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Abstract 

 

Bacteriophages (phage) are considered a primary resource for developing new 

therapeutic treatments for bacterial infections. Phage will likely be used either as an 

alternatives to antibiotics or in cooperative treatment with antibiotics. However, a 

mixed blessing of phage and phage proteins is that they are highly selective for their 

target bacteria. The advantage of this is that the natural bacterial fauna of the patient 

is undisturbed. Future therapeutic phage and phage-derived protein treatment for 

bacterial infections will likely be administered as a cocktail, of several phage or 

phage-derived proteins. More phage and phage-derived proteins with high 

antimicrobial activity and suitable pharmacokinetics must be identified to develop 

these cocktails. 

 

Current methods for identifying phage-derived proteins include their purification and 

testing against target bacteria. However, many phage-derived proteins have 

properties that make them difficult to purify, including limited solubility. The inability to 

efficiently and cost-effectively purify these proteins means that many potentially 

effective antimicrobial proteins are overlooked. The PHEARLESS (Phage-based 

Expression, Amplification and Release of Lytic Enzyme Species) assay system 

developed here consists of a bacterial expression strain where both the expression of 

the protein of interest and cell lysis to release that protein are controlled via a simple 

chemical induction. What makes this system unique is the coordination of two 

modules, one controlling expression of the protein of interest and the second a 

biological switch modified for cell lysis. The system can test any protein expressed in 

E. coli against any target bacterial species that can be co-plated with E. coli, without 

a requirement for protein purification. The system provides for a simple and rapid 

method to test for antimicrobial activity.  

 

The E. coli expression strain carries a bacteriophage 186 prophage that has been 

genetically engineered to take control of its lytic cycle via a separate chemically-

inducible module integrated elsewhere in the bacterial genome. Cumate (p-isopropyl 

benzoate) was used as the chemical inducer, and allowed tight control of the 

activation of the prophage lytic cycle. The first version of the PHEARLESS system 

was developed using a multicopy plasmid to express the antimicrobial protein of 

interest. Expression of the protein of interest was placed under control of a 

bacteriophage 186 late promoter, thus linking gene expression and cell lysis. This 
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plasmid-based system allows rapid assessment of antimicrobial activity of any gene 

cloned into the expression plasmid.   

 

A second variant of the system was developed to facilitate recovery of the gene of 

interest following cell lysis. In this case, the plasmid carrying the gene of interest has 

been site-specifically integrated into the phage 186 prophage genome, such that 

cumate-induced cell lysis also leads to phage production, where every phage particle 

carries a copy of the gene. Continued progeny phage propagation through the 

inclusion of a sacrificial propagation strain ensures continued protein expression. 

This version of the PHEARLESS assay system it is also suitable for mutant library 

screening. A proof of principle test confirmed that the PHEARLESS assay system is 

capable of high throughput screening of a library of mutants, using a mutated 

endolysin protein, and screening for revertants with restored activity against S. 

aureus. 

 

Bioinformatic searches of S. aureus genomic sequences for putative phage-

associated endolysins provided a list of possible anti-microbial enzymes, and a small 

sample of these were tested for activity using the PHEARLESS system. Similarly, the 

system can be used for testing engineered variants of known endolysins and the 

impact of protein linker sequences was examined. 

 

In summary, the tools developed here will help discover new proteins for anti-

microbial therapeutics and can be employed to optimize and investigate their 

chemical properties.  
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Chapter 1: Introduction 

 

1.a Antimicrobial Resistance - The Next Global Health Issue 
 

The greatest evidence of evolution can be observed in microorganisms. 

Microorganisms, including parasites, fungi, bacteria and viruses can all become 

resistant to drug treatments following repeated exposure. These microorganisms can 

then grow and spread uninhibited by the medications that they were once susceptible 

to. To make matters worse, they can share genes responsible for this resistance. 

Antimicrobial resistance has led to an increase in economic costs for the individual, 

and for healthcare systems as well as major loss of life (1). 

 

Some of the first noticeable costs caused by antimicrobial resistance include 

extended periods of illness, with longer hospital admissions due to failed treatments 

(2). If the initial antibiotic/antimicrobial treatments fail to clear the infection, second-

line and last-resort antibiotics become required. This can introduce additional risks to 

the patients, since many of these antibiotics, such as vancomycin and teicoplanin, 

have poor safety profiles and require careful monitoring for severe side effects (3). 

Vancomycin is largely considered a last-resort antibiotic for multidrug‐resistant, 

Gram‐positive bacterial infections. Although created over 50 years ago, exact dosing 

methods have still not been determined for this drug (4,5). With potential severe side 

effects such as damage to kidneys, vision loss and hearing loss, treatment must be 

closely monitored (4,5). 

 

The costs of increased hospital stays and failed treatments create a major economic 

burden for countries fighting antimicrobial resistance, in both developed and 

underdeveloped countries. In Europe alone, it has been estimated that an estimated 

nine billion € has been spent since 2014 to fight antimicrobial resistance (6). The 

USA alone has approximately two million people infected with antibiotic resistant 

bacteria annually, resulting in an estimated 23,000 deaths (1,7). The inclusion of 

antimicrobial resistant fungi increases the numbers of people infected annually to 

three million, resulting in an estimated 35,000 deaths (8). It is difficult estimate the 

world wide cost of all antimicrobial resistance. Several studies estimate that it could 

cost anywhere from three hundred billion to over one trillion USD annually by 2050 

(2). The estimated number of deaths caused by antimicrobial resistance is also 

estimated to rise to over ten million people annually by 2050 (2,9). 
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With expectations of increasing morbidity and mortality, vulnerable individuals with 

already compromised immune systems are at exceptional risk (1). Cancer patients 

are at particular risk of antibiotic resistant bacteria, due to cancer treatments 

weakening the immune system (9,10). Current infections also delay the time of 

cancer treatment, since any infection, resistant or not, has to be cleared before 

treatment can start (11).  

 

Transplant patients are another group that are at high risk from antibiotic resistant 

bacteria. Bacterial infections are the leading cause of morbidity and mortality in solid 

organ transplant recipients (12). Hence, transplant recipients are highly likely to be 

prescribed a broad-spectrum empiric antibiotic therapy, which increases the risk of 

development of antibiotic resistance strains. 

 

1.b Antibiotic Resistance - The End of Antibiotics? 

 

1.b.i A Brief History of Antibiotics and the Rise of Antibiotic Resistance 

 

Bacteria are particularly able to adapt to their environment to improve their odds of 

survival. Antibiotic and antimicrobial resistance is not a phenomenon caused by 

developments in medicine but rather is simply a naturally occurring response to 

selective pressure. Bacteria can gain antibiotic resistance in two ways (13–16); 

gaining access to new genetic material that can be utilised by the bacterial genome 

via addition to the genome or cell, or by mutations to the pre-existing genome, 

though base changes to protein coding genes or regulation sequences. Mutations to 

the genome occur when bacteria have increased exposure to agents that cause DNA 

damage. While the majority of the bacteria exposed to antibiotics will perish, a strong 

selection pressure is created for bacteria to adapt in some way to overcome the 

presence of the chemical.  

 

The history of antibiotics is a well-documented one. Penicillin was discovered 

fortuitously by Sir Alexander Fleming in 1928 and released to the public in 1945 (17). 

The discovery of penicillin started a push to discover more antibiotic drugs. By 1937, 

new antimicrobials, specifically sulfonamides, were developed for therapeutic use. 

However, the discovery of these antibiotic therapeutics inevitably also pushed the 

development of antibiotic resistance in bacteria. Before the release of penicillin to the 
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public had even occurred, bacteria carrying a resistance gene (penicillinase) were 

identified (18).  

 

Penicillin is classified as a β-lactam antibiotic, which is a class of antibiotics that 

contain a β-lactam ring. β-lactam antibiotics are one of the most commonly used 

class of antibiotics, which function by inhibiting peptidoglycan synthesis (19). Used to 

treat both Gram-positive and Gram-negative bacteria, the mechanism of action is via 

interruption of the terminal transpeptidation process by inhibiting the catalytic activity 

of bacterial transpeptidases (20). This results in the loss of the cross-linking peptides 

that form the peptidoglycan, weakening the structure and leading to cell lysis (19,20).  

 

Penicillin was the first β-lactam to be discovered and was quickly followed by many 

others, including; aminopenicillins, carboxypenicillins, ureidopenicillins, 

carbapenems, cephems, cephalosporins, cephamycins, carbapenems many other 

derivatives (Figure 1). β-lactamase is an enzyme discovered in bacteria that a 

provides resistance to β-lactam antibiotics, via splitting the amide bond of the β-

lactam ring. Many variants of β-lactamase genes have been identified since penicillin 

was first released. Between 1970 and 2015, over 1000 unique β-lactamase enzymes 

have been described (18).  

 



16 
 

 

Figure 1: The Arms Race of Antibiotic Development and Antibiotic Resistance. A general timeline for 

the commercial release of a number of different antibiotics and the corresponding development of 

bacterial antibiotic resistance. The general class of antibiotics is located at the bottom of the figure 

with the antibiotics colour coded. The commercial release date and the date of the first recorded 

example of resistance are shown. The time frame of the discovery void is also indicated (3,21–23). 

Teixobactin is a new class of antibiotic currently still currently in clinical trials (24). Figure adapted 

from; Figure 1 from ANTIMICROBIAL RESISTANCE Global Report on Surveillance (3), Table 1 from 

Derivation of a Precise and Consistent Timeline for Antibiotic Development (23) and Figure 1 from 

Antibiotics: past, present and future (25), Image was created with clipart from BioRender.com. 

 

1.b.ii Drivers for Antibiotic Resistance Development 
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The strongest drivers for the development of antibiotic resistance are the overuse 

and consumption of antibiotics in our healthcare system and in agriculture (26) 

(Figure 2). Overuse and misuse of prescription antibiotics in the medical profession is 

a key driver for developing antibiotic resistance and tolerance in disease-causing 

bacteria. The inappropriate use of antibiotics includes the prescription of antibiotics 

for viral infections, failure of the patient to complete the antibiotic regimen, and the 

prescription of inappropriate antibiotics. Coordination of management and reporting 

the identification of antibiotic resistance differs from country to country. The lack of a 

universal system makes it difficult to track the rates of development and the trends of 

the emergence of antibiotic resistant bacteria.  

 

The second major driver for the development and transfer of antibiotic resistance is 

the overuse of antibiotics in agriculture and animal husbandry in some countries. 

Antibiotics are commonly used in both the developed and developing world as growth 

supplements in livestock (21). In 2015, 80% of antibiotics sold in the USA were used 

in livestock (27). Efforts have since been made to decrease the total amount of all 

antibiotics used in animal husbandry, leading to a general decrease of up to 36% by 

2019 (28). However the same report reveals that the distribution of specific medically 

important antimicrobials for livestock increased by 3% from 2018 to 2019 (28). 

 

Overuse also creates the issue of antibiotics approved for livestock becoming 

ineffective, thus promoting more antibiotic use and increasing humans’ direct 

exposure to antibiotics in the food chain, and also to bacteria that are resistant to 

antibiotics. Antibiotics are further released into the environment through the waste 

products from intensive animal husbandry. It has been estimated that 90% of the 

antibiotics given to livestock end up in surface runoff, groundwater and in fertilizers 

produced from the waste products (29). Humans are also exposed to antibiotics from 

other aspects of agriculture, in global crop production. Antibiotic resistance genes 

have been identified in a number of plasmids found in plant pathogens (30). At the 

beginning of 2019, antibiotic use on crops in first world countries has been prohibited 

or tightly regulated due to the risk of antibiotic resistance development. However, in 

extreme cases large quantities of antibiotics have been approved for use, this 

includes as recently as 2019 where the US Environmental Protection Agency 

temporarily approved for a single season the use of 6.3 tons of aminoglycosides 

(broad-spectrum antibiotics) for 764,000 acres in farms located in citrus-producing 

states like California and Texas (31).  
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Another environment giving rise to selection pressure for antibiotic resistance 

development is one that is perhaps less obvious - the inappropriate disposal of 

human waste containing antibiotic drugs. Antibiotics that humans consume at home 

eventually end up in the wastewater stream. Depending on the local regulations, this 

waste may end up at a wastewater reservoir or treatment facility. Such locations are 

the perfect environment to drive mutation and horizontal gene transfer (32). They 

represent diverse and complex microbial communities including biofilms. These 

microbial “soups” are also under tremendous selection pressure from many types of 

pollutants including antibiotics, pharmaceuticals, chemical compounds and heavy 

metals (32). Similar environments and selection pressure can be found in other 

locations such as landfills (33), where unused or expired antibiotics may be disposed 

of. 

 

The last important contributor of antibiotic resistance, while not a direct driving force, 

is the lack of development of antibiotics with novel mechanisms of action (1,34). A 

large portion of new antibiotics released for use are simply derivatives of current 

antibiotics (35). This results in a number of bacteria already being resistance or 

partially resistant against these new antibiotics, even before they have been 

released. Unfortunately, for large pharmaceutical companies antibiotic development 

is not as lucrative as other therapeutics, leaving research pipelines to smaller groups 

that do not have the capital for long term research and development (R&D) (1,36). 

While R&D is expensive, even more so when searching for and developing drugs 

with novel mechanisms, companies often spend more on marketing than R&D (36). 

Even with support from different government or charitable groups, such as the CDC 

or The Pew Trust, the antibiotic development pipeline still deals with a number of 

setbacks. The Pew Charitable Trust (37) estimated that in 2017 there was at least 39 

antibiotics currently progressing through clinical trials, in Phases I to III. A more 

recent analysis showed that of these 39 potential drugs, only 13 (all derivatives of 

existing antibiotics) have made it to market (38).  
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Figure 2: Snap Shot of the Driving Forces for Development and Spread of Antibiotic Resistance. 

Figure shows a general flow chart of how bacteria can develop resistance to antibiotics and factors 

which allow the spread of that resistance. Image was created with clipart from BioRender.com 

 

1.b.iii Mechanisms of Antibiotic Resistance 
 

Gene/s that code for resistance can be complex. Thus, while bacteria may develop 

resistance while a patient is taking antibiotics, it is far more common for bacteria to 

have acquired pre-existing resistance genes from a secondary source (13,39). 

