domain, a receptor binding 

domain and a C-terminal killing domain and expression is regulated by the SOS system 

in the same manner as colicin expression (Cascales et al., 2007). Colicin like klebicins 

are classified by their mechanisms, klebicin A is pore-forming, klebicin B has DNase 

activity, klebicin C has rRNase activity and klebicin D has tRNase activity (Mora et al., 

2015). K. pneumoniae genomes commonly encode groups A, B and C, two novel DNases 

have also been discovered (Sharp et al., 2017).  

The previously characterised klebicin used for molecular cloning in this study was closely 

matched through mass spectrometry to a cloacin ribonuclease, which uses the ferric 

aerobactin receptor as a primary binding site. 

 

1.8 Lantibiotics 

Lantibiotics are one of the two main classes of bacteriocin produced by and active against 

Gram-positive bacteria (Smith and Hillman, 2008). Nisin is the most extensively 
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characterised lantibiotic and has been approved for use as a food preservative since 1969 

(Shin et al., 2016). Lantibiotics are ribosomally synthesised in an inactive form, and 

unusual amino acids such as lanthionine and 3-methyllanthionine are introduced by post-

translational modification to produce the active form (Field et al., 2012).   

Lantibiotics are subdivided into two types by structure: type A are elongated, cationic 

and flexible and type B are rigid and globular (McAuliffe et al., 2001). Type A 

bacteriocidal activity is achieved primarily through disruption of PMF and inhibition of 

cell wall synthesis, for example nisin has been shown to bind lipid II at its N-terminus, 

inserting its C-terminus into the cell membrane resulting in pore formation (Prince et al., 

2016). Type B lantibiotics only block cell wall synthesis, for example by the binding of 

phosphatidylethanolamine by cinnamycin or the inhibition of peptidoglycan synthesis by 

mersadcidin (Draper et al., 2015: McAuliffe et al., 2001).  

The activity range of each lantibiotic varies, but generally they have very poor activity 

against Gram-negative bacteria, as they cannot penetrate the outer membrane and their 

targets are located in the inner membrane (Li et al., 2018). Lantibiotics such as nisin have 

a wide range of activity against Gram-positive bacteria, others such as lactococcin A are 

narrow range, and are only active against lactococci (McAuliffe et al., 2001). 

 

1.9 Aims and objectives 

Antibiotic resistance is a serious issue and alternatives to conventional antibiotics are 

urgently required (Waldetoft and Brown, 2017). The presence of over 2000 distinct 

bacteriocins have been identified in Gram-negative bacteria, but as most are to date 

uncharacterised there is great potential for discovery of a range of clinically relevant 

bacteriocins (Behrens et al., 2017).  

The aim of this study was to evaluate the possibility of using biotechnological techniques 

to expand prospective uses of bacteriocin. Microbiological techniques are to be utilised 

to identify the bacteriocin producing strains, protein purification techniques to isolate 

bacteriocins for analysis, and molecular cloning techniques to achieve non-pathogenic 

production. This will determine whether it is possible to obtain safe, large scale 

production of bacteriocin for future clinical, agricultural or commercial use. 

 



 17 

The objectives of this project are to  

1. Determine if the nosocomial strains of K. pneumoniae produce bacteriocins to 

challenge each other. If found they can then be characterised and a process of 

production and purification developed.  

2. Once bacteriocin producing strains are characterised, the bacteriocins are to be 

purified through chromatography and biochemical techniques such as SDS 

PAGE.  

3. When isolated the bacteriocins can be identified through mass spectrometry.  

4. Primers can then be designed to amplify the bacteriocin producing gene and clone 

it into a plasmid and transform into E. coli, addition of a His-tag by primer choice 

will allow use of IMAC (Immobilised metal affinity chromatography), to 

efficiently purify large amounts of bacteriocin. 
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2. Methods and materials 

2.1 Bacterial strains and culture conditions  

All chemicals used and their suppliers are listed in appendix F. Twenty of the bacterial 

strains used in this study for bacteriocin production and detection were nocosomial strains 

of K. pneumoniae, obtained from Nottingham QMC, England. The strains were stored 

and maintained in cryogenic tubes at -80°C in 30% glycerol and on BHI (Brain and heart 

infusion) plates at 4 ºC. The strains of K. pneumoniae used in this study are listed in table 

3. Strains were cultured using the following protocol: 

To prepare a working culture, each strain was streaked onto a separate BHI agar plate 

using sterile technique. The inoculated plates were grown at 37 ºC for 24 hours, then 

stored at 4 ºC to arrest growth. When a broth culture was needed, strains were inoculated 

into BHI broth and grown for 24 hours at 37 ºC.  

Table 3: Sample numbers given to bacterial strains of K. pneumoniae 

Sample number Bacterial strain Sample number Bacterial strain Sample number Bacterial strain 

1 11W934787 11 15W352175 21 K967 

2 11W615848 12 11W358931 22 K757 

3 NCTC13443 13 15W351983 23 K904 

4 11W358931 14 14W102479-2 24 K834 

5 11W707359 15 15W330251 25 K810 

6 11W522180 16 17W918067-2 26 K957 

7 13W785330 17 17W918068-2 27 K737 

8 13W112341 18 17W918075-1   

9 13W915071 19 17W918069-2   

10 14X704650 20 17W918207-2   

  

2.2 Bacteriocin induction 

Mitomycin C was used for bacteriocin induction, as it damages DNA, inducing the 

bacterial SOS response and therefore bacteriocin production (Wei et al., 2001). 

Bacteriocin production was induced using the following protocol: 

10 ml of BHI broth was inoculated with a colony from the strain to be assessed for 

bacteriocin production and incubated at 37 ºC for 24 hours. 10 µl of 3g/ml mitomycin c 
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was added to induce bacteriocin production and incubated at 37 °C for a further 24 hours. 

The culture was then centrifuged at 4,000 rpm for 10 minutes and the cell free supernatant 

discarded and cell pellet frozen at -80°C. Cells were lysed and bioassay performed to 

check bacteriocin production. 

 

2.3 Cell lysis 

Bead beating was chosen for the method of cell lysis, as it is efficient, cost effective and 

quick (Islam et al., 2017). Cells were lysed using the following protocol: 

Streak plates were produced using K. pneumoniae strains with potential bacteriocin 

producing bacteria and incubated overnight on BHI agar. A single colony from the streak 

plate was incubated in 1000ml BHI broth overnight at 37ºC and 140 rpm in a shaking 

incubator. The overnight culture was placed in 50 ml falcon tubes and centrifuged at 4000 

rpm for 10 minutes. The supernatant was discarded and 1 ml sterile water added. The 

tube was frozen overnight to help lysis. 

10mM Tris buffer and 1.5g glass beads were added to the pellet to total 5ml, a magnetic 

flea added and the tube vortexed for 10 mins to lyse the cells. The contents were 

centrifuged at 1400 rpm for 10 minutes in Eppendorf tubes and the supernatant containing 

the bacteriocin retained. The supernatant was filtered with a 0.2 µm filter to remove 

bacteria and debris.  

 

2.4  Chloroform bioassay of bacterial strains 

To assess the interactions between the 27 different strains of K. pneumoniae, an overlay 

assay was used as an efficient method to detect bacteriocin production in chloroform 

lysed cells (Maricic and Dawid, 2014). Chloroform vapours were used to kill the strain 

to be tested before use of bacteria inoculated overlay, to prevent interference with any 

zones of inhibition produced and to lyse the cells, allowing any bacteriocin produced to 

be released (Kekessy and Piguet, 1970). Chloroform lysis was performed using the 

following protocol: 

Colonies from the bacterial strains to be tested were placed on BHI agar plates and 

incubated for 24 hours at 37°C. Plates were suspended over a glass dish containing 
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chloroform to lyse the cells for ten minutes, then aerated for ten minutes to ensure all 

chloroform had evaporated from the plate. 100 µl bacteria from each sample was added 

to 5 ml 0.8% soft agar to form an overlay on the BHI plate. After overnight incubation at 

37°C the plates were examined for inhibition, the presence of growth free zones (zones 

of inhibition) around the lysed colony revealed production of an antibacterial substance 

(Roh et al., 2010). Strains causing a zone of inhibition were identified as producing 

strains, and those with the zone of inhibition identified as indicator strains. 

 

2.5 Spot-on lawn bioassay of bacterial strains 

Strains identified as prospective bacteriocin producers and indicators by chloroform 

bioassay were subjected to further investigation, to ensure the bacteriocidal activity was 

due to bacteriocin presence and not the release of another substance such as ROS 

(reactive oxygen species) (Zhao and Drlica, 2014). Spot-on lawn bioassay was performed 

using the following protocol: 

Indicator strains were grown in BHI broth overnight and 100 µl culture used to inoculate 

a soft agar (0.8%) overlay. 5 ml of soft agar was applied to a BHI agar plate. 10 µl of cell 

lysate from producing strains was inoculated on to the overlay, allowed to dry and 

incubated for 24 hours at 37°C. Cell lysate from strains that caused a zone of inhibition 

in indicator strains were identified as potential bacteriocin producers (Martin-Visscher et 

al., 2008; Hockett and Baltrus, 2017). Using a sterile inoculation loop material was 

transferred from the inhibition zone onto a freshly prepared agar lawn and incubate for 

24 hours at 37°C to check for the presence of bacteriophage (Fett, 2005). 

 

2.6 Effect of heat on bacteriocin activity 

Samples 11, 12 and 15 were chosen for further investigation, as they exhibited different 

range of bacteriocidal activity. A bioassay to detect the deactivation temperature of 

bacteriocins present was performed by means of spot-on bioassay on bacterial strains 11, 

12 and 15.  A bioassay to determine the effect of heat was performed using the following 

protocol: 

A single colony from indicator strains was grown in BHI broth overnight. A soft agar 

(0.8%) overlay was inoculated with 100 µl culture. 5 ml of soft agar was applied to a BHI 
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agar plate. The cell lysates were incubated for 15 minutes at 30, 35, 40, 45, 50, 55, 60, 

65 or 70 °C. 10 µl of cell lysate from heat treated producing strains were placed on to the 

overlay, allowed to dry and incubated for 24 hours at 37°C. Cell lysate from strains that 

caused a zone of inhibition in indicator strains were identified as potential bacteriocin 

producers (Martin-Visscher et al., 2008; Hockett and Baltrus, 2017). Strain 22 was used 

to inoculate the overlay as it had been shown to be sensitive to strains 11, 12 and 15. 

Samples were heated to 60 °C before IEX was performed to denature any heat sensitive 

proteins present. 

 

2.7 Ion exchange chromatography 

Chromatography techniques are used to purify biomolecules exploiting their individual 

properties, ion exchange chromatography uses differences in the net surface charge of a 

molecule to separate it from other molecules in a mixture (Runde, 2016). The charge of 

the protein is dependent on its isoelectric point (pI) and the pH of the buffer used (Byun 

et al., 2017). A column with a stationary phase possessing a positive or negative ionic 

charge is used, depending on the charge of the protein of interest (Coskun, 2016). When 

the mobile phase containing the protein to be separated is loaded on to a column with an 

opposite charge, it will adsorb to the column due to electrostatic attraction (Runde, 2016). 

Proteins can then be eluted from the column using a pH or ion salt gradient, the increasing 

amount of ions in the solution compete with the proteins in the solution, those with a 

higher charge will elute last (Coskun, 2016).  

IEX (Ion exchange chromatography) was performed on an AKTA prime plus FPLC (Fast 

protein liquid chromatography) system, using the following parameters: 

A Hi Trap 5 ml Q anion exchange column was used with filtered and degassed pH 9 Tris-

HCl buffer. A flow rate of 3 ml/min was used and a NaCl gradient from 0 to 1M. Bioassay 

was performed to determine the presence of bacteriocin in all fractions. A cation 

exchange S column was used with a variety of buffers and pH. Buffers used for cation 

exchange were Tris-HCl pH 8-6, acetic acid pH 5, phosphate pH 5.8 and citric acid pH 

4.5. 
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2.8 Dialysis and protein concentration 

After IEX, dialysis was performed on the active fractions to remove any salt and small 

molecules present, using the following protocol: 

Sample was placed in a 1,000 Da dialysis membrane and incubated at 4ºC overnight in a 

50 mM phosphate buffer (pH 7). Buffer was replenished and sample incubated again for 

3 hours. Sample was concentrated in a ultra centrifugal filter unit (10kDa cutoff point) at 

5,000 rpm for 1 hour. Retention of bacteriocidal activity was confirmed by spot-on lawn 

bioassay. 