Where the pathways already exist in nature, and it is the transfer of these genes into 

pathogenic bacteria that makes them dangerous (40). Bacteria have evolved multiple 

mechanisms for acquiring new DNA from the environment and from other bacteria 

(horizontal transmission). Collectively referred to as mobile genetic elements, these 

elements include: plasmids, bacteriophage (phage), transposons, integrons, gene 

cassettes and pathogenicity islands (15,18,41). 

 

Horizontal gene transfer is the transfer new genetic material sourced from 

extracellular DNA fragments, phage and plasmids, and occurs through three primary 

mechanisms; natural transformation, conjugation and transduction (42).  

 

Natural transformation is the process of a bacteria taking up extracellular DNA and 

incorporating as part of the host genome (43). Transformation does not require 

actions from the donor DNA, but simply access to free DNA, with the recipient cell 
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already containing all the required proteins for transformation (43). Single or double 

stranded DNA can be taken up, converted to single stranded DNA which is then 

assessed for homologous sequences (44). If homology with the single stranded DNA 

is present, it can be inserted into the genome using homologous recombination (43). 

The mechanisms differ between Gram-positive and Gram-negative bacteria, with 

many details of the processing machinery and conditions for DNA uptake being 

unknown. A number of pathogenic bacterial species have been shown to be adept at 

taking up foreign DNA, including Staphylococcus, Streptococcus, Acinetobacter, 

Neisseria and Pseudomonas (1,43). 

 

Conjugation is another major mechanism of DNA transfer between bacteria, with 

DNA transfer between cells via direct physical contact (45,46). The mechanisms for 

DNA transfer are complex and can differ between bacterial strains (46). One 

mechanism of DNA transfer in Gram negative bacteria is mediated by the type IV 

secretion system, a secretion system involved in substrate transport and pilus 

biogenesis (14,46). Plasmids are transferred from one bacteria to another using 

conjugation and play a major role in the transfer of antibiotic resistance genes (47).  

 

The third mechanism of DNA transfer, transduction, is the transfer of viral (phage) 

DNA, often also carrying bacterial genes, to a bacterial host. Phage are viruses 

capable of integrating their genome into their bacterial host, using the host cell 

machinery for reproduction (48–50). While phage can be viewed as parasitic in 

nature, in some cases phage infection can be beneficial for its bacterial host. Phage 

are capable of incorporating bacterial genes from their previous host and transferring 

them to new host, which can be beneficial to the new bacterial host (51). Clinical 

strains of S. aureus have been shown to gain antibiotic resistance from the transfer 

of gene through phage transduction (42,52). 

 

1.c Bacteriophage - A Therapeutic Alternative to Antibiotics? 
 

With an increased awareness of the threat antibiotic resistance presents to human 

health, steps are being taken to combat its development and spread (1,11). But these 

measures may only slow, rather than prevent, the transmission and spread of 

antibiotic resistance in bacteria. This is because novel antibiotic resistance 

mechanisms will continue to evolve. Compounded by the fact that the number of 

antibiotics being released with novel mechanisms of action has been declining, we 

are getting very close to the end of the antibiotic golden age.  
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This realisation has pushed the search for alternative treatments for bacterial 

infections. There are a number of different approaches currently moving through 

clinical trials (53). These alternatives include; antibodies, probiotics, lysins, immune 

stimulation, vaccines, bacteriophage and bacteriophage products. In this thesis I will 

be focussing on phage and phage-based products as an alternative to conventional 

antibiotics.  

 

The first evidence for the existence of phage and their antimicrobial properties was 

uncovered by British bacteriologist, Ernest Hankin, in the waters of the Ganges and 

Jumna rivers in India in 1896, where activity against Vibrio cholera was observed 

(54). The first “official” published discovery/rediscovery of phage did not occur until 

1910 by Felix d’Herelle, a microbiologist working at the Institute Pasteur in Paris. Not 

long afterwards, in 1919, phage samples were used as a therapeutic to treat a 12 

year old boy for dysentery at Hospital des Enfants-Malades (54). The treatment was 

successful with the patient recovering after a single dose of d’Herelle’s antidysentery 

phage. After the successful trial, three additional patients were treated for dysentery, 

each showing improvement within 24 hours of being treated. Unfortunately, these 

results were not published immediately, therefore the first official recorded application 

of phage as a therapeutic treatment was in 1921 by Richard Bruynoghe and Joseph 

Maisin, who used phage to treat Staphylococcal skin disease (54). Just before the 

commercialization of antibiotics in 1945, therapeutic phage where commercially 

produced by a company in the United States (54). Several different products were 

produced to treat different bacterial infections including Escherichia coli, Streptococci 

and Staphylococci. However, after the production of penicillin, phage therapeutic 

treatment where largely discontinued in the West. Although there was a decline in 

research of phage therapy and phage therapy safety in western countries, countries 

like Georgia, Poland and Russia have continued their research (55,56). The Hirszfeld 

Institute of Immunology and Experimental Therapy at the Polish Academy of 

Sciences has continued in investigating phage therapy since its founding in 1949. 

While a lack of funding has prevented progression through clinical trials great steps 

have been made at demonstrating the safety of phage therapy and generating a 

library of phage candidates for treatments (56).  

 

1.c.i What Are Bacteriophage and how can they be used? 
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What makes phage so attractive as an alternative to antibiotics? Phage are viruses 

that can infect bacteria and kill them as part of their reproductive life cycle. They are 

the most abundant entities on earth (estimated numbers of 1031). Phage are 

incredibly diverse, using either single or double stranded DNA or RNA, with circular 

or linear genomes, ranging in genome sizes from the small 14.2 kb Rhodococcus 

Phage RRH1 (57) to Lysinibacillus Phage G 626 kb (58).  

 

The type of phage that are of most interest for development into therapeutic 

treatments, are the lytic, tailed phage that belong to the Caudovirales order. The 

Caudovirales class is made up of 13 different families, including the tailed phage that 

belong to the Podoviridae, Siphoviridae and Myoviridae families (59–61) (Figure 3). 

This classification scheme will change in the future since as of 2023 the 

morphology‐based taxa used to classify phage has been abolished and along with 

the Caudovirales order (62). The families belonging to that order will be classified as 

undefined until further classifications using the new guidelines are developed. Since 

the change/modification to the classification of phage species has only been recently 

announced, this thesis will be continuing to use the previous classification for the 

order of Caudovirales. 

 

Phage morphology and phage structural proteins has been studied extensively by 

both electron microscopy and X-ray crystallography approaches, providing a number 

of well-defined three-dimensional structures (63–65). Depending on their 

classification, phage particles of the Caudovirales order can be considered to have 

three regions; head (1), tail (2) and tail tip (3) (Figure 3). For the purposes of this 

study only a general explanation of the overall structure of the phage is going to be 

addressed.  

 

The head region (1) consists of an icosahedral capsid head structure that can range 

from 40 nm to 180nm in dimeter (66). The capsid is a hollow structure responsible for 

containing the phage genomic material along with any proteins required for infection. 

The head structure is connected to the tail structure via a head to tail connector (2). 

The tail section commonly contains a core tube in the Myoviridae and Siphoviridae 

family, surround by a sheath in the Myoviridae family. Depending on the phage 

species the tail structure can also contain a baseplate. The tail length can vary from 

short, to medium, to long for the Podoviridae, Myoviridae and Siphoviridae 

respectively (67,68) (Figure 3). Assembly of the tail structure will either occur after 
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head formation in the Podoviridae family, or as separate structures in the Myoviridae 

and Siphoviridae families. When the tail and head are assembled as separate 

structures, the tail is attached via the neck proteins to the head following DNA 

packaging into the head (68). Finally, the tail tip region is located at the base of the 

tail (3). This region contains proteins that can include; distal tail proteins, receptor 

binding protein, tail fibres (69,70). This region of the phage is responsible for 

recognizing and attaching to the host bacteria. After recognition, the phage genome 

is injected into the host bacteria to begin life cycle (48). The complexity of the tail tip 

of a phage structure can differ greatly depending on the family the phage belongs to. 

Further explanation of the Myoviridae family structural components is given below.  

 

 

Figure 3: General architecture exhibited by a phage that belongs to the Caudoviradae order of 

phage - Podoviridae (T7), Myoviridae (T4, 186) and Siphoviridae (SPP1, ) phage. A) Phage 

belonging to the Podoviridae family like the T7 phage consist of a capsid (purple) connected a tail tip 

(aqua) via a head to tail connector (wheat colour). Phage of the Podoviridae family can also carry 

small tail fibers (orange). Second image is the transmission electron micrograph image of T7-family 

phage called SFPH2. EM mage is soured from (71). B) Phage belonging to the Myoviridae family, for 
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example T4 and 186, also consist of a capsid structure (purple) but between the head-to-tail 

connector (wheat colour) and tail tip (aqua) is a tail tube (green) structure. This structure can also be 

surround by a tail sheath (light blue). At the bottom of the sheath and tail tube is the tail tip that is 

surrounded by a baseplate (magenta), with tail tip structures (orange) attached. The baseplate and 

tail sheath is capable of contracting, pushing the tail tip and tail tube down through the outer walls of 

a bacteria during infection (70). Second image is of unpublished 186 phage particle taken using 

cryoTEM by Fiona Whelan at the University of Adelaide. C) Phage belonging to the Siphoviridae family 

for example SPP1 and , consists of a capsid (purple) containing the phage DNA genome (dark blue 

and green circles) connected to head-to-tail connector (wheat colour) in turn is connected to a long 

tail tube (green) structure. Some Siphoviridae phage will also include additional structures like the tail 

fiber (orange) structures () (72). Second image is an electron microscopy image of  (73). Figure is 

adapted from similar figures present in literature including Figure 1 from (74), Figure 2 from (70) and 

Figure 1 from (75). Created with BioRender.com 

 

Another type of classification of phage is based on their life style, whether they are 

lytic, temperate or filamentous phage. Lytic phage after infection will enter the lytic 

life cycle, result in phage replication and bacterial host death by lysis. Temperate 

phage make a developmental decision after infection as they are able to either adopt 

a lytic lifecycle or enter what is called a lysogenic lifecycle where the phage genome 

is harmlessly integrated into the host genome (Figure 4). Filamentous phage, which 

will not be further examined in this study, are phage that develop a cooperative 

relationship with their bacterial host. Filamentous phage continuously replicate in 

their bacterial host, but unlike lytic phage will release the phage progeny using a 

secretion method rather than causing the host cell to lyse (76). 

 

In the lysogenic life cycle, after attachment and injection of the phage genome into 

the bacterial host, the phage genome can integrate into the host’s genome. 

Depending on the phage it can either integrate at random or at a specific 

chromosomal region (attB) which shares homology with the phage attachment 

sequences (attP). Integrases proteins mediate phage genome integration into the 

bacterial host, belonging to one of two major protein families: tyrosine and serine 

recombinases (77). Integration enables the phage genome to reside within the host 

genome and replicate when the bacterial host replicates. A phage will only choose a 

lysogenic life cycle if certain cellular conditions are met. In E. coli, bacteriophages 

186 and lambda use a protein (called CII in each case) as a type of sensor for 
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multiple environmental factors (78,79), where CII is able to bias the decision towards 

lysogeny. 

 

If the host cell environment becomes unfavourable due to events such as significant 

DNA damage, a temperate phage has the ability to switch from the lysogenic state to 

the lytic life cycle, where this process is referred to as prophage induction. The phage 

genome, referred to as prophage when integrated, begins by excising its self from 

the host genome usually with the help of an integrase and a recombination 

directionality factor (RDF). The phage will hijack the host’s cellular machinery and 

begin replication of viral DNA and production of structural proteins. After the new 

phage virions have been assembled, host cell lysis will occur, to release the progeny 

phage into the environment. It is this lytic life cycle process that makes phage an 

attractive alternative to antibiotics. Two different strategies have been broadly 

pursued. The most widespread approach is using bacteriophage directly as the 

treatment. The second approach is to use the phage-derived proteins that exhibit an 

antimicrobial function, which will be the main focus of this thesis. 

 

 

Figure 4: The General Outline of the 186 Bacteriophage Lytic and Lysogenic Life Cycle. Infection 

starts when a 186 phage encounters and attaches to a bacterial host cell (E. coli) and injects its DNA. 

Depending upon the environment inside of the host cell, the phage DNA will follow either the lytic or 

lysogenic cycle. In a favourable environment the phage will enter the lysogenic cycle and the phage 

DNA will be integrated into the host genome. When integrated into the host genome it enters a 
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dormant state and is replicates along with the host. In a less favourable environment, for example if 

there is expression of bacterial SOS response genes due to DNA damage, the phage is induced and 

enters the lytic cycle. The phage will hijack the host’s cellular machinery to mass-produce phage 

protein and DNA to assemble and package new phage particles. Death of the host cell occurs due to 

the release of new phage particles into the extracellular environment via host cell lysis. 

 

Phage produce a number of different types of proteins that have antimicrobial 

activity. Virion-associated peptidoglycan hydrolases (VAPGH) and lytic enzymes 

assist in host infection by degrading a bacterial cell wall components (80,81). VAPGH 

have often been found as subdomains of larger structural proteins located at the tail 

tip but can also be found as internal capsid proteins. VAPGH are active upon 

infection to assist in breaking down the cell wall (82). VAPGH represent a rich 

resource for therapeutic development due to their diversity and in addition often 

exhibit highly desirable structural properties, such as thermostability as a result of 

their location on the exterior of the phage particle (82). 

 

Another class of protein produced by phage with potential therapeutic applications 

are the depolymerases, able to hydrolyse and disperse polysaccharides. Bacterial 

polysaccharides are an extremely large and diverse class of carbohydrate structures 

(83) which have a number of different functions in bacteria, including structural 

integrity, adhesion to surfaces, migration and formation of biofilms (84). 

Depolymerase enzymes are capable of degrading macromolecular carbohydrates 

that make up different components of the bacterial cell wall, including 

lipopolysaccharides and extracellular polysaccharides (85). Phage depolymerases 

are predicted to become a major therapeutic treatment for clearance of biofilms. 

There may be opportunities for development of combination treatments of antibiotics 

and phage depolymerases. Enabling the antibiotics to access exposed bacterial 

cells, may increase the effectiveness of the antibiotics and allow a reduction in the 

doses administered (85,86).  

 

Perhaps the most noteworthy class of antimicrobial proteins are the endolysins that 

are expressed late in the lytic cycle. Endolysin proteins have some similarities with 

the VAPGH proteins. Both are capable of mediating enzymatic cleavage of the 

peptidoglycan (PG) cell wall, but one is active during early infection (VAPGH) and 

one at the end of lytic infection (endolysins). The last action during lytic infection is 

the release of the new viral phage particles from the host bacteria. In the majority of 

cases of phage that use endolysins, the endolysins degrade the PG layer leading to 
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cell lysis due to osmotic pressure (87,88). These proteins are noteworthy because 

they can clear bacteria when purified and applied externally (89–91). Research has 

already begun to be published looking at the use of endolysins not only in 

therapeutics (92–95) but also in other sectors, including food production and 

contamination mitigation (90).  

 

The PG cell wall is comprised of N-acetylmuramic acid (NAM) and N-

acetylglucosamine (NAG) units connected via β-1,4 glycan chain linkers (87,96) 

(Figure 5. C). The NAM units between layers are connected via cross-linked peptide 

side chains, attached via amide bonds (87,96). PG cell walls are present in both 

Gram-positive and Gram-negative bacteria, being a thicker layer in Gram-positive 

bacteria (96). In this study I will be focusing on endolysins that target the PG layer of 

Gram-positive type bacteria. 

 

 

Figure 5: Gram-Positive Bacterial Cell Wall and Peptidoglycan Layer With Locations of Catalytic 

Domain Targets. A) Gram-positive bacteria, with B) detail of cell wall structure, containing the 
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cytosol, plasma membrane, periplasmic space, peptidoglycan, teichoic acid, lipoteichoic acid and 

membrane protein. C) A section of the cell wall contains an enlarged view of the peptidoglycan layer 

which shows the N-acetylmuramic acid (NAM), N-acetylglucosamine (NAG), crosslinking peptide 

chain and a unique side peptide chain (aqua and orange circles). C) also contains the target locations 

for five of the common endolysin catalytic domains. Glycosidase-N-acetylglucosaminidase, 

Glycosidase-N-acetylmuramidase and the transglycosylases domains target the bonds located 

between the NAM and NAG units. The Metal-Dependent PG Amidase targets the bond located 

between the Nam and the first peptide on the Side Peptide Chain. CHAP domain targets the bonds 

between the Crosslinking Peptide Chain. The endopeptidase domain targets the bonds in the Side 

Peptide Chain. Created with BioRender.com 

 

1.c.ii Endolysin Proteins 
 

Endolysins are capable of hydrolysing the PG layer from within but are kept 

physically separated from their substrate until required (88). Thus during late lytic 

development, endolysins accumulate in the cytosol of the bacterial host, followed by 

a process which allows endolysin access to the PG layer. The two main mechanisms 

that have been identified for allowing the endolysin proteins to gain access to the PG 

layer are (i) a secretion system and (ii) a holin-endolysin system (87,88).  

 

Some phage take advantage of host machinery such as the Sec secretion system 

(97), via secretion signals located at the termini of the endolysin proteins or through 

expression of chaperone-like proteins (87). On the other hand, the holin-endolysin 

system is a stand-alone phage system that allows for the transfer of endolysin 

proteins through pores formed in the cell membrane by holin proteins, a process 

critical for cell lysis timing (98).  

 

Endolysin genes are present in phage that target Gram-positive or Gram-negative 

bacteria, with some differences in structure and domain architectures, reflecting their 

target substrates. Gram-positive bacteria have a single thick outer wall PG layer 

(Figure 5. B). Endolysins from phage which target Gram-positive bacteria commonly 

contain two types domains: one or two N terminal catalytic domains which are 

responsible for breaking down the PG layer, and a single C-terminal cell wall binding 

(CWB) domain (99,100).  

 

Gram-negative bacteria also have a PG layer, which is much thinner compared to 

Gram-positive bacteria and is surrounded by an outer membrane made up of 
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lipopolysaccharides. This outer membrane presents an extra challenge to the 

approach of using endolysins as therapeutic agents against Gram-negative 

pathogens, requiring additional proteins or methods to degrade the outer membrane 

so the endolysins can accesses the PG layer (101). Perhaps because the PG layer is 

much thinner compared to the Gram-positive bacteria, endolysins from phage 

targeting Gram negative bacteria are often only a single catalytic domain (Figure 6). 

However in some cases they may also contain an N-terminal CWB domain, such as 

in the endolysins found in phage KMV and KZ (100). Because of the difficulties 

associated with the outer wall of Gram-negative bacteria and because endolysins are 

the primary type of enzyme being investigated in this study, Gram-positive bacteria 

were chosen as the target bacteria in the assay system due to their easily accessible 

PG layer. 

 

There are five different families of catalytic domains, each targeting a different site in 

the PG layer. These classes of enzymes include the most common; 

transglycosylase, glycosidase, N-acetylmuramoyl-L-alanine amidase (amidase), 

endopeptidase and CHAP domains (Figure 5. C).  

 

Both transglycosylase and glycosidase catalytic domains target the NAG and NAM 

linker in the PG layer (Figure 5. C). Transglycosylases (N-acetylmuramidases, endo-

b-N-acetylglucosaminidases) are a class of GH enzymes that cleaves the glycosidic 

bonds between the NAM and NAG via glycoside hydrolases, producing a cyclic 1,6-

anhydro-N-acetylmuramic acid (87,102–104). Glycosidase enzymes target the 

glycosidic linkages (O-, N- and S-linked) of glycosides in the NAG and NAM linkers 

via hydrolysis (105).  

 

Amidase and endopeptidases domains both target the peptide sidechains attached to 

the NAM subunit (Figure 5. C). The amidase domain targets the first peptide (L-

alanine) in the linker that is connected to the NAM subunit (glycan-peptide linker) via 

hydrolases (106,107). Many of the amidase domains found in bacteriophage are 

metal ion dependent, such as the Amidase_2 and _3 families that are zinc dependent 

(108).  

 

Endopeptidases enzymes have recently been found to be able to target and cleave 

multiple locations located in either of the side peptide chains following the first 

peptide linked to the NAM unit or in the crosslinking peptide chain (108) (Figure 5. C). 
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The types of residues and bonds found in these locations can differ greatly 

depending on the bacteria, therefore, this proteins family is large.  

 

The final class of catalytic enzyme is the cysteine histidine-dependent 

amidohydrolase/peptidase (CHAP) (Figure 5. C). The CHAP domain containing 

proteins are a large superfamily of proteins which are recognised by the presence of 

highly conserved cysteine and histidine residues critical for activity (109). In most 

cases, the mode of action is cleavage via peptidoglycan hydrolysis. While it is 

classified as an endopeptidase, the CHAP domain can also display amidase activity 

(63) or may have both activities in a single protein (110).  

 

A second, non-enzymatic domain family common in Gram-positive phage endolysins 

are the C terminal CWB domains. The CWB domain functions by binding to a cellular 

component on the envelope of bacterial cell walls. A theory with some supporting 

evidence regarding the function of the CWB domain in Gram-positive phage 

endolysin proteins is that it assists the endolysin in PG layer degradation by bringing 

the catalytic domains close to the PG layer (63,111). Another theory is that the CWB 

domain prevents the endolysin from diffusing away from the host bacteria during 

lysis. Since Gram-positive bacteria have a thicker PG layer, increased concentrations 

of the endolysin proteins may be required for phage release. If the endolysin diffuses 

away from the host, it may affect cell lysis timing and/or effect neighbouring, 

uninfected cells that the released progeny phage could later infect (87). Interestingly, 

the CWB domain may also be critical for enzyme function, with its removal leading to 

a partial or complete loss of activity in some cases (100,112,113). The key structural 

features required for CWB domain function are not fully understood. CWB domains 

largely confer the specificity of the endolysin protein for its host. CWB domains can 

be highly specific to a particular bacterial strain or broad enough to recognize more 

than one bacterial genus (99). Currently there are four different families of commonly 

recognized as CWB domains, the three-helix bundle, α/β multimers, choline binding 

and the bacterial SH3 (SH3b) CWB domain (99). This number will almost certainly 

increase in the future as new domains are discovered and classified. 

 

A CWB domain that is present in both Gram-positive and Gram-negative phage 

endolysins are the three–helix type domain, although Gram-positive derived CWBs 

tend to have three repeats of three helix bundle ( Cpl-7), while Gram-negative 

derived CWBs usually containing a single three-helix bundle (gp144CBD) (114,115).. 
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α/β multimer domains are unique because the CWB domains are expressed 

separately from the catalytic domain and oligomerizes with the catalytic subunits to 

form the active enzyme (99). PlyC, from Streptococcal phage C1, one of the most 

active endolysins recorded to date (63) contains an α/β multimeric CWB domain 

(Figure 6). The CWB domain of PlyC is expressed separately, forming an octameric 

structure that contains up to eight binding sites for PG recognition. Having multiple 

binding sites for the PG layer may contribute to the high specific activity of PlyC. 

Oligomerization control and timing could act as a functional switch, adding an 

additional form of regulation of host cell lysis (116). 

 

Choline binding domains are CWB domains that contain one or more choline-binding 

modules that recognise teichoic acids that contain choline. Choline binding modules 

are formed by multiple tandem copies (4 to 18) of ~20 amino acid sequences that 

makes up an adaptable super-secondary structure (99,117). A choline binding 

domain from the Pneumococcal CpI-1 endolysin forms a super-helical moiety at the 

N terminal and C terminal β-sheet that interacts with the endolysin catalytic domain 

(118). 

 

The last CWB domain type is the bacterial SH3 (SH3b) domain family, which is the 

domain type commonly found in Staphylococcal phage (119). SH3 domains are 

generally identified by the presence of five to seven β-strands, organised as 

antiparallel β-strands connected by linkers (120). The SH3 domain has been shown 

to recognise and bind to the inter-peptide bridges, which in Staphylococcus are 

glycine-rich. (99,113). 

 

 

Figure 6: Bacteriophage Endolysin Architecture. Shows the general architecture of different 

types of endolysin genes from different phage species. Endolysins found in Gram-negative phage are 

commonly found as a single catalytic domain (121,122). In phage which target Gram-positive 
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bacteria, endolysins are more likely to have one to two catalytic domains joined to CWB domain 

(90,99,123,124). However, they can also be found expressed as separate protein with an α/β type 

CWB domain (63). where the catalytic domains are expressed separately from the CWB domain. 

Figure created using BioRender.com 

 

These CWB domains are connected to the catalytic domains by flexible linkers, with 

the exception of CWB that are expressed separately. The domains are in many 

cases commonly perceived to act independently of one another (125). This has 

opened a new area of study and investigation, the generation of artificial chimeric 

endolysins constructed using domains from separate endolysins. Chimeric 

endolysins can have a number of chemical and technical advantages over their wild 

type counter parts (126). A common issue when investigating endolysin for lytic 

activity is their poor solubility which effects protein purification, leading to low yields 

(125,127–129). Chimeric endolysins can be constructed as a new approach to 

overcome solubility issues, choosing domains that individually have a high solubility 

(125). Constructing chimeric endolysins can also be used to target other properties 

such as; hydrophobicity, improved stability to pH, temperature, and longer half-life. In 

some cases that chimeric endolysins have been demonstrated to have a greater 

lethality compared to the parent endolysins (130–132). Other advantages such as 

increased host range and synergistic action between the chosen domains can also 

be pursued when constructing chimeric endolysins. Proteins are more suited for 

satisfying through current regulatory requirements, compared to functional intact 

phage and so present opportunities for intellectual property (IP) protection. 

 

Like many recombinant proteins, poor solubility can make it difficult to test endolysins 

for muralytic activity (125). A common approach to testing these proteins is to 

generate a purified sample of the protein and test activity against a target strain by 

observing zones of lysis on indicator/agar plates, or by following the cell density (via 

OD600) of liquid cultures (130,133). Many functional studies of phage antimicrobial 

proteins have been performed on proteins that are readily purified using protein tags 

and/or purification buffers (63,89,90,94,116,121,123,134–140). However, if the 

protein being purified is poorly soluble, it may not be possible to purify sufficient 

protein for these functional tests. Poor solubility will also affect a protein's capability 

for further drug development, with many therapies, including topical therapies, 

requiring proteins with high solubility (141). However, modification and site-directed 

mutagenesis can increase a protein's solubility (126,142). 
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There are other in vivo methods that can be used to screen endolysin proteins for 

muralytic activity without purification. Inducing lysis of a protein expression strain 

then applying the target strain is one such approach (143). One such method 

involves growing individual colonies of the expression strain on an agar plate and 

using chloroform vapours to lyse the expression strain before then adding a top layer 

of agar containing the target strain (143). The use of chloroform is undesirable and 

makes retrieval of desired clones problematic or impossible (144). Individual 

expression strains can be induced, lysed separately, and the lysate added to the 

target strain in a liquid or solid media assay. However, this dilutes the concentration 

of the protein of interest.  

 

A simpler approach using ligand-induced cell lysis would be preferable. The 

overarching aim of this thesis is to generate a novel cell lysis system that can be 

adapted for library screening.  

 

1.d The Scope of this Thesis 
 

This PhD study aims to contribute to two areas of antimicrobial protein research. The 

first area is to develop new tools for testing proteins for antimicrobial activity. The 

second area is made up of three components; an improved bioinformatics search for 

putative phage antimicrobial proteins, a functional test of phage protein for muralytic 

activity and finally optimization of positive candidates for improved activity.  

 

The first part of this thesis addresses the first area of study, the issue of screening 

antimicrobial proteins without requiring purification. This study is specifically 

interested in antimicrobial proteins found in phage, identified or predicted as phage 

endolysin proteins. In this thesis I describe the development of a novel assay system 

that does not require protein purification to test for antimicrobial activity. This assay 

system is both simple to perform and cost effective.  

 

The approach developed here uses an E. coli expression strain engineered to 

contain three modules: a synthetic switch generated by Alejandra Isabel of the 

Shearwin Laboratory that uses chemical induction to induce cell lysis (module 1) 

(145), an engineered 186 prophage genome (module 2) and a protein of interest 

integration plasmid (module 3). The chemical induction is used to simultaneously 

activate expression of a protein of interest expression, and initiate cell lysis(145). The 
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chemical that is used for inducing the expression strain is cumic acid (cumate) (146), 

which has no other impacts on bacterial growth. This chemically inducible lysis 

system enables the endolysin expression strain to be co-plated with a target bacterial 

species, here Staphylococcus aureus (S. aureus), for visual identification of any 

killing of the target strain.  