 

2.9 Size exclusion chromatography 

Size exclusion chromatography utilises columns filled with beads with small pores as the 

stationary phase (Coskun, 2016). When the mobile phase containing molecules of 

different sizes passes through, larger molecules cannot fit through the pores, so they pass 

through the column more quickly (Runde, 2016).  

Fractions from IEX containing bacteriocin were further purified by SEC (Size exclusion 

chromatography) using an AKTA Pure FPLC system. The following parameters were 

followed: 

A Superdex 75 10/300 column was used with a fractionation range of 3 to 70 kDa. 

Filtered and degassed 0.05M phosphate and 0.15 M NaCl (pH 7.4) buffer were used at a 

flow rate of 0.5 ml/minute.  Fractions collected were subjected to spot-on bioassays to 

determine where the bacteriocin was eluted.  

 

2.10 SDS-PAGE  

Polyacrylamide gel electrophoresis is used to separate proteins based on their size, the 

proteins move through the polyacrylamide gel as a response to the electrical field, pores 

in the gel allow smaller proteins to migrate faster (Zilberstein et al., 2007). To ensure the 

conformation and charge of the protein do not impact the results, the protein must first 

be reduced and its intrinsic net charge masked (Rath et al., 2009). The disruption of 

tertiary structure is achieved by heating the sample in the sample buffer, which contains 

a reducing agent and SDS (Schagger, 2006). SDS also coats the protein with a uniform 
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negative charge, meaning that the protein is separated by size alone (Nowakowski et al., 

2014). When proteins are inserted into the wells in the gel, the stacking gel ensures the 

proteins are lined up together, to prevent skewed results (Schagger, 2006). This is enabled 

by the manipulation of glycine by altering pH, when electric current is applied, negatively 

charged glycine ions enter the stacking gel (pH 6.8) at this pH glycine is neutrally charged 

and moves slowly (Schagger, 2006). Cl- ions from the buffer move more quickly and 

form an ion front, proteins have an electrophoretic mobility between glycine and Cl-, so 

is concentrated into a narrow zone (Rath et al., 2009). When the glycine enters the 

running gel, the pH changes to 8.8 and the glycine molecules become negatively charged 

and faster moving (Schagger, 2006). The proteins are slowed due to the increased 

concentration of acrylamide in the running gel, and separation begins in a controlled 

manner (Rath et al., 2009). 

Active fractions from SEC were first concentrated, to strengthen bands produced using 

the following method: 

200 µl from the active fractions obtained from SEC were concentrated to 50 µl in an 

Eppendorf 5301 concentrator, set for aqueous samples with the centrifugal function 

turned off to avoid protein precipitation. Samples reached an absorbance of over 1000 at 

280 nm measured by Nanodrop 2000c. 

Proteins were separated by SDS-PAGE prepared by the method described by Laemmli 

(1970). SDS-Page was performed according to the following protocol: 

A 12% gel and the reagents were prepared following the protocol in appendix A. 10 µl 

of 2x SDS sample buffer and 10µl bacteriocin were combined to total 20 µl. The sample 

was heated to 95 °C for 5 minutes, then cooled to room temperature. 10 µl of prepared 

sample was added to the inner wells in SDS-PAGE gel. 10 µl pre-stained ladder was 

added to outer wells. Gel was run for 40 minutes at 30 mA per gel in a Biorad gel tank. 

Proteins in the gel were stained with Quick Coomassie blue dye for 15 -60 minutes. 

 

2.11 Mass spectrometry 

Mass spectrometry ionises molecules, separates them by mass to charge (m/z) ratio and 

determines the abundance of each ion (Pare and Yaylayan, 1997). The technique used for 

sample analysis was MALDI-TOF/TOF, a tandem mass spectrometry method. MALDI 
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(matrix assisted laser desorption ionisation) is a soft ionisation technique which produces 

singly charged ions which are easier to interpret, and has high throughput and speed. The 

sample is coated with an energy-absorbent solution called matrix, when a laser is fired at 

the sample, the matrix absorbs the energy and generate heat to vaporise and ionise the 

sample (Singhal et al., 2015). The TOF (time of flight) analyser accelerates ions by use 

of a high voltage, their velocity is dependent on their m/z value, spectra can be created 

by the time taken by each ion to reach the detector (Pitt, 2009). Mass selected ions are 

then collided with a neutral gas (collision-induced dissociation) and the resultant 

fragments pass through a second time of flight analyser, without interference from other 

mixture components. The spectrum produced can be compared to known spectra to 

identify the molecule of interest (Gogichaeva et al., 2007). 

Mass spectrometry analysis was carried out by the metabolomics and proteomics 

laboratory at the University of York. MALDI MS/MS was performed using a Bruker 

ultraflex III MALDI-TOF/TOF, to allow higher confidence identifications by including 

tandem spectral data. Bands from samples showing activity in bioassay were excised 

before being sent to the University of York. Proteins were digested in-gel with trypsin, 

post reduction and alkylation. Peptides produced were analysed and a MS spectrum 

acquired between 800-5000 m/z and the ten strongest peaks selected for fragmentation. 

The tandem mass spectral data obtained was searched against the NCBI database using 

the Mascot search program allowing identification by homology. 

 

2.12 PCR and gel electrophoresis 

Primers were designed to bind to sections flanking the bacteriocin producing region. The 

primers were degenerate as they were based on the protein sequence and several codons 

can code for one amino acid. PCR was used to amplify the gene of interest and to screen 

for homology to the previously characterised bacteriocin. PCR was carried out according 

to Saiki et al., 1985, using a T100 Biorad thermocycler. DNA was extracted from an 

overnight culture of K957 using a DNeasy blood and tissue kit. The protocol for Gram-

negative bacteria was followed from the kit handbook. Primers were designed to amplify 

the 2000 bp bacteriocin producing gene cluster region from the K957 K. pneumoniae 

strain, which has been previously analysed by mass spectrometry.  

 



 25 

The following primers were designed: 

K957(forward) 5’-GAGGAAAAGYATATGAGTGGCGGAG-3’ 

K957(reverse) 5’-GATAACTTTYKCKWRCCAGTTACCATCCC-3’  

 

25 µl reactions were prepared in microtubes from 10.5 µl nuclease-free water, 12.5 µl 2x 

master mix, 0.5 µl each of forward and reverse primers and 1 µl DNA template. 

A negative control without a DNA template was used to rule out cross-contamination.  

 

The microtubes were placed in a thermocycler under the following cycling conditions: 

Table 4: PCR conditions for K957 primers. 

Cycle step Temperature Time Cycles 

Initial denaturation 95 °C 3 minutes 1 

Denaturation 95 °C 1 minute 35 

Annealing 56.9 °C 1 minute 35 

Extension 72 °C 1 minute 35 

Final extension 72 °C 5 minutes 1 

Hold 12 °C ∞  

 

For analysis, gel electrophoresis was carried out according to Lee et al., 2012. Gel 

electrophoresis was performed using the following protocol: 

A 1% agarose gel was prepared using 100 ml 1% TAE buffer (Appendix B). The 25 µl 

reaction was combined with 5 µl 6x loading buffer and 15 µl of the mixture loaded into 

each well. For DNA gel extraction, a 1% gel was prepared  with larger wells and 50 µl 

loaded into each well. Gels were run at 140 V for 1 hour, then stained with ethidium 

bromide for 10 minutes and destained in deionised water for 2 minutes. The gels were 

imaged with a ChemiDoc MP gel imaging system. 
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2.13 Restriction enzyme digestion 

Bacteria produce restriction enzymes, endonucleases which degrade foreign DNA such 

as bacteriophage DNA. They are site specific, so can be used to introduce controlled cuts 

to DNA either to allow ligation or for diagnostic purposes (Smith and Wilcox, 1970). 

Gel extraction was used to isolate K957 DNA from the previously characterised 

bacteriocin producing bacteriocin from the agarose gel after electrophoresis. The band 

containing amplified DNA was excised from the gel and a gel DNA extraction kit was 

used to extract the DNA, by following the kit instructions.  

Plasmid pET-22b (Novagen) from the pET system was chosen for the molecular cloning 

of the gene into E. coli as it contains NdeI and XhoI restriction sites downstream from a 

T7 promoter, genes coding for ampicillin resistance and produces recombinant proteins 

containing a His-tag. When the NdeI and XhoI restriction sites are used to insert the gene 

of interest, controlled and increased protein expression of genes inserted downstream 

from it is enabled (Appendix C) (Studier and Moffat, 1986).  

Restriction enzyme digestion was carried out on plasmid pET-22b and amplified DNA 

from PCR. The following mixture was prepared for the reaction: 

1 µg of plasmid DNA, 1 µl NdeI, 1 µl XhoI and 5 µl of 10x Tango buffer. Filtered and 

autoclaved H2O was added to make a final volume of 50 µl. A control reaction was set 

up containing all the reagents listed above except the plasmid DNA. The reactions were 

incubated at 37°C for one hour. 

 

2.14 Ligation of DNA and transformation 

To clone target genes into the desired vector after restriction digestion, ligation to join 

the DNA fragments using DNA ligase is required (Graslund et al., 2008). 

E. Coli BL21 (DE3) competent cells were used as a protein expression host as they are 

easily genetically transformed, they have fast growth kinetics and are non-pathogenic 

(Muhlmann et al., 2017). Competent cells were created following the protocol in 

appendix D.  

The following mixture was prepared in an Eppendorf tube for the ligation reaction: 
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25 ng of cut vector DNA, 75ng of the insert DNA, 1 µl of 10x ligase buffer and 1 µl of 

DNA ligase. Filtered autoclaved water was added to reach a total volume of 10 µl. A 

control reaction was set up containing all the reagents listed above except the restriction 

enzymes. The reactions were incubated at room temperature for 2 hours.  

Transformation was performed using E. coli BL21(DE3) competent cells, using the 

following protocol: 

Competent cells were thawed on ice and 5 µl plasmid DNA was added to 50 µl competent 

cells. Mixture was incubated on ice for 30 minutes, then heatshocked at 42ºC for 45 

seconds. Cells were placed back on ice for 2 minutes. Mixture was added to 950 µl SOC 

(Super Optimal broth with Catabolite repression) media (Appendix E) at room 

temperature and incubated in a shaking incubator at 37ºC for 45 minutes. 50 µl of the cell 

suspension was spread on to one ampicillin LB agar plate and the rest of the reaction on 

a second plate. Plates were incubated at 37 ºC overnight. Success of transformation 

results in growth of cells on ampicillin supplemented plate.  

 

2.15 Induction of protein expression 

Isopropyl-ß-D-thiogalactopyranoside (IPTG) is used to bind and release the lac repressor, 

allowing transcription of genes in the lac operon downstream of the T7 promoter on the 

vector (Rosano and Ceccarelli, 2014). Plasmid pET-22b from the pET system was chosen 

for the molecular cloning of the gene into E. coli as it contains T7 promoters to allow 

control of protein expression and a His-tag sequence which is cloned into recombinant 

proteins to allow efficient purification (Studier and Moffat, 1986). B strains of E. coli are 

deficient in proteases and are useful for recombinant protein expression (Jia and Jeon, 

2016). DE3 strains contain the λDE3 lysogen, carrying the gene for T7 RNA polymerase 

under control of the lacUV5 promoter (Goffin and Dehottay, 2017). Induction was 

performed using the following protocol: 

A single transformed colony was suspended in 10 ml LB broth with 10 µl of 100 mg/ml 

ampicillin, to reach a concentration of 100 µg/ml. Culture was incubated at 37 ºC 

overnight then added to 1 L of LB broth with 1ml of 100 µg/ml ampicillin. Culture was 

incubated at 37 ºC until OD600 reached 0.4. 400 µl of 100 mM IPTG was added to the       

1 L culture to reach a concentration of 40 µm. Protein was expressed overnight in a 

shaking incubator at 12 ºC. Culture was centrifuged at 4,000 rpm and supernatant 
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discarded. Cell pellet was frozen overnight. Cell pellet was lysed using a Fisherbrand 120 

sonicator in short 10 second bursts followed by 30 seconds for cooling, for a total of six 

minutes. Lysed cells were centrifuged for 5 minutes at 17,000 rpm. Supernatant was 

retained and filtered through a 0.2 µm filter. Transformed and untransformed colonies 

were grown on a LB agar plate, then subjected to a chloroform lysis assay as previously 

described, to confirm transformation. 