 

This study was successful in development of a novel antimicrobial functional test 

(which we have named the PHEARLESS system: Phage-based Expression, 

Amplification and Release of Lytic Enzyme Species) that does not require protein 

purification. It is a method that is simple to perform, not requiring any expensive 

reagents or equipment. Two sets of protocols were developed, the first where the aim 

is to simply to test if a protein has antimicrobial activity against a specific target 

bacterium. Potentially any protein can be investigated in this assay system as long as 

it can be functionally expressed in E. coli. The second set of protocols allows for 

screening a library for improved activity or expanded host range against a specific 

target bacterium. This assay addresses a significant issue for library screening 

methods, which is retaining the genotype from an active clone when the expression 

strain is lysed as part of the testing method. The new assay approach allows for high 

throughput screening of the assay. This is an advantage over current methods for 

screening libraries, which require a physical copy of each clone tested to be kept for 

retrieval of the genotype (144). 

 

Including the time required for cloning, testing of a single protein for activity can be 

done in as little as two weeks. For more efficient testing, multiple proteins of interest 

can be tested in parallel. This research contribution will allow for faster testing of 

multiple proteins against any bacterial that can be cultured on solid media, enabling 

testing of proteins that were previously found to be to insufficiently soluble for protein 

purification. This will allow for a faster discover of antimicrobial proteins that would be 

potential drug candidates.  

 

In addition to testing individual proteins for activity the assay can be adapted to test 

the effect of specific site mutations, chimeric endolysins and placement of purification 

tags. This assay system has also been adapted for mutant library screening, using 

random mutagenesis. However, testing such proteins requires the release of the 

protein following destruction of the host. This makes retrieval of positive clones 

difficult. Assay developed in this thesis greatly improves the high throughput 



35 
 

capabilities of screening these type of proteins with a novel way to retrieve the 

genetic material of the positive clones. 

 

The second area that this study addresses is the development of a bioinformatics 

pipeline that searches for phage proteins that contain domains that are commonly 

found in proteins with muralytic activity. The pipeline started with two datasets of 

genomic sequences for clinical S. aureus strains. Each sequence was investigated 

for prophage genomes using an online tool called PHASTER. PHASTER produced a 

list of predicted putative proteins for each of the prophage genome discovered. 

Hidden Markov model domain searchers were performed on each protein and the 

predicted domains were searched against a known list of catalytic, CWB and 

antimicrobial domains. The final list of proteins contained a number of details about 

each protein; their location, size, protein sequence, number of domains discovered, 

type of domains found, domains E-values, domain locations in the protein, top 

BLAST results and if the protein sequence is present in any other strains. From both 

data sets of putative antimicrobial proteins that were identified, four proteins were 

chosen to be tested in the PHEARLESS assay for activity. In addition to the four 

proteins found in the bioinformatics search, eleven additional proteins were tested. 

Three of these were chosen from a separate bioinformatics search which was 

investigating the biological and evolutionary relationship between S. aureus phage. 

Five of the proteins tested were provided by the Basil Hetzel Institute (Adelaide, 

South Australia) as part of a collaborative project. The final four proteins were 

chimeric endolysins generated in an attempt to increase the muralytic compared to 

one of the parent endolysins, tested using the PHEARLESS system. 

 

By developing and using the PHEARLESS system, this thesis has contributed to the 

number of tested phage proteins, seven of which came from two bioinformatics 

searches. This work also demonstrates how the PHEARLESS assay can work in a 

collaborative setting, being used to test proteins identified by another research group. 
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Chapter 2: Materials and Methods 

 

2.a Materials 
 

2.a.i Bacteria and Bacteriophage 

 

Table 1 contains all bacterial strains used and created in this study. Table 1 includes 

details of strain ID, it’s original source/genotype information, any plasmids it contains 

and any significant notes about it or its uses. Square brackets indicate sequences 

chromosomally integrated, with superscripts indicating the integration site. 

 

Table 1: Bacteria and Bacteriophage.  

ID Bacterial Strain  Original 
Source/ 
Genotype 
Information/ 
Bacterial 
Species  

Plasmid Note/Use 

186 NA Wild Type NA 186 Bacteriophage, 
NC_001317.1  

186CI10 NA E. coli 
Laboratory 
Strain 

NA 186 Bacteriophage carrying a 
mutation in the CI (10th amino 
acid). Mutation causes it to 
always enter the lytic cycle, used 
as control to confirm phage 
infection in host. 

E4640 MG1655 CGSC 7925 NA Wild type E. coli strain. 

E4643 E4643 E. coli 
Laboratory 
Strain 

NA E. coli strain used commonly in 
Shearwin laboratory, made from 
E4640. Entire Lac operon of 
E4640 (lacZYAI) deleted via 
recombineering. 

HB59 E4643[186] E. coli Lab 
Strain/ 
E4643 

NA Strain contains a single 186 wild 
type phage integrated at primary 
attB site. 

HB60 E4643[186] HB59 pSIM6 pSIM6 plasmid used for 
integrating double stranded DNA 
into chromosome by 
recombineering. Plasmid is 
temperature sensitive and will 
activate above 30°C. Plasmid 
details found in Table 2: Plasmid 
Construct Table of Content. 
 

E4170 POD E. coli Lab 
Strain/E251 
double 186 
lysogen 

NA POD = prophage of death, 
contains a copy of 186 at each of 
the two integration sites. Grown at 
30°C and used as a positive 
control for integration when 
screening new 186 lysogen 
strains.  

E573 C600 C600 [186] NA Contains a single copy of 186+ at 
the first integration which is used 
as a positive control when 
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screening new 186 lysogen 
strains. 
 

LMS65 DSMZ 20610 Staphyloco
ccus 
gallinarum 
 

NA Originally isolated from chicken 
skin. Used to PCR amplify "P68" 
Dpo7 gene 

RN4220 Staphylococcus 
aureus 

Non-
Clinical 
Staphyloco
ccus 
aureus 

NA Nonclinical strain of 
Staphylococcus aureus  

NEB5α NEB® 5-alpha 
Competent E. 
coli 

E. coli 
Strain, New 
England 
Biolabs 

NA NEB 5-alpha competent E. coli is 
a derivative of the popular DH5α. 
It is T1 phage resistant and endA 
deficient for high-quality plasmid 
preparations. Used for cloning 
plasmids. 

HER1049 Staphylococcus 
aureus 

Staphyloco
ccus 
aureus P68 
host 

NA  Non-clinical strain of 
Staphylococcus aureus used as 
host for bacteriophage P68. 

E4644 E. coli E. coli 
Laboratory 
Strain, 
EC100D 
pir+ 

NA For propagating plasmids with 
R6kɣ ori ~ 15 copies, used for 
assembling pIT4 plasmids which 
contain R6Kɣ origin of replication. 

QC024 E. coli [pIT5-
pBla-
tdTomato]186-1 

[pIT5-pBla-
tdTomato]186-2 

E. coli 
Laboratory 
Strain, 
E4643 

NA  Contains fluorescent protein gene 
(Td-tomato) integrated into both 
186 phage attachment sites. Td-
tomato is constitutively 
expressed. Strain was 
constructed by Qinqin Chen, 
(KES lab). 

HB61 E4643 
[186(∆tum ∆cos, 
att2, Cm)] 

E. coli 
Laboratory 
Strain, 
HB60 

NA Contains a mutant 186 genome 
that has had the tum/orf97 genes 
and cos sequence removed and 
replaced with two non-E. coli  
phage attachment sites (147) and 
a chloramphenicol resistance 
gene (Cm) using recombineering. 
Lacks a functioning cos 
sequence. 

HB63 E4643 
[186(∆tum, 
∆cos, att2, Cm)] 

E. coli 
Laboratory 
Strain, 
HB61 

phi21 helper Contains the helper plasmid 
phi21 for the pIT4-KT plasmid 
integration plasmid. 

HB66 E4643 [pIT4-KT-
cymR-pCym-

empty] 21 

[186(∆tum, 
∆cos, att2, Cm)] 

E. coli 
Laboratory 
Strain, 
HB63 

NA Integrated pIT4-KT-cymR-pCym-
empty plasmid which contains the 
negative control for the Cym Tum 
module and a Kanamycin 
resistance gene. Original plasmid 
provided by Alejandra Isabel 
(KES lab). 

HB67 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆tum, 
∆cos, att2, Cm)] 

E. coli 
Laboratory 
Strain, 
HB63 

NA Integrated pIT4-KT-cymR-pCym-
Tum72 plasmid which contains 
the truncated version of tum72 
and a Kanamycin resistance 
gene. Plasmid provided by 
Alejandra Isabel. 

HB70 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

E. coli 
Laboratory 

NA Integrated pIT4-KT-cymR-pCym-
Tum plasmid which contains the 
wild type version of tum and a 
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[186(∆tum, ∆cos 
, att2, Cm)] 

Strain, 
HB63 

Kanamycin resistance gene. 
Plasmid provided by Alejandra 
Isabel (KES lab). 

HB74 E4643 [pIT4-KT-
cymR-pCym-

empty] 21 

[186(∆Tum, 
∆cos , att2, Cm)] 

E. coli 
Laboratory 
Strain, 
HB66 

pSBIA2-GFP Strain HB66 carrying a green 
fluorescent protein (GFP) 
expression plasmid, pSBIA2-
GFP. 

HB76 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆tum, 
∆cos, att2, Cm)] 

E. coli 
Laboratory 
Strain, 
HB67 

pSBIA2-GFP Strain HB67 with a GFP 
expression plasmid, pSBIA2-
GFP. 

HB78 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, 
∆cos, att2, Cm)] 

E. coli 
Laboratory 
Strain, 
HB70 

pSBIA2-GFP Strain HB70 with a GFP 
expression plasmid, pSBIA2-
GFP. 

HB80 E4643 [pIT4-KT-
cymR-pCym-

empty] 21 

[186(∆Tum, 
∆cos , att2)] 

E. coli 
Laboratory 
Strain, 
HB74 

pSBIA2-GFP, 
pZS45 
186pR-ClyF 

Contains GFP expression plasmid 
and ClyF expression plasmid. 

HB82 E4643 [pIT4-KT-
cymR-pCym-

empty] 21 

[186(∆Tum, 
∆cos , att2)] 

E. coli 
Laboratory 
Strain, 
HB74 

pSBIA2-GFP, 
pZS45 
186pJ-ClyF 

Contains GFP expression plasmid 
and ClyF expression plasmid. 

HB84 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆tum, 
∆cos, att2)] 

E. coli 
Laboratory 
Strain, 
HB76 

pSBIA2-GFP, 
pZS45 
186pR-ClyF 

Contains GFP expression plasmid 
and ClyF expression plasmid. 

HB86 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆tum, ∆cos 
, att2)] 

E. coli 
Laboratory 
Strain, 
HB76 

pSBIA2-GFP, 
pZS45 
186pJ-ClyF 

Contains GFP expression plasmid 
and ClyF expression plasmid. 

HB87 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, 
∆cos, att2)] 

E. coli 
Laboratory 
Strain, 
HB78 

pSBIA2-GFP, 
pZS45 
186pR-ClyF 

Contains GFP expression plasmid 
and ClyF expression plasmid. 

HB88/HB
89 

E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, 
∆cos, att2)] 

E. coli 
Laboratory 
Strain, 
HB78 

pSBIA2-GFP, 
pZS45 
186pJ-ClyF 

Contains GFP expression plasmid 
and ClyF expression plasmid. 

HB90 E4643 [pIT4-KT-
cymR-pCym-

empty] 21 

[186(∆Tum, 
∆cos , att2)] 

E. coli 
Laboratory 
Strain, 
HB74 

pSBIA2-GFP, 
pZS45 empty 

Contains GFP expression plasmid 
and an empty (no ClyF) 
expression plasmid. Used as a 
negative control. 

HB91 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆Tum, 
∆cos, att2)] 

E. coli 
Laboratory 
Strain, 
HB78 

pSBIA2-GFP, 
pZS45 empty 

Contains GFP expression plasmid 
and an empty (no ClyF) 
expression plasmid. Used as a 
negative control. 

HB92 E4643 E. coli 
Laboratory 

phi21 helper Contains the helper plasmid 
phi21 for the pIT4-KT plasmid 
integration plasmid. 
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Strain, 
E4643 

HB93 E4643 
[186(∆tum, 
cos+, att2, Cm)] 

E. coli 
Laboratory 
Strain, 
HB60 

NA 186 lysogen that has had the 
tum/orf97 genes removed and 
replaced with two non-E. coli  
phage attachment sites (147) and 
chloramphenicol resistance gene, 
using recombineering. The 
lysogen carries wild type cos+ 
sequence in the 186 genome and 
can produce functional phage. 

HB95 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆tum, 
∆cos, att2)] 

E. coli 
Laboratory 
Strain, 
HB76 

pSBIA2-GFP, 
pZS45 empty 

Contains GFP expression plasmid 
and an empty expression 
plasmid. Used as a negative 
control. 

HB96 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

E. coli 
Laboratory 
Strain,  
HB92 

NA Integrated pIT4-KT-cymR-pCym-
Tum72 plasmid which contains 
the truncated version of Tum72 
and a kanamycin resistance 
gene. Plasmid provided by 
Alejandra Isabel (KES lab). 

HB97 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

E. coli 
Laboratory 
Strain,  
HB92 

NA Integrated CymR 1 pIT4-KT 
plasmid which contains the wild 
type version of tum and a 
kanamycin resistance gene. 
Plasmid provided by Alejandra 
Isabel (KES lab). 

HB98 E4643 [pIT4-KT-
cymR-pCym-

empty] 21 

E. coli 
Laboratory 
Strain,  
HB92 

NA Integrated pIT4-KT-cymR-pCym-
empty plasmid which is the 
negative control for the Cym Tum 
switch. Carries a kanamycin 
resistance gene. Plasmid 
provided by Alejandra Isabel 
(KES lab). 

HB102  E4643 
[186(∆tum, 
cos+, att2, Cm)] 

E. coli lab 
strain, 
HB93 

 21 helper HB93 carrying 21 helper plasmid 
to allow pIT4 plasmid integration 

into 21 attB site. 

HB103 E4643 [pIT4-KT-
cymR-pCym-

empty] 21 
[186(∆tum, 
cos+, att2, Cm)] 

E. coli lab 
strain, 
HB102 

none HB93 with the pIT4-KT-cymR-
pCym-empty control plasmid 

integrated into the 21 attB site. 
Plasmid provided by Alejandra 
Isabel (KES lab). 

HB104 E4643 [pIT-
cymR-pCym-

Tum] 21 
[186(∆tum, 
cos+, att2, Cm)] 

E. coli lab 
strain, 
HB102 

none HB93 with the pIT4-KT-cymR-
pCym-Tum plasmid integrated 

into the 21 attB site. Plasmid 
provided by Alejandra Isabel 
(KES lab). 

HB106 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆tum, 
cos+, att2, Cm)] 

E. coli 
Laboratory 
Strain, 
HB102 

NA Strain containing 186∆Tum and 
wild type cos sequence, with the 
pIT4-KT-cymR-pCym-tum72 
plasmid integrated into it. Plasmid 
provided by Alejandra Isabel 
(KES lab). 

HB112 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, att2)] 

E. coli 
Laboratory 
Strain, 
HB78 

pSBIA2-GFP 
+ pZS(^)45 
empty  

Carries GFP expression plasmid 
and high copy number version of 
the expression plasmid with no 
ClyF, used as negative control. 

HB114 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, att2)] 

E. coli 
Laboratory 
Strain, 
HB78 

pSBIA2-GFP 
+ pZS(^)45 
186pJ ClyF 

Carries GFP expression plasmid 
and high copy number version of 
the ClyF expression plasmid. 
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HB115 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆tum, att2)] 

E. coli 
Laboratory 
Strain, 
HB76 

pSBIA2-GFP 
+ pZS(^)45 
empty 

Carries GFP expression plasmid 
and high copy number version of 
the expression plasmid with no 
ClyF, used as negative control. 

HB117 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆tum, att2)] 

E. coli 
Laboratory 
Strain, 
HB76 

pSBIA2-GFP 
+ pZS(^)45 
186pJ ClyF 

Carries GFP expression plasmid 
and high copy number version of 
the ClyF expression plasmid. 

HB125 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, att2)] 

E. coli 
Laboratory 
Strain, 
HB78 

pSBIA2-GFP 
+ pZS(^)45 
186pJ ORF11 
NTD-His 

Carries GFP expression plasmid 
and high copy number version of  
P68 ORF11 with a N-terminal His 
tag expression plasmid. 

HB126 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, att2)] 

E. coli 
Laboratory 
Strain, 
HB78 

pSBIA2-GFP 
+ pZS(^)45 
186pJ NTD 
ORF11 

Carries GFP expression plasmid 
and high copy number version of 
the NTD of P68 ORF11 with a N-
terminal His tag expression 
plasmid. 

HB127 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, att2, 
cos+, ∆Cm)] 

E. coli 
Laboratory 
Strain, 
HB104 

NA Strains containing the wild type 
cos sequence which contains the 
wild type version of tum which 
has had the chloramphenicol 
resistance gene in the 186 
genome removed.  

HB128 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆tum, att2, 
cos+, ∆Cm)] 

E. coli 
Laboratory 
Strain, 
HB106 

NA Strains containing the wild type 
cos sequence which contains the 
wild type version of tum72 which 
has had the chloramphenicol 
resistance gene in the 186 
genome removed. 

HB130  E4643 [pIT4-KT-
cymR-pCym-

empty] 21  

[186(∆tum, att2, 
cos+, ∆Cm)] 

E. coli 
Laboratory 
Strain, 
HB103 

NA Strains containing the wild type 
cos sequence which contains no 
tum expression which has had the 
chloramphenicol resistance gene 
in the 186 genome removed. 

HB133 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21  

[186(∆tum, att2,  
cos+, ∆Cm)] 

E. coli 
Laboratory 
Strain, 
HB127 

att2 helper Strain contains the tum wild type 
inducible lysis switch and also 
contains the helper plasmid for 
pIT4 integration at the att2 
attachment site. 

HB134 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆tum, att2,  
cos+, ∆Cm)] 

E. coli 
Laboratory 
Strain, 
HB128 

att2 helper Strain contains the truncated 
tum72  inducible lysis switch and 
also contains the helper plasmid 
for pIT4 integration at the att2 
attachment site. 

HB135 E4643 [pIT4-KT-
cymR-pCym-
empty] 21 

[186(∆tum, att2, 
∆Cm)] 

E. coli 
Laboratory 
Strain, 
HB130 

att2 helper Strain contains the empty 
inducible lysis switch and  also 
contains the helper plasmid for 
pIT4 integration at the att2 
attachment site. 

HB141 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, 
186pR ClyF, 
Spec)] 

E. coli 
Laboratory 
Strain, 
HB133 

NA tum wild type inducible lysis strain 
with the 
pIT4_att2_loxP_S_pR_ClyF 
plasmid integrated at the att2 
attachment site. pIT4 plasmid 
contains ClyF controlled by 
186pR promoter. 

HB143 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21  

[186(∆tum, 
186pJ ClyF, 
Spec)] 

E. coli 
Laboratory 
Strain, 
HB134 

NA Truncated tum72 inducible lysis 
strain with the 
pIT4_att2_loxP_S_186pJ_ClyF 
plasmid integrated at the att2 
attachment site. pIT4 plasmid 
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contains ClyF controlled by 186pJ 
promoter. 

HB145 E4643 [pIT4-KT-
cymR-pCym-

empty] 21 

[186(∆tum, 
186pJ ClyF, 
Spec)] 

E. coli 
Laboratory 
Strain, 
HB135 

NA Empty inducible strain with the 
pIT4_att2_loxP_S_186pJ _ClyF 
plasmid integrated at the att2 
attachment site. pIT4 plasmid 
contains ClyF controlled by 186pJ 
promoter. 

HB147 E4643 [pIT4-KT-
cymR-pCym-

empty] 21 

[186(∆tum, 
186pR ClyF, 
Spec)] 

E. coli 
Laboratory 
Strain, 
HB135 

NA Empty inducible strain with the 
pIT4_att2_loxP_S_pR_ClyF 
plasmid integrated at the att2 
attachment site. pIT4 plasmid 
contains ClyF controlled by 
186pR promoter. 

HB149 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆tum, 
186pR ClyF, 
Spec)] 

E. coli 
Laboratory 
Strain, 
HB134 

NA Truncated tum72 inducible strain 
with the 
pIT4_att2_loxP_S_pR_ClyF 
plasmid integrated at the att2 
attachment site. pIT4 plasmid 
contains ClyF controlled by 
186pR promoter. 

HB152 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, 
186pJ ClyF, 
Spec)] 

E. coli 
Laboratory 
Strain, 
HB133 

NA tum wild type inducible strain with 
the 
pIT4_att2_loxP_S_186pJ_ClyF 
plasmid integrated at the att2 
attachment site. pIT4 plasmid 
contains ClyF controlled by 186pJ 
promoter. 

HB155 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21  

[186(∆tum, 
186pJ ClyF)] 

E. coli 
Laboratory 
Strain, 
HB143 

NA Integrated 186pJ ClyF and 
truncated tum72 expression strain 
with the spectinomycin resistance 
gene and R6Kɣ origin of 
replication from the pIT4 plasmid 
removed.  

HB156 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, 
186pJ ClyF)] 

E. coli 
Laboratory 
Strain, 
HB152 

NA Integrated 186pJ ClyF and wild 
type tum expression strain with 
the spectinomycin resistance 
gene and R6Kɣ origin of 
replication from the pIT4 plasmid 
removed.  

HB157 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆tum, 
186pR ClyF)] 

E. coli 
Laboratory 
Strain, 
HB149 

NA Integrated 186pR ClyF and 
truncated tum72 expression strain 
with the spectinomycin resistance 
gene and R6Kɣ origin of 
replication from the pIT4 plasmid 
removed.  

HB158 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, 
186pR ClyF)] 

E. coli 
Laboratory 
Strain, 
HB141 

NA Integrated 186pR ClyF and wild 
type tum expression strain with 
the spectinomycin resistance 
gene and R6Kɣ origin of 
replication from the pIT4 plasmid 
removed.  

HB163 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, att2)] 

E. coli 
Laboratory 
Strain, 
HB78 

pSBIA2-GFP,  
pZS(^)45 
186pJ ORF11 

Plasmid based expression strain 
containing the GFP expression 
plasmid and the ORF11 
expression plasmid controlled by 
the 186pJ promoter. 

HB164 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, att2)] 

E. coli 
Laboratory 
Strain, 
HB78 

pSBIA2-GFP,  
pZS(^)45 
186pJ P68 
Genes  

Plasmid based expression strain 
containing the GFP expression 
plasmid and the P68 expression 
plasmid. 

HB165 E4643 [pIT4-KT-
cymR-pCym-

E. coli 
Laboratory 

NA Truncated tum72 inducible strain 
with the 
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Tum72] 21 
[186(∆tum, 
186pJ, Spec)] 

Strain, 
HB134 

pIT4_attP2_loxP_S_186pJ 
plasmid integrated at the att2 
attachment site. pIT4 plasmid 
contains the 186pJ promoter. 

HB172 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, att2)] 

E. coli 
Laboratory 
Strain, 
HB78 

pSBIA2-GFP 
, pZS(^)45 
186pJ 
ClyF(C36A) 

Expression plasmid for ClyF 
mutant C36A. 

HB173 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21  

[186(∆tum, att2)] 

E. coli 
Laboratory 
Strain, 
HB78 

pSBIA2-GFP 
, pZS(^)45 
186pJ 
ClyF(H99A) 

Expression plasmid for ClyF 
mutant H99A. 

HB179 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, att2)] 

E. coli 
Laboratory 
Strain, 
HB78 

pSBIA2-GFP 
, pZS(^)45 
186pJ 
ClyF(C36G) 

Expression plasmid for ClyF 
mutant C36G. 

4644 NA EC100D 
pir+ 

NA Cloning and propagation strain 
used for assembling and 
amplifying plasmids that contain 
the R6Kɣ origin of replication 
which requires a pir gene for 
replication. 

HB182 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆cos, 
∆tum, att2, Cm)] 

E. coli 
Laboratory 
Strain, 
HB67 

NA Expression Strain for 
PHEARLESS V2.2, strain 
contains the tum72 cumate lysis 
switch and has had the Cm gene 
removed. This strain also 
originates from the cos- strain. 
For phage production the Cos 
sequence must be re-integrated 
in a pIT4 plasmid.  

HB186 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆cos, 
∆tum, att2, Cm)] 

E. coli 
Laboratory 
Strain, 
HB182 

AH6045 
Phage 2 
helper 

Expression Strain for 
PHEARLESS V2.2, contains the 
helper plasmid for the att2 pIT4 
integration plasmid.  

HB189 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆cos, 
∆tum, 186pJ 
ClyF, cos+)] 

E. coli 
Laboratory 
Strain, 
HB186 

NA Expression Strain for 
PHEARLESS V2.2, contains the 
clyF gene controlled by the 186pJ 
promoter. Strain is capable of 
making functional phage particles 
due to the reintroduced 186 cos 
sequence. 

HB191 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆cos, 
∆tum, 186pJ 
ClyF)] 

E. coli 
Laboratory 
Strain, 
HB186 

NA Expression Strain for 
PHEARLESS V2.2, contains the 
clyF gene controlled by the 186pJ 
promoter. pIT4 plasmid integrated 
into the 186 prophage genome 
does not contain the cos 
sequence required for production 
of functional phage particles. 

HB237 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 [186 

(∆cos, ∆tum, 
186pJ CFLI P7, 
cos+)] 

E. coli 
Laboratory 
Strain, 
HB186 

NA Expression Strain for 
PHEARLESS V2.2, contains the 
PE_ CFLI_P7 gene controlled by 
the 186pJ promoter. 

HB239 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 [186 

(∆cos, ∆tum, 

E. coli 
Laboratory 
Strain, 
HB186 

NA Expression Strain for 
PHEARLESS V2.2, contains the 
PE_GDT_P4 gene controlled by 
the 186pJ promoter.  



43 
 

186pJ GDT P4, 
cos+)] 

HB241 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 [186 

(∆cos, ∆tum, 
186pJ GDT P5, 
cos+)] 

E. coli 
Laboratory 
Strain, 
HB186 

NA Expression Strain for 
PHEARLESS V2.2, contains the 
PE_GDT_P5 gene controlled by 
the 186pJ promoter.  

HB243 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 [186 

(∆cos, ∆tum, 
186pJ BHI P1, 
cos+)] 

E. coli 
Laboratory 
Strain, 
HB186 

NA Expression Strain for 
PHEARLESS V2.2, contains the 
PE_BHI_P1 gene controlled by 
the 186pJ promoter.  

HB245 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 [186 

(∆cos, ∆tum, 
186pJ BHI P2, 
cos+)] 

E. coli 
Laboratory 
Strain, 
HB186 

NA Expression Strain for 
PHEARLESS V2.2, contains the 
PE_BHI_P2 gene controlled by 
the 186pJ promoter.  

HB247 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 [186 

(∆cos, ∆tum, 
186pJ GDT P6, 
cos+)] 

E. coli 
Laboratory 
Strain, 
HB186 

NA Expression Strain for 
PHEARLESS V2.2, contains the 
PE_GDT_P6 gene controlled by 
the 186pJ promoter.  

HB250 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 [186 

(∆cos, ∆tum, 
186pJ BHI P3, 
cos+)] 

E. coli 
Laboratory 
Strain, 
HB186 

NA Expression Strain for 
PHEARLESS V2.2, contains the 
PE_BHI_P3 gene controlled by 
the 186pJ promoter.  

HB253 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 [186 

(∆cos, ∆tum, 
186pJ, cos+)] 

E. coli 
Laboratory 
Strain, 
HB186 

NA Contains an empty pIT4 plasmid 
with a 186pJ promoter, used as 
an empty control. 