 

2.16 IMAC (Immobilised-metal affinity chromatography) 

IMAC is a method used to purify proteins containing a His-tag. Ni2+ ions are held in place 

on the column by four coordination sites to NTA (nitrilotriacetic acid), leaving two 

coordination sites free to interact with histidine in the affinity tag (Block et al., 2009). 

Recombinant proteins expressed from pET-22b possess a C-terminal His-tag which has 

an affinity for the metal ions (Ni2+) in the IMAC column (Studier and Moffat, 1986). 

Imidazole has a higher infinity for nickel than the His-tag, so when washed with a buffer 

containing an increasing gradient of imidazole, the protein will elute from the column 

(Bornhorst and Falke, 2000). 

IMAC was performed on the protein utilising an AKTA prime plus FPLC, using the 

following parameters: 

A HisTrap 5ml column was used with a pH 8, 20 mM imidazole, 0.5 M NaCl and 20mM 

phosphate binding buffer. To elute the protein, a pH 8, 0.5 M NaCl and 20 mM phosphate 

elution buffer was used with a gradient of 20-500 mM imidazole. 

 

3. Results 

3.1 Bacteriocin induction and cell lysis 

Bioassays were performed to confirm the presence of bacteriocin and success of cell lysis. 

The spot-on lawn method of bioassay, using filtered cell lysate from mitomycin c induced 

K. pneumoniae, revealed the presence of a bacteria free zone on the soft agar overlay 

containing the indicator strain of K. pneumoniae (Figure 8).  
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3.2 Chloroform bioassay of bacterial strains 

After initial confirmation of bacteriocin production using the sensitive strain 22 as an 

indicator strain, a chloroform bioassay of bacterial strains was carried out to ascertain if 

any of the strains had activity against each other. All of the strains were tested both for 

susceptibility to bacteriocin activity, by their use as indicator strains in the overlay and 

as potential inhibiting strains. This was determined by the presence of a zone of inhibition 

in a lawn overlay placed over chloroform lysed cells (Figure 9). 62.9 % of the strains 

showed bactericidal activity against a range of other strains. 

 

 

 

 

 

 

 

 

1 

2 3 

 

 

Figure 8: Bacteriocidal activity of cell lysate from strain 11 

after induction, spots 1 and 2 contain cell lysate, spot 3 

Tris buffer 10mM only as a negative control. Strain 22 was 

used as an indicator strain in the soft agar overlay. 
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Table 5: Inhibition of bacterial strains in overlay caused by bacterial cultures on BHI agar after chloroform lysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Inhibiting strains 

Susceptible strains 
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 
1                            
2       I                     
3  I                          
4  I    I  I I     I        I  I    
5                            
6                            
7         I     I        I  I    
8                            
9  I I I I   I I      I             

10         I                   
11  I    I  I      I      I  I     I 
12  I    I  I I     I      I  I  I   I 
13                            
14 I I I I I I I I I I I I   I             
15  I    I  I I     I      I  I     I 
16    I I I   I   I  I        I      
17    I I I      I  I              
18 I                           
19 I   I I I   I   I  I              
20    I I I   I   I  I              
21           I   I I             
22                            
23                            
24                            
25                            
26         I     I      I  I      
27                            

11 

13 

12 14 

Figure 9: Chloroform lysis bioassay of bacterial strains 11-14, 

showing bacteriocidal activity in samples twelve and fourteen, 

using strain 9 as an indicator strain. 
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3.3 Spot-on lawn bioassay of bacterial strains 

After confirmation of bacteriocin production using chloroform lysis, a spot-on lawn 

bioassay of all bacterial strains was carried out to confirm if any of the cell lysate from 

bacterial strains had activity against each other. This was determined by the presence of 

a zone of inhibition in a lawn overlay around cell lysate placed on the overlay from 

another strain (Figure 10). 25.9 % of the strains showed bactericidal activity against a 

range of other strains. No sign of bacteriocidal activity was observed on lawn plates 

prepared with the indicator strain and inoculated with material transferred from inhibition 

zones. 

 

Table 6: Inhibition of bacterial strains in overlay caused by bacteriocin application.  

 

 

 
 

 

 
 

Inhibiting strains 

Susceptible strains 
•  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 

1                            
2                            
3                            
4         I     I        I  I    
5                            
6                            
7         I     I        I  I    
8                            
9                            

10                            
11  I    I          I I   I  I     I 
12        I I       I I   I  I  I   I 
13                            
14                            
15  I    I I             I  I     I 
16         I     I        I      
17                            
18                            
19                            
20                            
21                            
22                            
23                            
24                            
25                            
26         I     I        I      
27                            
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3.4 Effect of heat on bacteriocins 

Following chloroform lysis and spot-on bioassays, three bacteriocin producing strains 

were chosen for further study. Samples 11, 12 and 15 were chosen as they inhibited a 

different range of bacterial strains, and may therefore produce different bacteriocins. A 

bioassay was carried out to determine the effect of heat on the activity of the bacteriocins. 

Samples 11 and 15 showed reduced activity at 60ºC and complete loss at 65 ºC, sample 

12 retained bactericidal activity at 95ºC (Figure 11). 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Bioassay showing the effect of heat on bactericidal action of the samples, 

sample 11and 15 show reduced activity at 60 °C and loss of activity at 65 °C. Sample 

12 retained bactericidal activity at 95 °C. 
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16 

17 

18

18 

19 

Figure 10: Spot-on lawn bioassay of bacterial strains 15-20, 

showing bacteriocidal activity of sample 15 on strain 7. 

 

20 

11 

12 12 

15 
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SDS-PAGE was used to determine if the loss in activity was due to protein degradation, 

no obvious difference in protein bands was apparent in any of the samples (Figure 12). 

 

 

 
                             Figure 12: SDS-PAGE of proteins from sample 11 after heat treatment, 

                              no obvious degradation occurred. Prestained ladder in kDa. 

 

3.5 Ion exchange chromatography 
 
After heat treatment, cell lysate containing active bacteriocin from the three strains were 

subjected to ion exchange chromatography, in order to purify the bacteriocin. An ion 

column was used to isolate the protein of interest from the cell lysate. A Hi Trap 5 ml Q 

anion exchange column was used with filtered and degassed pH 9 Tris-HCl buffer. A 

flow rate of 3 ml/min was used and a NaCl gradient from 0 to 1M (Figures 13, 14 and 

15). Bioassay was performed to determine the presence of bacteriocin in all fractions. 

Fractions eluted by IEX chromatography were collected and subjected to bioassay by the 

spot-on method. 
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Figure 14: Chromatogram of IEX of sample 12, wide peak of 140 mAU represents the 

largest quantity of protein eluted in fractions 12 and 13. Spot-on bioassay revealed 

highest activity in fractions 11, 12 and 13. 

 

Figure 13: Chromatogram of IEX of sample 11, peak of 100 mAU represents the largest quantity of protein 

eluted in fraction 11. Spot-on bioassay revealed highest activity in fractions 11, 12 and 13. 
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All fractions from IEX were subject to spot-on bioassay, bacteriocidal activity was 

highest in fractions 11, 12 and 13 for all strains (Figure 16). Bacteriocidal activity was 

also present although at a much lower rate from fractions 8 to 10 and 14 to 16.  

 

 

 

 

 

 

 

 

 

 

 

 

11 
12 

13 
14 

15 

16  

Figure 16: Spot-on bioassay of fractions 11-16 

from sample 12, activity shown in fractions 11, 

12 and 13. Strain 22 used as indicator strain. 

 

Figure 15: Chromatogram of IEX of sample 15, peak of 150 mAU represents the largest 

quantity of protein eluted in fractions 12 and 13. Spot-on bioassay revealed highest 

activity in fractions 11, 12 and 13. 
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3.6 Size exclusion chromatography 

As ion exchange chromatography produced broad peaks, fractions showing activity were 

dialysed to remove contaminants and small molecules. Size exclusion chromatography 

was then used on the active fractions to further isolate the protein of interest (Figures 17, 

18 and 19). The protein concentration is measured by UV absorbance at 280 nm in mAU 

(milli absorbance units). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Chromatogram of SEC, sample 11, peak of 10 mAU 

represents the largest amount of protein eluted in fractions 7 

and 8. Spot-on bioassay showed activity in fractions 7 and 8. 
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Figure 18: Chromatogram of SEC, sample 12, peak 

of 80 mAU represents the largest amount of protein 

eluted in fractions 7 and 8. Spot-on bioassay showed 

activity in fractions 7 and 8. 



 38 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8 

7 

6 
5 

4 

3 

2 
1 

Figure 19: Chromatogram of SEC, sample 15, 

peak of 110 mAU represents the largest amount 

of protein eluted in fractions 7 and 8. Spot-on 

bioassay revealed activity in fractions 7 and 8. 

 

Figure 20: Spot-on bioassay of sample 11, 

bacteriocidal activity in fractions 7 and 8, 

shown by clear zones of inhibition. 
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A spot-on lawn bioassay was carried out on all fractions after SEC, bacteriocidal activity 

was present in all three samples in fractions 8 and 9 (Figure 20).  

 

3.7 SDS-PAGE  

After size exclusion chromatography, fractions showing activity were analysed by SDS-

PAGE, to further purify the protein and enable mass spectrometry. Initial SDS-PAGE 

was unsuccessful, so active fractions were concentrated in an Eppendorf 5301 

concentrator before SDS-PAGE.  After concentration SDS-PAGE produced bands for all 

samples. The initial SDS-PAGE gel produced a band of around 50 kDA for sample 11, 

30 kDA for sample 12 and 70 kDA for sample 15 (figure 21). When repeated (Figure 22) 

protein bands of around 32 and 25 kDa were produced by sample 11. Sample 12 yielded 

two main protein bands  of 37 and 15 kDa. Sample 15 produced only one faint band with 

a molecular weight of around 40 kDa. The previously characterised K957 produced a 

strong band at around 70 kDa, without any of the concentration required for samples 11, 

12 and 15. 

 

 

 

 

 

 

 

 

 

 

Figure 22: Improved SDS-PAGE of samples 11, 12, 15 

and 26. Band marked 1-sample 11, 2-sample 12, 3-

sample 15. Unmarked band is the previously 

characterised bacteriocin from K957. 

 

Figure 21: SDS-PAGE of samples 11, 12 and 15. 

Band A, B and C were chosen for mass 

spectrometry. 
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3.8 Mass spectrometry 

Bands excised from SDS-PAGE were sent for mass spectrometry analysis, to attempt to 

identify the bacteriocin produced, and enable molecular cloning. The MALDI-MS/MS 

protein identification procedure resulted in spectra which were searched against the K. 

pneumoniae subset of the UniProt_Tr database, yielding the following matches: 

Band A – (A0A0J4XWC8) Maltodextrin-binding protein 

Band B – (A0A0J4XWC8) Maltodextrin-binding protein, plus single peptide matches to 
(A0A086I5U9) Chitinase and (A0A0J4X5N5) N-ethylmaleimide reductase. 

Band C - (A0A060VKU4) Periplasmic trehalase 

 

No bacteriocin were identified, so isolation and purification was repeated to achieve an 
improved SDS-PAGE with less bands, with the intention of repeating the mass 
spectrometry analysis. 

 

3.9 PCR and gel electrophoresis 

PCR and gel electrophoresis of bacterial strains 11, 12 15 and the previously 

characterised K957 was carried out to identify any homology between the novel 

bacteriocins found and the previously characterised bacteriocin. The primers used were 

designed to amplify bacteriocin producing genes from strain K957, the previously 

characterised bacteriocin producing strain of bacteria. A clear band was produced for 

strain K957, but not for strains 11, 12 and 15, indicating that the strains possess a different 

DNA sequence to the previously characterised bacteriocin, and potentially produce a 

different bacteriocin (Figure 23). 
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PCR and gel electrophoresis were repeated using with a wider gel comb to obtain larger 

DNA quantities for molecular cloning. 