HB255 E4644 E. coli 
Laboratory 
Strain, 
4644 

pIT4_attP2_L
oxP_S_186pJ
_ClyF_+1kb_
Cos+ 

Cloning strain for pIT4 plasmid 
that contains 1 Kb “Junk” 
sequence (FtsK) 

HB257 E4644 E. coli 
Laboratory 
Strain, 
4644 

pIT4_attP2_L
oxP_S_186pJ
_ClyF_+2kb_
Cos+ 

Cloning strain for pIT4 plasmid 
that contains 2 Kb “Junk” 
sequence (FtsK) 

HB259 E4644 E. coli 
Laboratory 
Strain, 
4644 

pIT4_attP2_L
oxP_S_186pJ
_ClyF_+3kb_
Cos+ 

Cloning strain for pIT4 plasmid 
that contains 3 Kb “Junk” 
sequence (FtsK) 

HB261 E4643(pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆cos, 
∆tum, 186pJ 
ClyF, 2Kb, 
cos+)] 

E. coli 
Laboratory 
Strain, 
HB186 

NA Expression Strain for 
PHEARLESS V2.2, contains the 
pIT4 integrated plasmid that 
contains 2 Kb “Junk” sequence 
(FtsK) (HB257). Strain used to 
test the genome size limitations of 
186, net increase ~4.1 kB. 

HB263 E4643(pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆cos, 
∆tum, 186pJ 

E. coli 
Laboratory 
Strain, 
HB186 

NA Expression Strain for 
PHEARLESS V2.2, contains the 
pIT4 integrated plasmid that 
contains 3 Kb “Junk” sequence 
(FtsK) (HB259). Strain used to 
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ClyF, 3Kb, 
cos+)] 

test the genome size limitations of 
186, net increase ~5.1 kB. 

HB265 E4643(pIT4-KT-
cymR-pCym-

Tum72] 21 

[186(∆cos, 
∆tum, 186pJ 
ClyF, 1Kb, 
cos+)] 

E. coli 
Laboratory 
Strain, 
HB186 

NA Expression Strain for 
PHEARLESS V2.2, contains the 
pIT4 integrated plasmid that 
contains 1 Kb “Junk” sequence 
(FtsK) (HB255). Strain used to 
test the genome size limitations of 
186, net increase ~3.1 kB. 

HB278 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 [186 

(∆cos, ∆tum, 
186pJ C1, cos+)] 

E. coli 
Laboratory 
Strain, 
HB186 

NA Expression Strain for 
PHEARLESS V2.2, Chimeric 
Endolysin Gene Version 1 (CV1) 
expression controlled by 186pJ 
promoter 

HB279 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 [186 

(∆cos, ∆tum, 
186pJ C3, cos+)] 

E. coli 
Laboratory 
Strain, 
HB186 

NA Expression Strain for 
PHEARLESS V2.2, Chimeric 
Endolysin Gene Version 3 (CV3) 
expression controlled by 186pJ 
promoter 

HB280 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 [186 

(∆cos, 
∆tum,186pJ C4, 
cos+)] 

E. coli 
Laboratory 
Strain, 
HB186 

NA Expression Strain for 
PHEARLESS V2.2, Catalytic 
Domains Gene Version 4 (CV4) 
expression controlled by 186pJ 
promoter 

HB281 E4643 [pIT4-KT-
cymR-pCym-

Tum72] 21 [186 

(∆cos, ∆tum, 
186pJ C2, cos+)] 

E. coli 
Laboratory 
Strain, 
HB186 

NA Expression Strain for 
PHEARLESS V2.2, Chimeric 
Endolysin Gene Version 1 (CV1) 
expression controlled by 186pJ 
promoter 

HB294 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, att2)] 

E. coli 
Laboratory 
Strain, 
HB70 

pZS(^)45 
186pJ 
Clinda8 

Expression Strain for 
PHEARLESS V2.2, contains the 
pZS(^)45 186pJ expression 
plasmid for Clinda8 protein 
expression. Strain is unable to 
produce any functioning phage 
particles.  

HB296 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, att2)] 

E. coli 
Laboratory 
Strain, 
HB70 

pZS(^)45 
186pJ LysK 
(HB291) 

Expression Strain for 
PHEARLESS V2.2, contains the 
pZS(^)45 186pJ expression 
plasmid for LysK protein 
expression. Strain is unable to 
produce any functioning phage 
particles. 

HB298 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, att2)] 

E. coli 
Laboratory 
Strain, 
HB70 

pZS(^)45 
186pJ 
Clinda3 

Expression Strain for 
PHEARLESS V2.2, contains the 
pZS(^)45 186pJ expression 
plasmid for Clinda3 protein 
expression. Strain is unable to 
produce any functioning phage 
particles. 

HB301 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, att2)] 

E. coli 
Laboratory 
Strain, 
HB70 

pZS(^)45 
186pJ First 
Translation 
(FT) 

Expression Strain for 
PHEARLESS V2.2, contains the 
pZS(^)45 186pJ expression 
plasmid for First Translation (FT) 
protein expression. Strain is 
unable to produce any functioning 
phage particles. 

HB302 E4643 [pIT4-KT-
cymR-pCym-

Tum] 21 

[186(∆tum, att2)] 

E. coli 
Laboratory 
Strain, 
HB70 

pZS(^)45 Expression Strain for 
PHEARLESS V2.2, contains the 
empty pZS(^)45 expression 
plasmid. Functioning as a 
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negative control plasmid. Strain is 
unable to produce any functioning 
phage particles. 

 

2.a.ii Plasmids Construct  

 

Table 2 details the plasmids used and created in this study. Table 2 includes detail 

about the plasmid name, features, selection marker, glycerol stock name and any 

specific notes about the plasmid or its applications. 

 

Table 2: Plasmid Construct Table of Content.  

Plasmid Features Selection 
Marker 

Glycerol 
Stock 

Note/Use 

pET15b NTH ORF11 
CTD 

CTD ORF11, 
Amp Resistance 
gene  

Amp100 HB53 CTD of ORF11 gene from 
bacteriophage P68  

pSIM6 Amp resistance 
gene, lambda 
Red 
recombineering 
functions genes 
(gam, exo, bet)  

Amp100, 
temperatu
re 
sensitive 
origin of 
replication 

Physical 
copy 
provided 
by Nan 
Hao, 
plasmid 
reference 
(148)  

Plasmid used for integrating 
double stranded DNA into 
chromosome by 
recombineering. Plasmid is 
temperature sensitive 
(lambda CIts) and will 
activate above 30°C. 
 

phi21 helper Amp resistance 
gene, Integrase 

Amp100, 
ts origin 

Physical 
copy 
provided 
by Nan 
Hao 
plasmid 
reference 
(149) 

Helper plasmid for 
integrating pIT4 integration 
plasmids into the Phi21 
phage attachment site in E. 
coli. Used to integrate the 
cumate switch into the 
E4643 genome.  

pIT4-KT-cymR-
pCym-empty 

Empty cumate 
switch  

Kan20 Physical 
copy 
provided 
by 
Alejandra 
Isabel. 

pIT4 integration plasmid 
containing no tum   
induction module and is 
used as a negative control. 

pIT4-KT-cymR-
pCym-Tum 

tum wild type 
expression 
controlled by 
cumate switch  

Kan20 Physical 
copy 
provided 
by 
Alejandra 
Isabel. 

pIT4 integration plasmid 
containing the cumate 
induction module which 
represses tum wild type 
expression in the absence 
cumate. 

pIT4-KT-cymR-
pCym-Tum72 

Truncated tum  
expression 
controlled by 
cumate switch 

Kan20 Physical 
copy 
provided 
by 
Alejandra 
Isabel. 

pIT4 integration plasmid 
containing the cumate 
induction module which 
represses truncated tum 
expression in the absence 
cumate. 

pZS45 Origin of 
replication with 
low copy 
number 

Spec50 KES 
1366, 
plasmid 
reference 
(150) 

Expression plasmid. 
Obtained from Keith 
Shearwin 

pZS45 186pR-ClyF ClyF expression 
controlled by 
186pR promoter 

Spec50 HB68 pZS45 plasmid containing a 
chimeric endolysin, ClyF 
(130), which is controlled by 
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the 186pR promoter from 
186 phage and a 
Spectinomycin resistance 
gene. 

pZS45 186pJ-ClyF ClyF expression 
controlled by 
186pJ promoter 

Spec50 HB73 pZS45 plasmid containing a 
chimeric endolysin, ClyF 
(130), which is controlled by 
the 186pJ promoter from 
186 phage and a 
Spectinomycin (Spec) 
resistance gene. 

pSBIA2-GFP SF-GFP 
expression 

Amp100 Lab stock 
E2942, 
SF-GFP 
in E. coli 
DH5alpha
-Z1  

Plasmid with IPTG inducible 
superfolder GFP (SF-GFP) 
expression. SF-GFP (151) 
is controlled by the lac 
promoter which is active in 
the presence of β-D-1-
thiogalactopyranoside 
(IPTG) 

pZS(^)45 High copy 
number origin of 
replication 
mutant version 

Spec50 HB100/99 Made from pZS45, contains 
a high copy number version 
of pSC101 origin. Increases 
the copy number from ~3 to 
~70 (152). 

pZS(^)45 186pJ ClyF ClyF Expression 
plasmid, high 
copy number 
plasmid 

Spec50 HB111 High copy origin of 
replication pZS(^)45 
plasmid containing a 
chimeric endolysin, ClyF 
(130), which is controlled by 
the 186pJ promoter and a 
Spectinomycin resistance 
gene. 

pZS(^)45 186pJ 
ORF11 NTH 

ORF11 from 
Bacteriophage 
P68 with a N- 
terminal 6xHis 
Tag 

Spec50 HB122 High copy origin of 
replication pZS(^)45 
plasmid containing a 
chimeric endolysin, ORF11 
which is controlled by the 
186pJ promoter and a 
Spectinomycin resistance 
gene. ORF11 has an N-
terminal 6xHis tag. 

pZS(^)45 186pJ NTD 
ORF11 

N-terminal 
domain of 
ORF11 from 
Bacteriophage 
P68 with an N-
terminal 6xHis 
tag. 

Spec50 HB123 High copy of replication 
pZS(^)45 plasmid 
containing a chimeric 
endolysin, ORF11 which is 
controlled by the 186pJ 
promoter from 186 phage 
and a Spectinomycin 
resistance gene. ORF11 an 
N-terminal 6xHis tag. 

att2 helper att2 Helper 
plasmid  

Amp100, 
origints 

AH6045, 
Physical 
copy 
provided 
by Nan 
Hao 
plasmid  
(149) 

Helper plasmid for 
integrating a pIT4 
containing the att2 
attachment sequence into 
the att2 phage attachment 
site. Obtained from Andrew 
Hao (KES lab) 

att3# helper  att3# helper 
plasmid 

Amp100, 
origints 

AH6046, 
Physical 
copy 
provided 
by Nan 

Helper plasmid for 
integrating a pIT4 
containing the att3# 
attachment sequence into 
the att3# phage attachment 
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Hao 
plasmid 
(149) 

site. Obtained from Andrew 
Hao (KES lab) 

pIT4_att2_loxP_ 
S_186pR_ClyF 

ClyF gene 
controlled by pR 

Spec20 HB132 pIT4 integration plasmid 
containing the ClyF gene 
controlled by 186pR 
promoter. pIT4 plasmid also 
contains two terminator 
sequence and a 
spectinomycin resistance 
gene. 

pIT4_att2_loxP_ 
S_186pJ_ClyF 

ClyF gene 
controlled by 
186pJ promoter 

Spec20 HB137 pIT4 integration plasmid 
containing the ClyF gene 
controlled by 186pJ 
promoter. pIT4 plasmid also 
contains two terminator 
sequence and a 
spectinomycin resistance 
gene. 

pIT4_att2_LoxP_S_1
86pR 

186pR promoter Spec20 HB161 Empty pIT4 plasmid which 
contains the 186pR 
promoter, used as a 
negative control. 

pIT4_att2_LoxP_S_1
86pJ 

186pJ promoter Spec20 HB162  Empty pIT4 plasmid which 
contains the 186pJ 
promoter, used as a 
negative control. 

pZS(^)45 186pJ 
ORF16 

ORF16 
controlled by 
186pJ promoter 

Spec50 HB167 Expression plasmid for 
ORF16 controlled by the 
186pJ promoter. 

pZS(^)45 186pJ 
ClyF(C36A) 

ClyF(C36A) 
controlled by 
186pJ promoter, 
high copy 
plasmid 

Spec50 HB170 Expression plasmid for 
ClyF(C36A) which contains 
two nucleotide mutations, 
changing wild type Cysteine 
(Cys) 36 to Alanine (Ala) 

pZS(^)45 186pJ 
ClyF(H99A) 

ClyF(H99A) 
controlled by 
186pJ promoter, 
high copy 
plasmid 

Spec50 HB171 Expression plasmid for 
ClyF(H99A) which contains 
two nucleotide mutations, 
changing wild type Histidine 
(His) 99 to Ala. 

pZS(^)45 186pJ 
ClyF(C36G) 

ClyF(C36G) 
controlled by 
186pJ promoter, 
high copy 
plasmid 

Spec50 HB176 
/HB177 

Expression plasmid for 
ClyF(C36G) which contains 
two nucleotide mutations, 
changing wild type Cysteine 
(Cys) 36 to Glycine (Gly). 

pIT4_att2_LoxP_S_ 
186pJ_ClyF_cos+ 

ClyF controlled 
by 186pJ 
promoter, att 
phage 2 
attachment site 

Spec20 HB184 pIT4 integration plasmid 
containing the ClyF gene 
controlled by 186pJ 
promoter. pIT4 plasmid also 
contains a spectinomycin 
resistance gene and the 
186 phage cos+ sequence. 

pIT4_LoxP_SL-
I52002 

Terminator 
sequences, 
LoxP LE/RE, 
Spectinomycin 
Resistant Gene, 
R6K  Origin of 
Replication  

Spec20 AH1724 Backbone used for 
assembling the first pIT4 
plasmids assembled. 
Obtained from Andrew Hao 
(KES lab) 

pIT_HF_CL_1.4kb_O
R_O2_LacZ 

Terminator 
Sequences 

Cm20 AH1529 Backbone used for 
assembling the first pIT4 
plasmids assembled. 
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Obtained from Andrew Hao 
(KES lab) 

pIT4_attP2_LoxP_S_
186pJ_ClyF_+1kb_c
os+ 

ClyF controlled 
by 186pJ, 186 
cos sequence, 
“junk” fragment 
DNA (FtsK). 

Spec20 HB255 A pIT4 plasmid used to 
increase the 186 genome 
size by ~3.1 Kb  

pIT4_attP2_LoxP_S_
186pJ_ClyF_+2kb_c
os+ 

ClyF controlled 
by 186pJ, 186 
cos sequence, 
“junk” fragment 
DNA (FtsK). 

Spec20 HB257 A pIT4 plasmid used to 
increase the 186 genome 
size by ~4.1 Kb  

pIT4_attP2_LoxP_S_
186pJ_ClyF_+3kb_c
os+ 

ClyF controlled 
by 186pJ, 186 
cos sequence, 
“junk” fragment 
DNA (FtsK). 

Spec20 HB259 A pIT4 plasmid used to 
increase the 186 genome 
size by ~5.1 Kb  

pIT-HF-CL-
NtrC_5.6kb_glnAp2_
weakRBS 

FtsK Fragment Cm20 AH1606 Plasmid used as template 
to amplify “junk” fragment 
DNA (FtsK) 

pZS(^)45 186pJ First 
Translation 

LysK first 
Translation 
protein gene 
controlled by 
186pJ, high 
copy plasmid 

Spec50 HB285 High copy of replication 
pZS(^)45 plasmid 
containing the first 
translation product of LysK 
(HNH) which is controlled 
by the 186pJ promoter from 
186 phage and a 
Spectinomycin resistance 
gene. 

pZS(^)45 186pJ 
Clinda3 

Clinda3 protein 
gene controlled 
by 186pJ, high 
copy number 
plasmid 

Spec50 HB286 High copy number of 
replication pZS(^)45 
plasmid containing the 
Clinda3 which is controlled 
by the 186pJ promoter and 
a Spectinomycin resistance 
gene. Putative endolysin 
genes provided by the Basil 
Hetzel Institute. 

pZS(^)45 186pJ 
Clinda8 

Clinda8 protein 
gene controlled 
by 186pJ, high 
copy number 
plasmid 

Spec50 HB287 High copy number of 
replication pZS(^)45 
plasmid containing the 
Clinda8 which is controlled 
by the 186pJ promoter from 
186 phage and a 
Spectinomycin resistance 
gene. Putative endolysin 
genes provided by the Basil 
Hetzel Institute. 

pZS(^)45 186pJ 
LysK 

LysK protein 
gene controlled 
by 186pJ, high 
copy number 
plasmid 

Spec50 HB291 High copy number of 
replication pZS(^)45 
plasmid containing the LysK 
which is controlled by the 
186pJ promoter from 186 
phage and a Spectinomycin 
resistance gene. 

pZS45up_186pJ_lys
K_HNH_H77A 

LysK(H77A) 
protein gene 
controlled by 
186pJ, high 
copy plasmid 

Spec50 Plasmid 
cloned by 
Nan Hao, 
transform
ed by 
Hannah 
Bonham,  
HB306 

High copy number of 
replication pZS(^)45 
plasmid containing the LysK 
gene with a point mutation 
converting the 77 amino 
acid from N to A. Mutant 
LysK(N77A) is controlled by 
the 186pJ promoter from 
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186 phage and a 
Spectinomycin resistance 
gene. 

 

2.a.iii Primers 

 

Table 3: Primers Used During the Course of this Thesis. List contains any of the primers that 

were used in this thesis. Table includes the primer number, sequence of the primer (5’ to 3’) and a 

short description of what the primer was used for.  

Primer Name 
(Number) 

Sequence (5’ to 3’) Description 

597 
julian_186attP(Nhe1) 
(597) 

GCTCAGCTAGCTATGCACTCCT
CAGGAAAGTGG 

186 attP primer; left most region, 
used to screen for the integration at 
one of the two 186 attachment sites. 

598 
julian_186attP(Nco1) 
(598) 

GCTCATCCATGGGCGATGGTT
CTGAGTAACAGATAATAGAATG
G 

186 attP primer; right most region, 
used to screen for the integration at 
one of the two 186 attachment sites. 

610 186attB left (610) CTCATTCGAAACCACCCACCG Used for screening with primer 611 
for integration at the primary 186 
attachment site. If no integration is 
present at that site PCR produces a 
band identifying the attB sequences 
for the primary attachment site. 

611 186attB right 
(611) 

GATCATCATGTTTATTGCGTGG Used for screening with primer 610 
for integration at the primary 186 
attachment site. If no integration is 
present at that site, PCR produces a 
band identifying the attB sequences 
for the first attachment site. 

1103 #2 186 P1 
(1103) 

CCCTGGAGCCAAAATATCC Used for screening with 1104 for 
integration at the second attachment 
site, if no integration is present at 
that site PCR produces a band 
identifying the attB sequences for 
the secondary attachment site. 

1104 #2 186 P4 
(1104) 

TCCGGAATGCCTGCATTG Used for screening with 1103 for 
integration at the second 186 
attachment site, if no integration is 
present at that site PCR produces a 
band identifying the attB sequences 
for the secondary attachment site. 

3053 Spec F  ACAGCGCAGTAACCGGC Used to amplify the back bone of 
any pIT4 integration plasmid, 
located in the Spectinomycin 
resistance gene. 

3054 Spec R CAGTCGGCAGCGACATCC Used to amplify the back bone of 
any pIT4 integration plasmid, 
located in the Spectinomycin 
resistance gene. 

3149 PIT4_R GGTATATCTCCTTCTTAAAGTTA
AGAGTGTTATTG 

Used to amplify one section of the 
backbone of any pIT4 integration 
plasmid. The primer is located on 
the pET RBS sequence, amplifying 
the fragment located before the start 
codon of the protein of interest 
sequence. 
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3150 PIT4 F ATTTCCGCTAAATGTCTAGAGC
ATG 

Used to amplify one section of the 
backbone of any pIT4 integration 
plasmid. Primer is located 
immediately after the stop codon of 
the protein of interest sequence. 

3179 ClyF(C36A) F GCGTAGACGTTGATGGATACTA
CGGTCGCCAGGCCTGGGACTT
GCCCAATTACATCTTC 

Used to mutate two nucleotides at 
106 and 107 position in ClyF from T 
and G to G and C. Mutating the 36 
amino acid from a Cysteine (C, Cys) 
to an Alanine (A, Ala).  

3180 ClyF(C36A) R CTGGCGACCGTAGTATCCATCA
AC 

Used to mutate two nucleotides at 
106 and 107 position in ClyF from T 
and G to G and C. Mutating the 36 
amino acid from a Cysteine (C, Cys) 
to an Alanine (A, Ala).  

3181 ClyF(H99A) F TTTGGACAGGAGGTAATTACAA
TTGGAATACATGGGGAGCTACT
GGCATTGTCGTGGGC 

Used to mutate two nucleotides at 
295 and 296 position in ClyF from C 
and A to G and C. Mutating the 99 
amino acid from a Histidine (H, His) 
to an Alanine (A, Ala).  

3182 ClyF(H99A) R 
 

TCCCCATGTATTCCAATTGTAAT
TACCTCC 
 

Used to mutate two nucleotides at 
295 and 296 position in ClyF from C 
and A to G and C. Mutating the 99 
amino acid from a Histidine (H, His) 
to an Alanine (A, Ala).  

3199 ClyF(C36G) F GCGTAGACGTTGATGGATACTA
CGGTCGCCAGGGCTGGGACTT
GCCCAATTACATCTTC 

Used to mutate one nucleotide at 
the 106 position in ClyF from T to G. 
Mutating the 36 amino acid from a 
Cysteine (C, Cys) to a Glycine (G, 
Gly). The reverse primer used with 
3199 was 3180 ClyF(C36A) R. 

3219 186pJ Insert F  TCTTAACTTTAAGAAGGAGATA
TACCC 

Used to amplify the protein gene 
fragment for assembly into the pIT4 
integration plasmid. The protein 
gene fragment template must 
contain the pET RBS binding 
sequence, which the primer 
sequence binds to. 

3220 186pJ Insert R CCATGCTCTAGACATTTAGCGG
AAATTTA 

Used to amplify the protein gene 
fragment for assembly into the pIT4 
integration plasmid. The protein 
gene fragment template must 
contain the spacer sequence from 
the end of 186 located before the 
terminator sequence on the pIT4 
integration plasmid.   

 

2.a.iv Solutions and Buffers 

 

Buffer and solutions were either prepared in the laboratory or purchased from the 

technical services unit TSU (Level 4, Molecular Life Science Building, The University 

of Adelaide) and were stored at room temperature unless otherwise stated. 

 

LB Lennox Media (LB Media) Solution      

Media contains 5 g/L Sodium Chloride, 5 g/L Bacto Yeast Extract and 10 g/L Bacto 

Tryptone. 
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LB Lennox 1.5% Agar (LB Agar) Solution      

Agar contains 5 g/L Sodium Chloride, 5 g/L Bacto Yeast Extract, 10 g/L Bacto 

Tryptone and 10 g/L Agar no.1. 

 

Agar Plates  

Agar plates were prepared from 250 mL of molten LB-Agar (LB Media + 10 g/L Agar 

Powder No. 1). Stock concentrations of reagents required for selection and/or 

induction were added as required. Plates were left at room temperature to set and 

then stored at 4°C wrapped in heavy duty glad wrap. 

 

TSS (Transformation & Storage Solution)  

To prepare 100 mL, add 80 mL LB + 5 mL DMSO + MgCl2 (to 25 mM from 1 M stock, 

1/40 = 2.5 mL) to a beaker. 10 g of solid PEG was added and dissolved using a 

magnetic stirrer (10-15 min). Keep beaker covered with foil. Check pH and adjust to 

6.5 with either HCl or NaOH. Make up volume to 100 mL with LB. Filter sterilize (0.45 

μm Minisart single use filter unit (Sartorius) using 50 mL sterile syringe). Aliquot and 

store at -20°C until use. Ensure it is homogeneous upon thawing. 

 

5x IOS buffer for Gibson assembly 

1 mL of 1 M Tris-HCL pH 7.5 (From TSU), 50 μL of 2M MgCl2, 200 μL 10 mM 

Deoxynucleotide Solution Mix (NEB: N0447L), 100 μL of 1 M DTT, 0.5g PEG-8000 

(Sigma-Aldrich), 200 μL of 50 mM NAD (NEB: B9007S) add MQ water to 2 mL, then 

aliquot (80 μL) and store at -20°C.  

 

Gibson assembly mix: 

80 μL 5X IOS buffer, 0.16 μL of 10 U/ μL T5 exonuclease (Epicentre: T5E4111K), 5 

μL of 2 U/μL Phusion High-Fidelity DNA Polymerase (Finnzymes: F-530S), 40 μL of 

40 U/ μL Taq DNA ligase (NEB:M0208L) add MQ water to 0.3 ml, aliquot (15 μL) and 

store at -20°C. 

 

Phage Storage Solution (TM Buffer): 

0.25mL of 1M stock solution of Tris Solution pH 7.5 and 0.5mL of 1M stock solution 

of Magnesium chloride. Solution made up to 5 mL with MQ water.  

 



52 
 

2.b Basic Methods 

 

2.b.i Plasmid Mini-Preps 

 

Plasmid minipreps were performed on 5 mL of overnight culture, grown in the 

appropriate selective media, using a Monarch plasmid mini-prep kit (NEB#T1010). 

Purified plasmid was eluted with 30 - 50 μL of the provided elution buffer and stored 

at -20°C. 

 

2.b.ii Polymerase Chain Reaction (PCR) 

 

PCRs were performed for the purposes of cloning, screening and preparing 

templates for sequencing. PCRs for cloning were performed using two different PCR 

protocols, either KAPA2G Robust PCR Kit (KK5023) (KAPA Robust) or NEB PCR 

Protocol for Phusion® High-Fidelity DNA Polymerase (M0530) (Phusion). PCRs were 

performed using the buffers and polymerase provided by the respective companies, 

following their protocols. Annealing temperature and extension time were altered 

depending on the product length and primer characteristics. PCR products were 

visualised following agarose gel electrophoresis, followed where required by clean-up 

and measurement of concentration by Nano-Drop spectrophotometer (Thermo 

Scientific Nano Drop 2000). 

 

2.b.iii Restriction Digestion 

 

Restriction enzyme digestion reactions were performed using ~1000ng of DNA on 

either mini-prep DNA or PCR product. 0.8 μL was used for each restriction enzyme 

added to the digestion. Units differ depending on restriction enzyme, stock 

concentrations were 5 to 100 U/µL. 2.5 µL of the appropriate buffer for the single or 

multiple restriction enzyme digests was added to the reaction. Digestion samples in a 

final volume of 25 µL and incubated at the recommended temperature, either for 

three hours or overnight. Digestion was determined by visualization using agarose 

gel electrophoresis. 

 

2.b.iv DNA Clean up 

 

DNA clean-up was performed using protocols and reagents provided by either Monarch PCR 

and DNA Clean-up Kit (NEB #T1030) for DNA in solution, or Monarch DNA Gel Extraction Kit 
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(NEB #T1020) for DNA excised from agarose gels. Purified DNA was eluted with 10 μL of the 

provided elution buffer, then stored at -20°C. 

 

2.b.v Gel Electrophoresis 

 

Either 1% or 1.5% agarose gel suspensions were prepared from molecular biology 

grade agarose powder (VWR Chemicals), dissolved in 1x TAE prepared from a 20x 

stock (TSU). The agarose suspension was boiled in a microwave oven until all of the 

agarose powder had dissolved. Unused gel stocks were kept at room temperature 

until needed then microwaved when needed for pouring a new gel. 

 

2.b.vi Making Glycerol Stocks 

 

Glycerol stocks for long term storage of bacterial strains were made by adding 500 

μL of sterile 80% glycerol (TSU) to 500μL of overnight bacterial culture, mixing and 

storage at -80°C.  

 

2.b.vii Optical Density Reading of 186 Tum Variants in Liquid Cultures 

 

In addition to the agar plate based method, lysis assays were also performed in liquid 

cultures, where optical density (OD600) of the cultures were monitored following 

addition cumate.  

 

Bacterial strains were streaked out from glycerol stocks on to appropriate antibiotic 

plates and incubated overnight at 37°C. Single colonies were used to inoculate 3 mL 

of LB media with 20 µg/mL Kan, and the culture grown overnight at 37°C.  

 

Overnight cultures were sub-cultured into 50 mL of LB media, 1/125 dilution, 

containing (20 µg/µL Kan) and grown to OD600 0.4. Aliquots of 5 mL for each strain 

were distributed to five 10 mL tubes. Each tube was supplemented with cumate from 

a 100mM stock solution (in ethanol) to give final concentrations; 0 µM, 40 µM, 120 

µM and 240 µM. Dilutions were made such that the ethanol concentration was 

constant. A no ethanol control was also included.  