 

3.10 Molecular cloning 

The previously characterised strain K957 was chosen for molecular cloning, as mass 

spectrometry had been successful and primers designed amplified the bacteriocin 

producing gene. After cloning, colonies were grown on the ampicillin plates, suggesting 

they had taken in the plasmid with the resistance marker. IPTG induction of protein 

expression resulted in a culture which yielded good bacteriocidal activity on the sensitive 

K. pneumoniae strains after cell lysis. Transformed colonies were grown on an LB agar 

plate and subjected to chloroform lysis assay, this resulted in a clear zone of inhibition, 

untransformed colonies had no zone of inhibition, confirming that the bacteriocidal 

activity is due to the transformation and not an inherent property of E. coli (figure 24). 

 

 

1000bp 

500bp  

 

100bp 

 

 

 

  11     12   15      26 

Figure 23: PCR and gel electrophoresis of bacteria 

strains 11, 12, 15 and 26, a clear band of 2000 bp was 

produced for strain 26 but no bands were produced for 

samples 11, 12 and 15.  
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3.11 IMAC (Immobilised metal affinity chromatography) 

After molecular cloning, cell lysate obtained from transformed E. coli BL21 (DE3) was 

subjected to IMAC. This was to purify the bacteriocin from the cell lysate and to confirm 

the successful transcription of the His-tag in the plasmid. A chromatogram was produced 

with a high peak of 200 mAU at fractions 14 and 15 (Figure 25). All fractions were 

subjected to bioassay and activity was confirmed in fractions 14-18. 

Transformed 

Transformed 

Untransformed 

Untransformed 

Figure 24: Chloroform lysis bioassay of transformed 

and untransformed colonies of E. coli, transformed 

colonies show clear zones of inhibition. 
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Figure 25: IMAC chromatogram of transformed E. coli produced a peak of 200 mAU represents the largest 

amount of protein eluted in fraction 15. Spot-on bioassay revealed activity in fractions 14 to 18. 

 

4. Discussion 

4.1 Bacteriocin induction and cell lysis 

Mitomycin C is commonly used in microbiology as an effective inducer of the bacterial 

SOS response and therefore bacteriocin production (Wei et al., 2001). Mitomycin C is an 

alkylating agent which forms DNA crosslinks by reacting with guanine in cDNA at CpG 

sequences (Dapa et al., 2017). This activates RecA and results in the cleavage of LexA, 

a transcription factor which controls the SOS response and therefore the expression of 

many genes, including those responsible for bacteriocin production (Fornelos et al., 

2016).  After bacteriocin induction cell lysis was performed, to obtain a cell lysate 

containing bacteriocin. 

Bead beating is a form of mechanical lysis which uses shear force to lyse the cells, for 

this study this was preferable to chemical lysis which would require further purification 

steps before mass spectrometry could be performed (Feist and Hummon, 2015). 

Denaturation to improve extraction by chemical means may also have resulted in loss of 



 44 

bactericidal action, hampering identification of active fractions after chromatography 

(Gutstein et al., 2009). A limitation of the bead beating method is the production of heat 

due to friction between the cells and beads, however as bacteriocins are often tolerant of 

heat, it was presumed to be compatible with bacteriocin extraction (Islam et al., 2017). 

The success of bacteriocin induction and cell lysis was presumed due to the presence of 

a bacteria free zone on a spot-on lawn bioassay using the indicator strain.  

 

4.2 Identification of bacteriocin producing strains 

The chloroform lysis and spot-on lawn bioassay methods used both rely upon the ability 

of bacteriocins to diffuse in semisolid agar, which when inoculated by an indicator strain 

provides an effective screening method for bacteriocin production. The chloroform lysis 

method kills the bacteriocin producing strain before overlay with a sensitive strain, this 

ensures further growth doesn’t obscure any zone of inhibition (Kekessy and Piguet, 

1970). To ensure the bacteriocidal activity was not caused by the release of substances 

such as ROS (reactive oxygen species) as a response to the stress of chloroform lysis, the 

strains showing activity were subjected to a further round of bioassay by the spot-on 

method (Gregory et al, 1973; Privalle et al, 1987; McBee et al., 2017). 58.8% of strains 

that displayed bacteriocidal activity by chloroform lysis showed no activity by the spot-

on method, as it is a more specific assay using filtered cell lysate instead of entire ruptured 

cells and their intracellular contents (Hockett and Baltrus, 2017). As there was no clearing 

of the indicator bacterial lawn from the transferred material from the clear inhibition zone 

the possibility of the presence of bacteriophage can be ruled out (Fett, 2005). This is 

because bacteriophage will replicate and consistently produce plaques on the same 

indicator strain, whereas bacteriocins are non-replicating and present in a finite amount 

therefore their activity will be diluted (Hockett and Baltrus, 2017). 

The number of bacteriocin producing strains identified was only 25.9%, this appears to 

be a low amount as 99% of bacteria produce at least one bacteriocin (Yang et al., 2014). 

However, as the target bacteria must possess both the salient outer membrane receptor 

and translocator therefore many bacteriocins can presume to have been undetected 

(Ghachi et al., 2006). Use of a wider range of indicator strains with a range of receptor 

proteins would enable more bacteriocin be identified (Yang et al., 2014). The pattern of 
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susceptibility to bacteriocins can also be used to identify bacterial strains, providing an 

inexpensive and quick method of identification (Bauernfeind et al., 1981). As bacteriocin 

producing strains were identified by the methods used, they can be presumed valid.  

 

4.3 Effect of heat on bacteriocin 

Cell lysate from the three bacterial strains were subjected to varying temperatures, from 

35°C to 90°C. This was performed both as method of purification, as temperature 

sensitive proteins are degraded and to assess the effect of heat on the lysates. The three 

bacteriocins studied retained activity at high temperatures, with two strains still having 

bacteriocidal action at 65°C and one strain retaining activity at 90°C. This confirms 

potential for uses in which temperature is a factor, such as lack of refrigeration or use in 

the environment (Yang et al., 2014). It has been reported that heat in fact sensitises Gram-

negative bacteria to bacteriocins, leading to speculation that translocation across the outer 

membrane is dependent on membrane fluidity (Bourdineaud et al., 1990; Prudencio et 

al., 2015). Another piece of evidence for this theory is the susceptibility of cancer cells 

to bacteriocins, also thought to be due to increased membrane fluidity (Kaur and Kaur, 

2015). As bacteriocins need to utilise both a surface receptor such as BtuB and a 

translocator such as OmpF to enter the cell, it would seem logical that increasing 

membrane fluidity would allow freer movement of the membrane proteins, allowing the 

bacteriocin to more easily access both proteins (Cao and Klebba, 2002).  

4.4 Chromatography 

In IEX, the bacteriocin was eluted through a wide range of the fractions. The presence of 

peaks on the chromatograms outside of the active fractions, indicates successful removal 

of some of the contaminants. None of the bacteriocins bound to the cation column, despite 

use of a range of buffers with a pH from 8 to 4.5, suggesting that the three bacteriocins 

have a pI lower than 4.5. Highest bacteriocidal activity was observed in fractions 11-13 

by use of spot-on bioassay. 

Active fractions from IEX were selected for SEC after dialysis to remove any salts or 

contaminants from IEX. The fractions were separated by SEC, as all three bacteriocins 

eluted in the same fractions, it can be presumed they are roughly the same size. As larger 

molecules elute first, the proteins must be at the larger end of the fractionation range 



 46 

which is 3-70 kDa. This concurs with expected molecular weight between 5-80 kDa 

(Rebuffet, 2012).  This is not an exact method of size determination, as proteins of the 

same size can exhibit different conformations, and may elute at different times (Liu et 

al., 2006). Highest bacteriocidal activity was observed in fractions 7 and 8 by use of spot-

on bioassay. 

All strains produce bacteriocins that elute in the same fractions in both IEX and SEC, 

indicating a level of homology between the proteins. It is unlikely the same bacteriocins 

are produced by each strain, due to the different patterns of inhibition that were caused 

in the screening spot-on assays and the difference in heat stability between samples. 

 

4.5 SDS-PAGE 

Excepting the previously characterised bacteriocin K957, dilution of the samples 

throughout the two sessions of chromatography resulted in fractions that although still 

capable of bacteriocidal action, failed to produce strong bands in SDS-PAGE (Liu et al., 

2006). The K957 strain clearly produces bacteriocin at much higher levels than the other 

strains tested, as no concentration was necessary for strong, clear bands. Bacteriocin 

expression has a high cost for the cell, so it would seem likely the bacterial strain 

originates from an environment where bacteriocin production is beneficial. In a 

community of closely related strains, some strains take on a specialised role which benefit 

the entire community, for example altruistic siderophore production, K957 may be an 

example of an altruistic bacteriocin producer (Hawlena et al., 2010). Another possibility 

is that the bacterial strain produces bacteriocins to deplete closely related strains, 

reducing the overall bacterial load in a host and therefore the ferocity of any immune 

response (Gardner et al., 2004). The bacteriocidal activity was retained in the other 

samples despite the absence of strong bands in SDS-PAGE because bacteriocins are 

active at nanomolar concentrations (Kaur and Kaur, 2015: Ming et al., 2015). Silver 

nitrate staining could have been used to image the protein as it is a more sensitive method, 

however it may not have produced a band containing enough protein for mass 

spectrometry (Simpson, 2007). Concentrating the active fractions from SEC in an 

Eppendorf concentrator resulted in samples capable of producing bands in SDS-PAGE. 

Bands A, B and C from Figure 25 were chosen for mass spectrometry performed in this 
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study. Improved bands 1, 2 and 3 were obtained for further mass spectrometry but 

analysis has not yet been achieved. 

 

4.6 Mass spectrometry 

No bacteriocins were identified by mass spectrometry, however maltodextrin-binding 

protein and periplasmic trehalase were identified. This may be because they were induced 

at the same time as the bacteriocin or that they are constitutively present and co-purified 

under the same conditions. The study could be repeated with a wider range of strains for 

initial screening. If only those bacteriocins which create strong bands in SDS-PAGE 

without concentration were sent for mass spectrometry, the chances of erroneous bands 

being chosen would be less, as protein constitutively present in the cell at low levels 

wouldn’t be co-concentrated. 

Maltodextrin-binding protein is part of the ABC (ATP-binding cassette) transporter 

complex MalEFGK involved in maltose/maltodextrin import (Beek et al., 2014). Many 

ABC transporters are encoded on bacteriocin gene clusters and study of deficient mutant 

strains have shown that in some cases they are necessary for bacteriocin secretion 

(Ishibashi et al., 2014). Some bacteriocin require an ABC transporter to cleave their 

leader peptide during export, to enable their maturation from a prepeptide to a functional 

bacteriocin (Havarstein, 1995). Induction of bacteriocin production by mitomycin c has 

been shown to result in upregulation of the constitutively transcribed ABC complex 

(Knutsen et al., 2004). 

Periplasmic trehalase converts trehalose to two glucose molecules, which can be 

metabolised or stored in the periplasm during osmotic stress to protect the cell from 

rupture (Pavanelo et al, 2018). As its expression is upregulated during the SOS response, 

induction of bacteriocin production by mitomycin c may have resulted in overexpression 

of periplasmic trehalase (Khil and Camerini-Otero, 2002). Trehalose has been shown to 

induce maltose transport, despite having two separate transport systems (Jorge et al., 

2008). It has been postulated that this is because the ABC system predates the 

phosphoenol pyruvate sugar phosphotransferase system currently used by trehalose and 

a control system still exists from earlier bacterial evolution (Xavier et al., 1996).  
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4.7 PCR and gel electrophoresis 

The primers designed to amplify the bacteriocin operon from the bacterial strain which 

produced the previously characterised bacteriocin were successful, as shown by 

successful gel electrophoresis. The primers failed to amplify DNA from the three 

bacteriocin investigated in this study, indicating a lack of homology. As the primers were 

degenerate, the DNA sequences wouldn’t have to be identical for the PCR to be 

successful. DNA from the previously characterised bacteriocin was used as a positive 

control. As the primers only bind to each end of the DNA sequence, this only gives 

information about relatively small sections of DNA, there may be entire domains with 

complete homology.  

PCR and gel electrophoresis were also used to obtain the DNA for molecular cloning. 

 

4.8 Molecular cloning 

Molecular cloning was successful, the bacteriocin operon was cloned into the pET-22b 

plasmid and the plasmid inserted into competent E. coli BL21(DE3) cells. The pET-22b 

plasmid was chosen as it has the appropriate restriction sites NdeI and XhoI downstream 

from the T7 promoter, enabling control of protein expression by IPTG (Rosano and 

Ceccarelli, 2014). The ampicillin resistance gene contained in pET-22b allowed 

immediate visualisation of the successful cloning, as any bacteria which had not taken up 

the plasmid would be unable to grow on ampicillin supplemented agar plates used. 

Clear zones of inhibition were observed around the transformed colonies and not the 

untransformed colonies, indicating the bacteriocidal activity was due to the addition of 

the bacteriocin producing gene and was not an inherent ability of E. coli BL21(DE3) 

 

4.9 IMAC (Immobilised metal affinity chromatography) 

The chromatogram obtained by IMAC showed the strongest peak, with the highest 

amount of protein than any of the other chromatograms. This is not surprising, as the 

protein expression was first induced by IPTG, then efficiently purified due to the His-tag. 

A spot-on bioassay performed with all fractions showed the peak corresponded with 
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bacteriocidal activity. This proves that molecular cloning can produce a bacterial strain 

that can produce large quantities of bacteriocin non-pathogenically. 

 

4.10 Future Work 

The success of the molecular cloning in this study has shown the successful large scale 

production of bacteriocin without toxicity is possible and may have many uses. The use 

of bacteriocins to combat pathogenic infections would be advantageous due to their non-

toxic nature and narrow spectrum of activity (Zacharof and Lovitt, 2012). 

Bacteriocins have been shown to be easily manipulated by genetic engineering. The 

modular structure exhibited by colicin-like bacteriocins allows bioengineering of 

domains to create a tailored combination of salient receptor binding, immunity protein 

and cytotoxic action for potential future use (Behrens et al., 2017).  

Bacteria have already been engineered to detect N-Acyl homoserine lactone, a quorum 

sensing molecule and express bacteriocin and DNaseI to destroy biofilm formation 

(Hwang et al., 2014). Chimeras have been formed from bacteriocins and fluorescent 

proteins, when activated they allow amplification of photons by a photomultiplier and 

remote detection of bacterial contamination (Gutierrez-del-Rio et al., 2018). This 

demonstrates the possible industrial use of bacteriocins as they could be used as a method 

to detect contamination in water treatment plants or in air filters in hospitals. 

5. Conclusion 

The aim of this study was to evaluate the possibility of using biotechnological techniques 

to expand prospective uses of bacteriocin. 

The objectives of this project were to  

1. Determine if the nosocomial strains of K. pneumoniae produce bacteriocins to 

challenge each other. If found they can then be characterised and a process of 

production and purification developed.  

2. Once bacteriocin producing strains are characterised, the bacteriocins are to be 

purified through chromatography and biochemical techniques such as SDS 

PAGE.  

3. When isolated the bacteriocins can be identified through mass spectrometry.  
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4. Primers can then be designed to amplify the bacteriocin producing gene and clone 

it into a plasmid and transform into E. coli, addition of a His-tag by primer choice 

will allow use of IMAC (Immobilised metal affinity chromatography), to 

efficiently purify large amounts of bacteriocin. 

 

This study has shown the successful large scale production of bacteriocin without toxicity 

is possible and may have many uses. Objectives 1, 2 and 4 were achieved, although it 

was not possible to identify the bacteriocins produced through mass spectrometry, the 

cloning and transformation of a previously characterised bacteriocin proved the concept 

was viable.  

As it has been proved that large amounts of bacteriocin can be produced non-

pathogenically, there is potential for their utilisation in a wide range of applications. The 

diversity of bacteriocin enables a multitude of uses and their modular structure enables 

the possibility of tailor made bacteriocin. The prevalence of heat stable bacteriocins 

expand the possibilities even further, enabling their commercial or domestic use to detect 

bacteria in air or water samples.  

 

 

 

 

 

 

 

 

 

 



 51 

References 

Adedeji, W. (2016) The treasure called antibiotics. Annals of Ibadan postgraduate medicine, 14(2) 56-57. 

Ageitos, J., Sanchez-Perez, A., Calo-Mata, P. and Villa, T. (2016) Antimicrobial peptides (AMPs): Ancient 
compounds that represent novel weapons in the fight against bacteria. Biochemical pharmacology, 133, 
117-138. 

Ahmad, V., Khan, M., Jamal, Q., Alzohairy, M., Karaawi, M. and Siddiqui, M. (2016) Antimicrobial 
potential of bacteriocins: in therapy, agriculture and food preservation. International journal of 
antimicrobial agents, 49, 1-11. 

Arnison, P., Bibb, M., Bierbaum, G., Bowers, A., Bugni, T., Bulaj, G., Camarero, J., Campopiano, D., 
Challis, G., Clardy, J., Cotter, P., Craik, D., Dawson, M., Dittman, E., Donadio, S., Dorrestein, P., Entian, 
K., Fischbach, M., Garavelli, J., Goransson, U., Gruber, C., Haft, D., Hemscheidt, T., Hertweck, C., Hill, 
C., Horswill, A., Jaspars, M., Kelly, W., Klinman, J., Kuipers, O., Link, J., Liu, W., Marahiel, M., Mitchell, 
D., Moll, G., Moore, B., Muller, R., Nair, S., Nes, I., Norris, G., Olivera, B., Onaka, H., Patchett, M., Piel, 
J., Reaney, M., Rebuffat, S., Ross, R., Sahl, H., Schmidt, E., Selsted, M., Severinov, K., Shen, B., Sivonen, 
K., Smith, L., Stein, T., Sussmuth, R., Tagg, J., Tang, G., Truman, A., Vederas, J., Walsh, C., Walton, J., 
Wenzel, S., Willey, J. and van der Donk, W. (2013) Ribosomally synthesised and post-translationally 
modified peptide natural products: overview and recommendations for a universal nomenclature. Natural 
product reports, 30, 108. 

Bauernfeind, A., Petermuller, C. and Schneider, R. (1981) Bacteriocins as tools in analysis of nosocomial 
Klebsiella pneumoniae infections. Journal of clinical microbiology, 14(1) 15-19. 

Bayramoglu, B., Toubiana, D., Vliet, S., Inglis, F., Shnerb, N. and Gillor, O. (2017) Bet-hedging in 
bacteriocin producing Escherichia coli populations: the single cell perspective. Scientific reports, 42068; 
doi: 10.1038/srep42068  

Beek, J., Guskov, A. and Slotboom, D. (2014) Structural diversity of ABC transporters. The journal of 
general physiology, 143(4) 419-435. 

Behrens, H., Six, A., Walker, D. and Kleanthous, C. (2017) The therapeutic potential of bacteriocins as 
protein antibiotics. Emerging topics in life sciences, 1, 65-74. 

Bernardini, A., Cuesta, T., Tomas, A., Bengoechea, J., Martinez, J. and Sanchez, M. (2019) The intrinsic 
resistome of Klebsiella pneumoniae. International journal of antimicrobial agents, 53(1) 29-33. 

Biernaskie, J., Gardner, A. and West, S. (2013) Multicoloured greenbeards, bacteriocin diversity and the 
rock-paper-scissors game. Journal of evolutionary biology, 26(10)  

Block, H., Maertens, B., Spriestersbach, A., Brinker, N., Kubicek, J., Fabis, R., Labahn, J. and Schafer, F. 
(2009) Immobilised-metal affinity chromatography (IMAC): A review. Methods in enzymology, 463, 439-
473. 

Bornhorst, J. and Falke, J. (2010) Purification of proteins using polyhistidine affinity tags. Methods in 
enzymology, 326, 245-254. 

Bourdineaud, J., Fierobe, H., Lazdunski, C. and Pages, J. (1990) Involvement of OmpF during reception 
and translocation steps of colicin N entry. Molecular microbiology, 4(10) 1737-1743. 

Brown, C., Smith, K., McCaughey, L. and Walker, D. (2012) Colicin-like bacteriocins as novel therapeutic 
agents for the treatment of chronic biofilm-mediated infection. Biochemical society transactions, 40(6) 
1549-1552. 

Buckner, M., Ciusa, M. and Piddock, L. (2018) Strategies to combat antimicrobial resistance: anti-plasmid 
and plasmid curing. Microbiology reviews, 42(6) 781-804. 

Byun, H., Park, J., Kim, S. and Ahn, J. (2017) A lower isoelectric point increases signal sequence-mediated 
secretion of recombinant proteins through a bacterial ABC transporter. Journal of biological chemistry, 
292(48) doi: 10.1074/jbc.M117.786749 

Cao, Z. and Klebba, P. (2002) Mechanisms of colicin binding and transport through outer membrane 
porins. Biochimie, 84(5-6) 399-412. 

 



 52 

Cascales, E. Buchanan, S., Duche, D., Kleanthous, C., Lloubes, R., Postle, K., Riley, M., Slatin, S. and 
Cavard, D. (2007) Colicin biology. Microbiology and molecular biology reviews, 71(1) 158-229. 

Chan, Y., Wu, J., Wu, H., Tzeng, K. and Chuang, D. (2011) Cloning, purification, and functional 
characterisation of Carocin S2, a ribonuclease bacteriocins produced by Pectobacterium carotovorum. 
BMC microbiology, 11(99) 1-12. 

Chen, L., Todd, R., Kiehlbauch, J., Walters, M. and Kallen, A. (2017) Notes from the field: Pan-resistant 
New Delhi metallo-beta-lactamase-producing Klebsiella pneumoniae –Washoe county, Nevada, 2016. 
Morbidity and mortality weekly report, 66(1) 33. 

Chikindas, M., Weeks, R., Drider, D., Chistyakov, V. and Dicks, L. (2018) Functions and emerging 
applications of bacteriocins. Current opinion in biotechnology, 49, 23-28. 

Clatworthy, A., Pierson, E. and Hung, D. (2007) Targeting virulence: a new paradigm for antibiotic 
therapy. Nature chemical biology, 3, 541-548. 

Clegg, S. and Murphy, C. (2016) Epidemiology and virulence of Klebsiella pneumoniae. Microbiology 
spectrum, 4(1) doi: 10.1128/microbolspec.UTI-0005-2012 

Coates, A., Halls, G. and Hu, Y. (2011) Novel classes of antibiotics or more of the same? British journal 
of pharmacology, 163(1) 184-194. 

Cooper, P. and James, R. (1985) Three immunity types of klebicins which use the cloacin DF13 receptor 
of Klebsiella pneumoniae. Journal of general microbiology, 131, 2313-2318. 

Coskun, O. (2016) Speration techniques: Chromatography. Northern clinics of Istanbul, 3(2) 156-160. 

Dapa, T., Fleurier, S., Bredeche, M. and Matic, I. (2017) The SOS and RpoS regulons contribute to bacterial 
cell robustness to genotoxic stress by synergistically regulating DNA polymerase Pol II. Genetics, 206(3) 
1349-1360. 

Dobson, A., Cotter, P., Ross, P. and Hill, C. (2012) Bacteriocin production: a probiotic trait? Applied and 
environmental microbiology, 78(1) 1-6. 

Done, H., Venkatesan, A. and Halden, R. (2015) Does the recent growth of aquaculture create antibiotic 
resistance threats different from those associated with land animal production in agriculture. The AAPS 
journal, 17(3) 513-524. 

Dorosky, R., Yu, J., Pierson, L. and Pierson, E. (2017) Pseudomonas chlororaphis produces two distinct 
R-tailocins that contribute to bacterial competition in biofilms and on roots. Applied and environmental 
microbiology, 83(15) 1-16. 

Draper, L., Cotter, P., Hill, C. and Ross, P. (2015) Lantibiotic resistance. Microbiology and molecular 
biology reviews, 79(2) 171-191. 

Fahim, H., Khairalla, A. and El-Gendy. (2016) Nanotechnology: A valuable strategy to improve bacteriocin 
formulations. Frontiers in microbiology, 7, 1385. 

Fett, W. (2006) Inhibition of Salmonella enterica by Plant-Associated Pseudomonads In Vitro and on 
Sprouting Alfalfa Seed. Journal of food protection, 69(4) 719-728. 

Feist, P. and Hummon, A. (2015) Proteomic challenges: Sample preparation techniques for microgram-
quantity protein analysis from biological samples. International journal of molecular sciences, 16, 3537-
3563. 

Field, D., Begley, M., O’Connor, P., Daly, K., Hugenholtz, F., Cotter, P., Hill, C. and Ross, P. (2012) 
Bioengineered Nisin A derivatives with enhanced activity against both Gram positive and Gram negative 
pathogens. PLoS ONE, 7(10) e46884. 

Follador, R., Heinz, E., Wyres, K., Ellington, M., Kowarik, M., Holt, K. and Thomson, N. (2016) The 
diversity of Klebsiella pneumoniae surface polysaccharides. Microbial genomics, 2(8) e000073 

Fornelos, N., Browning, D. and Butala, M. (2016) The use and abuse of LexA by mobile genetic elements. 
Trends in microbiology, 24(5) 391-401. 

Friedlaender, C. (1882). Ueber die Schizomyceten bei der acuten fibrösen Pneumonie. Archiv Patholog. 
Anat. Physiol. Klinische Med. 87, 319–324. 



 53 

Gardner, A., West, S. and Buckling, A. (2004) Bacteriocins, spite and virulence. Proceeding of the royal 
society of London, 271, 1529-1535. 

Ghachi, M., Bouhss, A., Barreteau, H., Touze, T., Auger, G., Blanot, D. and Mengin-Lecreulx, D. (2006) 
Colicin M exerts its bacteriolytic effect via enzymatic degradation of undecaprenyl phosphate-linked 
peptidoglycan precursors. The journal of biological chemistry, 281(32) 22761-22772. 

Ghequire, M. and De Mot, R. (2014) Ribosomally encoded antibacterial proteins and peptides from 
Pseudomonas. FEMS microbiology reviews, 38(4) 523-568. 

Ghequire, M. and De Mot, R. (2015). The tailocin tale: Peeling off phage tails. Trends in microbiology, 
23(10) 587-590. 

Ghodhbane, H., Elaidi, S., Sabatier, J., Achour, S., Benhmida, J. and Regaya, I. (2015) Bacteriocins active 
against multi-resistant gram negative bacteria implicated in nosocomial infections. Infectious disorders – 
drug targets, 15, 2-12. 

Goffin, P. and Dehottay, P. (2017) Complete genome sequence of Esherichia coli BLR(DE3), a recA-
Deficient derivative of E. coli BL21(DE3). Genome announcements, 5(22) e00441-17 

Gogichaeve, N., Williams, T. and Alterman, M. (2007) MALDI TOF/TOF tandem mass spectrometry as a 
new tool for amino acid analysis. Journal of the American society for mass spectrometry, 18(2) 279-284. 

Gould, I. and Bal, A. (2013) New antibiotic agents in the pipeline and how they can help overcome 
microbial resistance. Virulence, 4(2) 185-191. 

Graslund, S., Nordland, P., Weigelt, J., Hallberg, B., Bray, J., Gileadi, O., Knapp, S., Oppermann, U., 
Arrowsmith, C., Hui, R., Ming, J., Paganon, S., Park, H., Savchenko, A., Yee, A., Edwards, A., Vincentelli, 
R., Cambillau, C., Kim, R., Kim, S., Rao, Z., Shi, Y/. Terwilleger, T., Kim, C., Hung, L. and Waldo, G. 
(2008) Protein production and purification. Nature methods, 5(2) 135-146. 

Gratia, A. (1925) Sur un remarquable exemple d'antagonisme entre deux souches de colibacille. Comptes 
Rendus des Seances de la Societe de Biologie et des ses Filiales, 93, 10401041. 

Gregory, M. E. and Fridovich, I. (1973) Oxygen toxicity and the superoxide dismutase. Journal of 
Bacteriology. 114:3, 1193-1197  

Grinter, R., Milner, J. and Walker. (2012) Bacteriocins active against plant pathogenic bacteria. 
Biochemical society transactions, 40(6) 1498-1502 

Grinter, R., Josts, I., Zeth, K., Roszak, A., McCaughey, L., Cogdell, R., Milner, J., Kelly, S., Byron, O. and 
Walker, D. (2014) Structure of the atypical bacteriocins pectocin M2 implies a novel mechanism of protein 
uptake. Molecular microbiology, 93(2) 234-246. 

Gutierrez-del-Rio, I., Marin, L., Fernandez, J., Millan, M., Ferrero, F., Valledor, M., Campo, J., Cobian, 
N., Mendez, I. and Lombo, F. (2018) Development of a biosensor protein bullet as a fluorescent method 
for fast detection of Escherichia coli in drinking water 

Gutstein, H., Morris, J., Annangudi, S. and Sweedler, J. (2009) Microproteomics: Analysis of protein 
diversity in small samples. Mass spectrometry reviews, 27(4) 316-330. 

Halliwell, S., Warn, P., Sattar, A., Derrick, J. and Upton, M. (2017) A single dose of epidermicin NI01 is 
sufficient to eradicate MRSA from the nares of cotton rats. Journal of antimicrobial chemotherapy, 72(3) 
778-781. 

Havarstein, L., Diep, D. and Nes, I. (1995) A family of bacteriocin ABC transporters carry out proteolytic 
processing of their substrates con comitant with export. Molecular microbiology 16(2) 229-240. 

Hawlena, H., Bashey, F. and Lively, C. (2010) The evolution of spite: Population structure and bacteriocin-
mediated antagonism in two natural populations of Xenorhabdus bacteria. Evolution 64(11) 
doi:10.1111/j.1558-5646.2010.01070.x 

Hetz, C., Bono, M., Barros, L. and Lagos, R. (2002) Microcin E492, a channel-forming bacteriocin from 
Klebsiella pneumoniae, induces apoptosis in some human cell lines. Proceedings of the national academy 
of sciences of the United States of America, 99(5) 2696-2701. 

Hockett, K. and Baltrus, D. (2017) Use of soft-agar overlay technique to screen for bacterially produced 
inhibitory compounds. Journal of visualised experiments, 119, doi: 10.3791/55064 



 54 

Holt, K., Wertheim, H., Zadoks, R., Baker, S., Whitehouse, C., Dance, D., Jenney, A., Connor, T., Hsu, L., 
Severin, J., Brisse, S., Cao, H., Wilksch, J., Gorrie, C., Schultz, M., Edwards, D., Nguyen, K., Nguyen, T., 
Dao, T., Mensink, M., Minh, V., Nhu, N., Schultsz, C., Kuntaman, K., Newton, P., Moore, C., Strugnell, 
R. and Thomson, N. (2015) Genomic analysis of diversity, population structure, virulence, and 
antimicrobial resistance in Klebsiella pneumoniae, an urgent threat to public health. Proceedings of the 
national academy of sciences of the United States of America, 112(27) 3574-3581 

Hwang, I., Tan, M., Koh, E., Ho, C., Poh, C. and Chang, M. (2014) Reprogramming microbes to be 
pathogen-seeking killers. ACS synthetic biology, 3(4) 228-237. 

Ishibashi, N., Himeno, K., Masuda, Y., Perez, R., Iwatani, S., Zendo, T., Wilaipun, P., Leelawatcharamas, 
V., Nakayama, J. and Sonomoto, K. (2014) Genecluster responsible for secretion of and immunity to 
multiple bacteriocins, the NKR-5-3 enterocins. Applied and environmental microbiology, 80(21) 6647-
6655. 

Islam, M., Aryasomayajula, A. and Selvaganapathy, P. (2017) A review on macroscale and microscale cell 
lysis methods. Micromachines, 8(3) 83. 

Jakes, K. (2016) The colicin E1 TolC box: Identification of a domain required for colicin E1 cytotoxicity 
and TolC binding. Journal of bacteriology, doi:10.1128/JB.00412-16 

Jeziorowski, A. and Gordon, D. (2007) Evolution of microcin V an colicin Ia plasmids in Escherichia coli. 
Journal of bacteriology, 189(19) 7045-7052. 

Jia, B. and Jeon, C. (2016) High-throughput recombinant protein expression in Escherichia coli: current 
status and future perspectives. Open biology, 6(8) 160196 

Jorge, J., Fonseca, L., Boos, W. and Santos, H. (2008) Role of periplasmic trehalase in uptake of 
trehalose by the thermophilic bacterium Rhodothermus marinus. Journal of bacteriology, 190(6) 1871-
1878. 

Kageyama, M., Kobayashi, M., Sano, Y. and Masaki, H. (1996) Construction and characterisation of 
pyocin-colicin chimeric proteins. Journal of bacteriology, 178(1) 103-110. 

Kamensek, S. and Zgur-Bertok, D. (2013) Global transcriptional responses to the bacteriocins colicin M in 
Escherichia coli. BMC microbiology, 13(42) 1-13. 

Kaur, S. and Kaur, S. (2015) Bacteriocins as potential anticancer agents. Frontiers in pharmacology, 6, 
272. 

Kekessy, D. and Piguet, J. (1970) New method for detecting bacteriocin production. Applied microbiology, 
20(2) 282-283. 

Khaertynov, K., Anokhin, V., Rizvanov, A., Davidyuk, Y., Semyenova, D., Lubin, S. and Skvortsova, N. 
(2018) Virulence factors and antibiotic resistance of Klebsiella pneumoniae strains isolated from neonates 
with sepsis. Frontiers in medicine, 5, 225. 

Khil, P. and Camerini-Otero, R. (2002) Over 1000 genes are involved in the DNA damage response of 
Escherichia coli, 44(1) 89-105. 

Kim, Y., Tarr, A. and Penfold, C. (2014) Colicin import into E. coli cells: A model system for insights into 
the import mechanisms of bacteriocins. Biochimica et biophysica acta (BBA) – Molecular cell research, 
1843(8) 1717-1731. 

Kleanthous, C., Kuhlmann, U., Pommer, A., Ferguson, N., Radford, S., Moore, G., James, R. and 
Hemmings, A. (1999) Structural and mechanistic basis of immunity toward endonuclease colicins. Nature 
structural and molecular biology, 6(3) 243-252. 

Klein, A., Wojdyla, J., Joshi, A., Josts, I., McCaughey, L., Housden, N., Kaminska, R., Byron, O., Walker, 
D. and Kleanthous, C. (2016) Structural and biophysical analysis of nuclease antibiotics. Biochemical 
journal, 473, 2799-2812. 

Knutsen, E., Ween, O. and Havarstein, L. (2004) Two separate quorum sensing systems upregulate 
transcription of the same ABC transporter in Streptococcus pneumoniae.  

Kumar, M., Curtis, A. and Hoskins, C. (2017) Application of nanoparticle technologies in the combat 
against anti-microbial resistance. Pharmaceutics, 10, 11 doi:10.3390/pharmaceutics10010011 



 55 

Laemmli, U. (1970) Cleavage of structural proteins during the assembly of the head of bacteriophage T4. 
Nature, 227, 680-685. 

Laffite, A., Kilunga, P., Kayembe, J., Devarajan, N., Mulaji, C., Giuliani, G., Slaveykova, V. and Pote, J. 
(2016) Hospital effluents are one of several sources of metal, antibiotic resistance genes, and bacterial 
markers disseminated in sub-saharan urban rivers. Frontiers in microbiology, 7, 1128. 

Lagha, A., Haas, B., Gottschalk, M. and Grenier, D. (2017) Antimicrobial potential of bacteriocins in 
poultry and swine production. Veterinary research, 48(22) 1-12. 

Lagos, R., Wilkens, M., Vergara, C., Cecchi, V., Cecchi, X. and Monasterio, O. (1993) Microcin E492 
forms ion channels in phospholipid bilayer membranes. Federation of European biochemical societies, 
2(3) 145-148. 

Langdon, A., Crook, N. and Dantas, G. (2016) The effects of antibiotics on the microbiome throughout 
development and alternative approaches for therapeutic modulation. Genome medicine, 8(39) 1-16. 

Lee, C., Lee, J., Park, K., Jeon, J., Kim, Y., Cha, C., Jeong, B. and Lee, S. (2017) Antimicrobial resistance 
of hypervirulent Klebsiella pneumoniae: epidemiology, hypervirulence-associated determinants, and 
resistance mechanisms. Frontiers in cellular and infection microbiology, 7(483) 1-13. 

Lee, G., Chakraborty, U., Gebhart, D., Govoni, G., Zhou, Z. and Scholl, D. (2016) F-type bacteriocins of 
Listeria monocytogenes: a new class of phage tail-like structures reveals broad parallel coevolution 
between tailed bacteriophages and high molecular weight bacteriocins. Journal of bacteriology, 198(20) 
2784-2793. 

Lee, P., Costumbrado, J., Hsu, C. and Kim, Y. (2012) Agarose gel electrophoresis for the separation of 
DNA fragments. Journal of visualised experiments, 62, 3923. 

Lerminiaux, N. and Cameron, A. (2019) Horizontal transfer of antibiotic resistance genes in clinical 
environments. Canadian journal of microbiology, 65(1) 34-44. 

Li, L. and Zhao, X. (2018) Characterization of the resistance class 1 integrons in Staphylococcus aureus 
isolates from milk of lactating dairy cattle in northwestern China. BMC veterinary research, 
doi.org/10.1186/s12917-018-1376-5 

Li, Q., Montalban-Lopez, M. and Kuipers, O. (2018) Increasing the antimicrobial activity of nisin based 
lantibiotics against Gram-negative pathogens. Applied and environmental microbiology, 84(12) e00052-
18. 

Liu, J., Andya, J. and Shire, S. (2006) A critical review of analytical ultracentrifugation and field flow 
fractionation methods for measuring protein aggregation. The AAPS journal, 8(3) 580-589. 

Lu, J., Zhang, J., Xu, L., Liu, Y., Li, P., Zhu, T., Cheng, C., Lu, S., Xu, T., Yi, H., Li, K., Zhou, W., Li, 
P., Ni, L. and Bao, Q. (2018) Spread of the florfenicol resistance floR gene among clinical Klebsiella 
pneumoniae isolates in China. Antimicrobial resistance and infection control, 7(127) doi: 
10.1186/s13756-018-0415-0 

McAucliffe, O., Ross, P. and Hill, C. (2001) Lantibiotics: structure, biosynthesis and mode of action. 
FEMS microbiology reviews, 25(3) 285-308. 

McBee, M., Chionh, Y., Sharaf, M., Ho, P., Cai, M. and Dedon, P. (2017) Production of superoxide in 
bacteria is stress and cell state dependent: A gating optimised flow cyttrometry method that minimises ROS 
measurement artifacts with fluorescent dyes. Frontiers in microbiology, 8, 459 doi: 
10.3389/fmicb.2017.00459 

Mader, A., von Bronk, B., Ewald, B., Kesel, S., Schnetz, K., Frey, E. and Opitz, M. Amount of colicin 
release in Escherichia coli is regulated by lysis gene expression of the colicin E2 operon. Plos one, 10(3) 
doi:10.1371/journal. pone.0119124  

Maricic, N. and Dawid, S. (2014) Using the overlay assay to qualitatively measure bacterial production of 
and sensitivity to Pneumococcal bacteriocins. Journal of visualised experiments, 91, doi: 10.3791/51876 

Marcoleta, A., Marin, M., Mercado, G., Valpuesta, J., Monasterio, O. and Lagos, R. (2013) Microcin E492 
amyloid formation is retarded by posttranslational modification. Journal of bacteriology, 195(17) 3995-
4004. 

Martin-Visscher, L., Belkum, M., Garneau-Tsodikova, S., Whittal, R., Zheng, J., McMullen, L. and 
Vederas, J. (2008) Isolation and characterization of carnocyclin A, a novel circular bacteriocin produced 



 56 

by Carnobacterium maltaromaticum UAL307. Applied and environmental microbiology, 74(15) 4756-
4763. 

Martin, R. and Bachman, M. (2018) Colonisation, infection and the accessory genome of Klebsiella 
pneumoniae. Frontiers in cellular and infection microbiology, doi.org/10.3389/fcimb.2018.00004 

Martinez, J. (2012) Natural antibiotic resistance and contamination by antibiotic resistance determinants: 
The two ages in the evolution of resistance to antimicrobials. Frontiers in microbiology, 3(1) doi: 
10.3389/fmicb.2012.00001 

Mathur, H., Field, D., Rea, M., Cotter, P., Hill, C. and Ross, R. (2017) Bacteriocin-Antimicrobial synergy: 
A medical and food perspective. Frontiers in microbiology, 8, doi:10.3389/fmicb.2017.01205 

Mercado, G., Tello, M., Marin, M., Monasterio, O. and Lagos, R. (2008) The production in vivo of microcin 
E492 with antibacterial activity depends on salmochelin and EntF. Journal of bacteriology, 190(15) 5464-
5471. 

Metelev, M., Arseniev, A., Bushin, L., Kuznedelov, K., Artamonova, T., Kondratenko, R., Khodorkovskii, 
M., Seyedsayamdost, M. and Severinov, K. (2017) Acenetodin and klebsidin, RNA polymerase targeting 
lasso peptides produced by human isolates of Acinetobacter gyllenbergii and Klebsiella pneumoniae. ACS 
chemical biology, 12,814-824. 

Metola, A., Bouchet, A., Alonso-Marino, M., Diercks, T., Maler, L., Goni, F. and Viguera, A. (2017) 
Purification and characterisation of the colicin A immunity protein in detergent micelles. Biochimia et 
biophysica acta (BBA) – Biomembranes, 1859(11) 2181-2192. 

Michel-Briand, Y. and Baysse, C. (2002) The pyocins of Pseudomonas aeruginosa. Biochimie, 84(5-6) 
499-510. 

Ming, L., Zhang, Q., Yang, L. and Huang, J. (2015) Comparison of antibacterial effects between 
antimicrobial peptide and bacteriocins isolated from Lactobacillus plantarum on three common pathogenic 
bacteria. International journal of clinical and experimental medicine, 8(4) 5806-5811 

Mora, L., Moncoq, K., England, P., Oberto, J. and de Zamaroczy, M. (2015) The stable interaction between 
signal peptidase LepB of Escherichia coli and nuclease bacteriocins promotes toxin entry into the 
cytoplasm. The journal of biological chemistry, 290, 30783-30796. 

Morton, J., Freed, S., Lee, S. and Friedberg, I. (2015) A large scale prediction of bacteriocin gene blocks 
suggests a wide functional spectrum for bacteriocins. BMC bioinformatics, 16, 381. 

Muhlmann, M., Forsten, E., Noack, S. and Buchs, J. (2017) Optimising recombinant protein expression via 
automated induction profiling in microtiter plates at different temperatures. Microbial cell factories, 
16:220, doi: 10.1186/s12934-017-0832-4  

Muller-Auffermann, K., Grijalva, F., Jacob, F. and Hutzler, M. (2015) Nisin and its usage in breweries: a 
review and discussion. Journal of the institute of brewing, 121, 309-319. 

Nakayama, K., Takashima, K., Ishihara, H., Shinomiya, T., Kageyama, M., Kanaya, S. Ohnishi, M., 
Murata, T., Mori, H. and Hayashi, T. (2000) The R-type pyocin of Pseudomonas aeruginosa is related to 
P2 phage, and the F-type is related to lambda phage. Molecular microbiology, 38(2) 213-231. 

Nassif, X. and Sansonetti, P. (1986) Correlation of the virulence of Klebsiella pneumoniae K1 and K2 with 
the presence of a plasmid encoding aerobactin. Infection and immunity, 54(3) 603-608. 

Nowakowski, A., Wobig, W. and Petering, D. (2014) Native SDS-PAGE: High resolution electrophoretic 
separation of proteins with retention of native properties including bound metal ions. Metallomics, 6(5) 
1068-1078. 

Oudega, B., Oldenziel-Werner, W., Klaasen-Boor, P., Rezee, A., Glas, J. and Graaf, F. (1979) Purification 
and characterisation of cloacin DF13 receptor from Enterobacter cloacae and its interaction with cloacin 
DF13 in vitro. Journal of bacteriology, 138(1) 7-16. 

Paczosa, M. and Mecsas, J. (2016) Klebsiella pneumoniae: Going on the offense with a strong defense. 
Microbiology and molecular biology reviews, 80(3) 629-661. 

Pal, C., Asiani, K., Arya, S., Rensing, C., Stekel, D., Larsson, D. and Hobman, J. (2017) Metal resistance 
and its association with antibiotic resistance. Advances in microbial physiology, 70, 261-313. 



 57 

Pare, J. and Yaylayan, V. (1997) Chapter 7 Mass spectrometry: Principles and applications. Techniques 
and instrumentation in analytical chemistry, 18, 239-266. 

Pavanelo, D., Houle, S., Matter, L., Dozois, C. and Horn, F. (2018) The periplasmic trehalase affects type 
1 fimbria production and virulence of extraintestinal pathogenic Escherichia coli strain MT78. Infection 
and immunity, 86(8) 1-12. 

Perez, R., Zendo, T. and Sonomoto, K. (2014) Novel bacteriocins from lactic acid bacteria (LAB): various 
structures and applications. Microbial Cell Factories, 13(1) 1-13. 

Pitt, J. (2009) Principles and applications of liquid chromatography-mass spectrometry in clinical 
biochemistry. The clinical biochemist reviews, 30(1) 19-34. 

Prince, A., Sandhu, P., Ror, P., Dash, E., Sharma, S., Arakha, M., Jha, S., Akhter, Y. and Saleem, M. (2016) 
Lipid-II independent antimicrobial mechanism of nisin depends on its crowding and degree of 
oligomerisation. Scientific reports, 6, 37908. 

Privalle, C. T. and Fridovich, I. (1987) Induction of superoxide dismutase in Escherichia coli by heat 
shock. Proceedings of National Academy of Sciences. 84:9, 2723 – 2726.  

Prudencio, C., Santos, M. and Vanetti, M. (2015) Strategies for the use of bacteriocins in Gram-negative 
bacteria: relevance in food microbiology. Journal of food science and technology, 52(9) 5408-5417. 

Rath, A., Glibowicka, M., Nadeau, V., Chen, G. and Deber, C. (2009) Detergent binding explains 
anaomalous SDS-PAGE migration of membrane proteins. Proceedings of the national academy of sciences 
of the United States of America, 106(6) 1760-1765. 

Rather, I., Galope, R., Bajpai, V., Lim, J., Paek, W. and Park, Y. (2017) Diversity of marine bacteria and 
their bacteriocins: Applications in aquaculture. Reviews in fisheries science and aquaculture, doi: 
10.1080/23308249.2017.1282417 

Rebuffat, S. (2012) Microcins in action: amazing defence strategies of Enterobacteria. Biochemical society 
transactions, 40(6) 1456-1462. 

Repka., L. Chekan, J., Nair, S. and van der Donk. (2017) Mechanistic understanding of lanthipeptide 
biosynthetic enzymes. Chemical reviews, 117(8) 5457-5520. 

Richardson, L. (2017) Understanding and overcoming antibiotic resistance. PLoS biology 15(8) e2003775. 

Riley, M. and Wertz, J. (2002) Bacteriocins: evolution, ecology, and application. Annual review of 
microbiology, 56, 117-137. 

Roh, E., Park, T., Kim, M., Lee, S., Ryu, S., Oh, C., Rhee, S., Kim, D., Park, B. and Heu, S. Characterisation 
of a new bacteriocin, Carocin D, from Pectobacterium carotovorum subsp. carotovorum Pcc21. Applied 
and environmental microbiology, 76(22) 7541-7549. 

Rosano, G. and Ceccarelli, E. (2014) Recombinant protein expression in Escherichia coli: advances and 
challenges. Frontiers in microbiology, 5(172) doi: 10.3389/fmicb.2014.00172 

Rosenblatt-Farrell, N. (2009) The landscape of antibiotic resistance. Environmental health perspectives, 
117(6) 244-250. 

Runde, S. (2016) FPLC versus analytical HPLC: Two methods, one origin, many differences. The column, 
12(15) 12-16. 

Saiki, R., Scharf, S., Faloona, F., Mullis, K., Horn, G., Erlich, H. and Arnheim, N. (1985) Enzymatic 
amplification of beta-globin genomic sequences and restriction site analysis for diagnosis of sickle cell 
anemia. Science, 230(4732) 1350-1354. 

Santajit, S. and Indrawattana, N. (2016) Mechanisms of antimicrobial resistance in ESKAPE pathogens. 
Biomed research international, doi: 10.1155/2016/2475067 

Schagger, H. (2006) Tricine-SDS-PAGE. Nature protocols, 1(1) 16-22. 

Schalk, I. and Mislin, G. (2017) Bacterial iron uptake pathways: Gates for the import of bactericide 
compounds. Journal of medicinal chemistry, 60, 4573-4576. 

Sharp, C., Bray, J., Housden, N., Maiden, M. and Kleanthous, C. (2017) Diversity and distribution of 
nuclease bacteriocins in bacterial genomes revealed using Hidden Markov Models. PLoS computational 
biology, 13(7): e1005652.  



 58 

Shin, J., Gwak, J., Kamarajan, P., Fenno, J., Rickard, A. and Kapila, Y. (2016) Biomedical applications of 
nisin. Journal of applied microbiology, 120(6) 1449-1465. 

Silva, C., Silva, S. and Ribeiro, S. (2018) Application of bacteriocins and protective cultures in dairy food 
preservation. Frontiers in microbiology, doi.org/10.3389/fmicb.2018.00594 

Simpson, R. (2007) Staining proteins in gels with silver nitrate. CSH protocols, doi: 10.1101/pdb.prot4727 

Singhal, N., Kumar, M., Kanauji, P. and Virdi, J. (2015) MALDI-TOF mass spectrometry: an emerging 
technology for microbial identification and diagnosis. Frontiers in microbiology, 6, 791. 

Smith, L. and Hillman, J. (2008) Therapeutic potential of type A(I) lantibiotics, a group of cationic peptide 
antibiotics. Current opinion in microbiology, 11(5) 401-408. 

Smith, H. and Wilcox, K. (1970) A restriction enzyme from Hemophilus influenzae. Journal of molecular 
biology, 51, 379-391. 

Soares, G., Figueiredo, L., Faveri, M., Cortelli, S., Duarte, P. and Feres, M. (2012) Mechanisms of action 
of systemic antibiotics used in periodontal treatment and mechanisms of bacterial resistance to these drugs. 
Journal of applied oral science, 20(3) doi.org/10.1590/S1678-77572012000300002 

Studier, F. and Moffatt, B. (1986) Use of bacteriophage T7 RNA polymerase to direct selective high-level 
expression of cloned genes. Journal of molecular biology, 189(1) 113-130. 

Tonder, A., Mistry, S., Bray, J., Hill, D., Cody, A., Farmer, C., Klugman, K., van Gottberg, A., Bentley, 
S., Parkhill, J., Jolley, K., Maiden, M. and Brueggemann. (2014). Defining the estimated core genome of 
bacterial populations using a Bayesian decision model. PLOS computational biology, 10(8) e1003788 doi: 
10.1371/journal.pcbi.1003788 

Umu, O., Bauerl., C., Oostindjer, M., Pope, P., Hernandez, P., Perez-Martinez, G. and Diep, D. (2016) The 
potential of class II bacteriocins to modify gut microbiota to improve host health. PLoS One, 11(10) 
e0164036. 

Ventola, C. (2015) The antibiotic resistance crisis. Part 1: Causes and threats. Pharmacy and therapeutics, 
40(4) 277-283. 

Waldetoft., K. and Brown, S. (2017) Alternative therapeutics for self-limiting infections-An indirect 
approach to the antibiotic resistance challenge. PLoS biology, 15(12) e2003533 

Wei, Y., Vollmer, A. and LaRossa, R. (2001) In vivo titration of mitomycin c action by four Escherichia 
coli genomic regions on multicopy plasmids. Journal of bacteriology, 183(7) 2259-2264. 

Wright, G. (2010) Q&A: Antibiotic resistance: where does it come from and what can we do about it? 
Biomed central biology, 8, 123. doi: 10.1186/1741-7007-8-123 

Xavier, K., Martins, L., Peist, R., Kossman, M., Boos, W. and Santos, H. (1996) High-Affinity 
maltose/trehalose transport system in the hyperthermophilic archaeon Thermococcus litoralis. American 
society for microbiology, 178(116) 4773-4777. 

Yang, S., Lin, C., Sung, C. and Fang, J. (2014) Antibacterial activities of bacteriocins: application in foods 
and pharmaceuticals. Frontiers in microbiology, 5(241) 1-10. 

Yao, G., Duarte, I., Le, T., Carmody, L., LiPuma, J., Young, R. and Gonzalez, C. (2017) A broad-host-
range tailocin from Burkholderia cenocepacia. Applied and environmental microbiology, 83(10) 1-17. 

Yeh, K., Chiu, S., Lin, C., Huang, L., Tsai, Y., Chang, J., Lin, J., Chang, F. and Siu, L. (2016) Surface 
antigens contribute differently to the pathophysiological features in serotype K1 and K2 Klebsiella 
pneumoniae strains isolated from liver abscesses. Gut pathogens, 8 (4) doi:10.1186/s13099-016-0085-5 

Yoshikawa, T. (2002) Antimicrobial resistance and aging: beginning of the end of the antibiotic era? 
Journal of the American geriatrics society, 50(7) 226-9. 

Zacharof, M. and Lovitt, R. (2012) Bacteriocins produced by lactic acid bacteria. APCBEE Procedia 2, 50-
56. 

Zaman, S., Hussain, M., Nye, R., Mehta, V., Mamun, K. and Hossain, N. (2017) A review on antibiotic 
resistance: Alarm bells are ringing. Cureus, 9(6) e1403. 

Zhao, X. and Drlica, K. (2014) Reactive oxygen species and the bacterial response to lethal stress. Current 
opinion in microbiology, 21, 1-6. 



 59 

Zhao, Z., Orfe, L., Liu, J., Lu, S., Besser, T. and Call, D. (2017) Microcin PDI regulation and proteolytic 
cleavage are unique among known microcins. Scientific reports, 7, 42529. 

Zilberstein, G., Korol, L., Antonioli, P., Righetti, P. and Bukshpan, S. (2007) SDS-PAGE under focusing 
conditions: An electrokinetic transport phenomenon based on charge neutralisation. Analytical chemistry, 
79(3) 821-827. 

 

 

 

 
 
 



 I 

7. Appendices 
Appendix A 

Preparation of SDS reagents 
12% Resolving gel: 

Autoclaved mQ water 4.1 ml 
Resolving gel buffer 3.0 ml 

30% acrylamide/bisacrylamide 4.8 ml 
Set with: 

10% APS 100 µl  
TEMED  16 µl  

Stacking gel: 
Autoclaved mQ water 3.0 ml 

Stacking gel buffer 1.3 ml 
30% acrylamide/bis-acrylamide                                                                   0.67 ml 

Set with: 
10% APS  50 µl  

TEMED 16 µl 
Resolving gel buffer: 

1.5M Tris pH 8.8 
0.4% SDS v/v 

Stacking gel buffer 
0.5M Tris pH 6.8 

0.4% SDS v/v 
1x SDS running buffer: 

4x SDS running buffer 125 ml 
10% SDS     5 ml 

made up to 500ml with deionised water 
4x running buffer: 

Glycine 115.2g 
Tris      24g 

Made up to 2L with deionised water 
2x SDS loading buffer 

Autoclaved mQ water 4.8 ml 
0.5M Tris pH 6.8 1.2 ml 

Glycerol    1 ml 



 II 

10% SDS    2 ml 
0.1% Bromophenol blue 0.5 ml 

0.5 ml ß-mercaptoethanol 0.5 ml 
Coomassie blue: 

Propan-2-ol 250 ml 
Acetic acid 100 ml 

Deionised water 650 ml 
Coomassie brilliant blue 2 g 

De-stain: 
Propan-2-ol 250 ml 

Acetic acid 350 ml 
Made up to 5L with deionised water 

APS solution: 
Make fresh the same day, 10% w/v 

 
Appendix B 
50X TAE buffer 

Tris base: 242g 
Acetic acid: 57.1ml 

0.5 M EDTA:  100ml 
Add dH2O up to one litre 
To make 1xTAE from 50X TAE stock,dilute 20ml of stock into 980 ml of deionised 
water. 
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Appendix C 
pET-22b vector map 
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Appendix D  
Competent cells protocol 

1. Inoculate single colony into 5 ml LB broth in 50 ml falcon. 
2. Use 1 ml to inoculate 100 ml LB broth in 250 ml bottle after overnight incubation 
3. Place in shaking incubator at 37°C for 1.5-3 hours. 

OR 
 

1. Inoculate a single colony into 25 ml LB broth in in 250 ml bottle. 
2. Place in shaking incubator at 37°C for 4-6 hours. 

Then: 
1. Place on ice for 10 minutes 
2. Centrifuge for 3 minutes at 6,000 rpm 
3. Discard supernatant and resuspend in 10ml cold 0.1M CaCl 
4. Incubate on ice for 20 minutes 
5. Repeat step 2 
6. Discard supernatant and resuspend in 5 ml cold 0.1 M CaCl/15% glycerol 
7. Dispense into 300 µl tube and place into liquid nitrogen to freeze then store at     

-80ºC 
 

 
 
 
 
Appendix E 
SOC media recipe 

2% w/v tryptone (20g) 
0.5% w/v yeast extract (5g) 

10mM NaCl (0.584g) 
2.5mM KCl (0.186g) 

10mM MgCl2 (anhydrous 0.952g; hexahydrate 2.033g) 
20mM glucose (2.465g) 
Prepare a solution containing the first four reagents, sterilize at 121ºC then add sterile 
MgCl2 and glucose. 
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Appendix F 
List of chemicals and equipment and their suppliers 

Chemical/equipment Supplier 

 Acetic acid  Thermo fisher scientific 

30% Acrylamide/bis-acrylamide Biorad 

Agar Acros organics 

Agarose Thermo fisher scientific 

Ampicillin Sigma 

APS (NH4)2S2O8 Sigma 

ß-mercaptoethanol Sigma 

BHI Agar Sigma 

BHI Broth Sigma 

Bromophenol blue Sigma 

Buffer tango Thermo fisher scientific 

CaCl Thermo fisher scientific 

Centrifuges Beckmann Avanti J25 and JA-14 

Chloroform Thermo fisher scientific 

Citric acid  Sigma 

Dialysis membrane (SpectralPor 7 1,000 
Da) 

Spectrum labs 

DNeasy blood and tissue kit Qiagen 

DNA electrophoresis gel tank (250v/mA) Thermo fisher scientific 

DNA gel extraction kit Qiagen 

DNA ladders (100bp and 1kbp) Thermo fisher scientific 

DNA loading dye New England Biolabs 

EDTA (Ethylenediaminetetraacetic acid) Sigma 

Ethanol Thermo fisher scientific 

Ethidium Bromide Sigma 

Filter 0.2 µm Sartorius 

Gel imaging system (ChemiDoc MP) Biorad 

Glass beads<106µm Sigma 



 VI 

Glucose Sigma 

 Glycerol  Thermo fisher scientific 

Glycine Sigma 

 HCl  Sigma 

 HiTrap 5 ml Q anion exchange column GE Healthcare 

HiTrap 5 ml S cation exchange column GE Healthcare 

HisTrap 5ml column GE Healthcare 

Imidazole Sigma 
IPTG (isopropylthio-β-galactoside) 

 
Thermo fisher scientific 

KCl Sigma 

LB Agar Thermo fisher scientific 

LB Broth Thermo fisher scientific 

Ligase Thermo fisher scientific 

Ligase buffer Thermo fisher scientific 

Mastermix New England Biolabs 

MgCl2 Thermo fisher scientific 

Mitomycin C Acros organics 

NaCl Thermo fisher scientific 

NaOH Thermo fisher scientific 

NdeI Thermo fisher scientific 

PageRuler SDS ladder Thermo fisher scientific 

Phenol Sigma 

Potassium acetate Thermo fisher scientific 

Powerpack for DNA and SDS gel tanks Biorad 

Primers Sigma 

Quick coomassie blue Triple red 

Sodium acetate Sigma 

SDS (Sodium dodecyl sulfate) Sigma 

Sodium phosphate dibasic Sigma 

Sodium phosphate monobasic Sigma 
Temed (Tetramethylethylenediamine)  

 
Thermo fisher scientific 



 VII 

Tris base (2-amino-2-
(hydroxymethyl)propane-1,3-diol) Thermo fisher scientific 

Tryptone Oxoid 

Ultra centrifugal filter unit (10kDa cutoff 
point) Amicon 

XhoI Thermo fisher scientific 

Yeast extract Oxoid 

 