 

Two 100 µL replicate aliquots from each culture were added to a flat bottomed 96 

well plate (Corning) and OD600 readings taken every 15 minutes for three hours, 

incubating at 37°C between readings. Three biological replicates were performed for 
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each strain with the exception of one strain that had six biological replicates due to 

large day to day variation.  

 

2.c Cloning Strategy 

 

2.c.i Plasmid Fragment Cloning 

 

Many different plasmids were created in the project. These are recorded in Table 1 

and Table 2. Plasmids were created using PCR amplification and assembled using 

Gibson isothermal assembly. Backbone plasmid fragments and gene fragments were 

amplified using the Phusion PCR protocols found in section 2.b.ii Polymerase Chain 

Reaction (PCR) and 2.c.ii Error Prone PCR. PCR amplification products and 

expected product sizes were confirmed using agarose gel visualization, section 2.b.v 

Gel Electrophoresis. PCR products were purified using protocols found in section 

2.b.iv DNA Clean up. In cases where the template for the PCR was a plasmid, DpnI 

restriction enzyme, which digests only methylated DNA, was added directly to the 

PCR prior to clean-up, and incubated at 37°C for at least 15 minutes (2.b.iii 

Restriction Digestion).  

 

2.c.ii Error Prone PCR 

 

Error Prone PCR was performed to generate a library of mutants, aiming for 

amplified PCR fragments that contained three to four mutations per gene. The error 

prone protocols have been optimised to generate a minimum of one mutation per 

cycle (153,154). Using the lower fidelity of Taq DNA polymerase, and depending on 

[Mg2+] and optimisation of unequal dNTP concentrations, error prone PCR can 

produce mutation rates of 0.6 to 2.0% (155).   

 

Phusion PCR amplification was first performed to generate a template to be used in 

the error prone PCR. Error prone PCR, 50 µL reactions consisted of 2.5 µL of each 

primer (10 µM working stocks), 5 µL of 10x Thermopol buffer, 1 µL of dNTP (10 mM), 

8 µL of MgCl2 (25 mM) 1.2 µL of Taq DNA polymerase (5 U/µL), 0.5 µL of Phusion 

template and 29.3 µL of MQ water. All reagents and DNA template were kept on ice 

while preparing the PCR mixture. Cycling parameters for error prone PCR were 

adjusted dependent on the size of the fragment being amplified and the number of 

mutations desired per product. The initial denaturing step was performed at 95°C for 

10 seconds. For each cycle denaturing was also performed 95°C for 10 seconds, 



55 
 

annealing was performed at 50°C for 20 seconds, and extension for a 782 bp gene 

fragment was performed at 68°C, for 1 minute.  

 

Denaturing, annealing and extension steps were repeated eight times to generate 

gene fragments containing two to four mutations. The number of cycles were 

calculated using: (0.00066 x bp Length) x number of cycles = number of mutants per 

fragment amplified. This calculation provided a guideline for generating the desired 

number of mutations. The number of cycles calculated for one to four mutations was 

8 cycles. A final extension step was performed at 68°C for 5 minutes. PCRs products 

were visualized on an agarose gel, followed by clean-up (Monarch kit, NEB) and 

measurement of concentration by Nano-Drop spectrophotometer (Thermo Scientific 

Nano Drop 2000). 

 

2.c.iii Plasmid Fragment Assembly - Gibson assembly 

 

Fragments generated using PCR were assembled into plasmids using Gibson 

isothermal assembly (156). Approximately 175 ng of purified PCR fragment was 

added to 15 µL of Gibson assembly aliquot mix at a 1:1 molar ratio for each of the 

fragments, unless stated otherwise. Deionized water was added to bring the total 

reaction volume 20 µL, which was then incubated at 50°C for 1 hour. Following 

incubation, the Gibson assembly mixture was cleaned using the DNA clean-up 

methods found in Chapter 2.b and then transformed into chemically competent cells 

(TSS method) or electrocompetent cells (ECC). 

 

2.c.iv Preparing and Transforming Chemical Competent Cells (TSS cells) 

 

For routine transformations, the TSS method of preparing chemically competent cells 

was used (157). A 1.5mL aliquot of an overnight culture of the appropriate strain was 

placed in a cold Eppendorf tube, and spun at 14,000 rpm (15,777 g) using a 

refrigerated table top centrifuge (Eppendorf Centrifuge 5415 R) at 4°C for 5 minutes. 

The supernatant was carefully removed and the pellet resuspended in 150 µL of TSS 

(2.a.iv Solutions and Buffers). The resuspended cells were kept on ice if used the 

same day, or stored at -80°C. For transformation of TSS competent cells, 50 µL of 

TSS cells were mixed with either 5 µL of Gibson cleaned up assembly mix or 2 µL of 

plasmid mini-prep (2.b.i Plasmid Mini-Preps) and incubated on ice for thirty minutes. 

The cells were heat shocked at 42°C for one minute and thirty seconds, and placed 

back on ice for five minutes. LB Lennox media (250 µL) was added to the cells, 
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followed by recovery at 37°C, unless stated otherwise, for one to two hours. After 

incubation, cells were pelleted using a table top centrifuge (Eppendorf Centrifuge 

5415 R) for five minutes at a force not exceeding 6000 rpm (2897 g). The majority of 

the supernatant was removed, leaving ~100 µL of supernatant, in which the pellet 

was gently resuspended and spread on an agar plate containing the appropriate 

antibiotic. Plates were then incubated at the appropriate temperature. 

 

2.c.v Preparing and Transforming Electrocompetent Cells (ECC) 

 

When high transformation efficiencies were required, electrocompetent cells were 

used. Overnight cultures (3-5 mL) of the required strain were prepared. The next day, 

400 µL from the overnight culture was added to a fresh 50 mL culture (1/200 dilution) 

and grown at either 30°C or 37°C with shaking (bench top water bath,180 to 200 

rpm) to an OD600 of 0.4. 

 

If the strain also contained a helper plasmid (expressing recombineering functions or 

integrases), a pre-induction step was included to initiate expression of those 

functions. For the recombineering helper plasmid pSIM6, which carries the lambda 

Red recombineering proteins (gam, exo, bet), a heat induction step was performed at 

42°C for 15 minutes, with shaking at 100 rpm, then chilled in an ice water slurry. 

phi21, Att2 (AH6045) and Att3 (AH6046) helper plasmids (149) were used to 

integrate plasmids at the corresponding chromosomal attachment sites. Cells 

carrying any of these plasmids were pre-induced at 39°C for 20 minutes (phi21), or 

30 minutes (att2 or att3) with shaking at 100 rpm, followed by chilling in ice water 

slurry.  

 

After heat induction of the required functions, the 50 mL cultures were chilled for 5 

minutes and pelleted at 4°C 4500 g for 10 min using a high speed centrifuge 

(Eppendorf Centrifuge 5810 R). Supernatant was poured off and the pellet was 

gently resuspended in ice cold MQ water. This step of pelleting and resuspending in 

ice cold MQ water was repeated a second time before pelleting and resuspension in 

10mL of ice cold 10% glycerol. The cells were pelleted one more time, and finally 

resuspended in 250 µL of ice cold 10% glycerol. The cells were aliquoted into ~40 µL 

lots and either transformed or stored at –80°C. ECC prepared and immediately 

transformed had the highest efficiently compared to ECC samples stored frozen and 

thawed for use. 
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ECC cells were transformed using a BIO-RAD MicroPulser electroporator, with 

between 2-5 µL of Gibson assembly/plasmid mini-prep added to a 40 µL aliquot of 

cells on ice. The transformation sample was transferred to a cold electroporation 

cuvette. Electroporation used the Ec1 setting resulting in an ideal time constant of 

between 5.5 and 6.0 msec. LB Lennox media (1 mL) was added to the cuvette 

immediately after electroporation and transferred into an Eppendorf tube, followed by 

incubation at 37°C for one and a half hours as a recovery step. Cells were then 

pelleted using a table top centrifuges for five minutes at speeds not exceeding 6000 

rpm (2897 g). The cell pellet was resuspended in ~ 100 µL of LB and plated onto an 

agar plate containing selective media. Plates were incubated overnight at 37°C, 

unless stated otherwise.  

 

2.c.vi Sanger Sequencing  

 

Sanger sequencing was performed by the Australian Genome Research Facility 

(AGRF), Adelaide node. DNA samples, usually PCR fragments, were cleaned and 

the concentration determined using a Nano-Drop spectrophotometer (Thermo 

Scientific Nano Drop 2000). About 100 ng of clean DNA was added to the Big Dye 

sequencing reaction, along with 1 µL of sequencing primer (10 µM concentration). 

The final volume was made up to 13 µL using MQ water ready for collection by 

AGRF.  

  

2.d Bacteriophage Integration for making 186 lysogens 

 

A lysogen is bacterial cell which has been infected by either a temperate or 

filamentous phage that does not cause host cell death. Bacteriophage 186 is a 

temperate phage which can integrate into two alternative attachment sites in the E. 

coli chromosome (158). To create a 186 lysogen at one of integration sites, the host 

strain E4643 was grown to OD600 0.6, 200 µL of culture was added to 3 mL of 0.7% 

agar and spread on an agar plate. The agar plate was left to dry at room 

temperature, then 10 µL of wild type bacteriophage 186 stock was spotted on the 

plate and incubated overnight at 37°C. The following day, cells from the centre of the 

spot (containing potential lysogens) were streaked out, and plates incubated 

overnight at 37°C.  
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To screen for potential lysogens, resistance to infection by a lytic variant of 186 

(186CI10) was used. In this assay, 10 µL of 186CI10 phage stock was pipetted onto 

the plate, and one side of the plate was lifted, allowing the 10 µL of phage solution to 

run down the plate. After the line of phage stock had dried, several individual 

colonies from the re-streak plate (potential lysogens) were spread across the line of 

186CI10 phage. Two additional control strains were streaked across the plate in the 

same manner: a positive control strain carrying a 186 prophage that will be resistant 

to infection by the 186CI10; and a negative control, being a non-lysogenic strain were 

the cells that come into contact with the CI10 phage will be killed. Plates were 

examined after an overnight incubation at 37°C. Streaks that produced a continuous 

line of growth, were expected to be lysogens, as they are resistant to reinfection 

(immune). These were re-streaked and individual colonies further checked by PCR. 

 

PCR was performed both to confirm the presence of a 186 prophage and to 

determine which of the two possible attachment sites (159) it had integrated into. 

PCR screening for site 1 used four primers; 610, 598, 597 and 611, using protocols 

found in 2.b. iv. These primers amplify the left and right boundaries of the prophage 

integration sites, attL and attR. If there is a prophage present at the first integration 

site, PCR will produce two bands of 335 bp and 241 bp identifying the attL and attR 

sites. If there is no integrant at site one, a band (241 bp) corresponding to the empty 

attachment site (attB) will be produced.  

 

Integration at the second attachment site on the E4643 chromosome is less frequent 

than at site 1, but was checked nonetheless (159). A different pair of primers are 

required; 1104, 598, 597 and 1103, which would produce two bands, 316 bp and 259 

bp, for site 2 attL and attR, respectively. Should there be no integration at the second 

attachment site, the PCR will produce a 601 bp attB band. Four controls for PCR 

screening of phage integration were used including two positive controls, E573 which 

contains a single 186 prophage, and E4170 (E4170, Table 1) which contains a 186 

prophage integrated at both site 1 and site 2. The negative control is a non-lysogenic 

strain (C600). Phage stock was also used as a control for the attP band, 335 bp. 

 

2.e Bacteriophage production and Integration 

 

Bacteriophage stocks were created using two methods: a single plaque method 

which gave moderate titres and longer whole plate method, that produced a higher 
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titre phage stock. Single plaques were picked using a Pasteur pipette, added to an 

Eppendorf tube containing between 100 µL and 300 µL of TM buffer and vortexed for 

20 seconds. Samples are treated with a drop of chloroform to kill any bacteria, and 

stored at 4°C.  

 

Whole plate phage stocks are prepared by with mixing phage with 200 µL of a host 

strain and 3 mL of 0.7% agar, followed by spreading on a LB Lennox agar plate and 

overnight incubation at 37°C. The next day, 5 mL of TM buffer was added to the plate 

and the top layer of agar scraped off. The buffer and top layer of agar are collected in 

a 10 mL sterile tube, vortexed briefly and treated with chloroform. The sample is 

centrifuged to pellet the agar, and the supernatant containing the phage collected 

and stored at 4°C.  

 

2.f Recombineering Strategy  

 

Recombineering (160) was used to delete a section of the 186 prophage containing 

the tum and ORF97 genes. pSIM6 was the recombineering helper plasmid used, and 

carries an ampicillin resistance gene, a temperature sensitive origin of replication and 

the lambda Red recombineering genes (gam, exo, bet) (Table 2). Recombineering 

functions were pre-induced by a short incubation at 42°C while generating 

electrocompetent cells (2.c.v ). 

 

The DNA template used for recombineering was double stranded G-block DNA 

fragment (IDT), containing a loxP flanked chloramphenicol resistance gene with 

overlap sequences (25 bp minimum) at each end, matching the target sequence. 

Template DNA was transformed into ECC cells using the protocols found in Chapter 

2.c.iv. Colonies growing on LB + Cm (20 µg/mL) plates were screened by PCR to 

confirm recombineering, and the final sequence confirmed by Sanger sequencing. 

 

2.g Integration of Plasmids at Phage Attachment Sites 

 

A number of genetic modifications were performed using chromosomal integration, 

both into the E4643 chromosome itself and into the bacteriophage 186 prophage. 

The three different cumate induction module plasmids; pIT4-KT-cymR-pCym-empty, 

PIT4-KT-cymR-pCym-Tum and PIT4-KT-cymR-pCym-Tum72 (Table 2), were 

integrated into the phi21 bacteriophage attachment site in the E4643 genome. The 
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ampicillin resistant phi21 helper plasmid carries the phi21 integrase under the control 

of a temperature sensitive repressor, and so the integrase is only expressed at 37°C.  

 

The helper plasmid was transformed into the desired bacterial strain using TSS-

competent cells (Chapter 2.c.iv Preparing and Transforming Chemical Competent 

Cells (TSS cells)), the recovery step and overnight incubation being done at 30°C. 

ECC (Chapter 2.c.v Preparing and Transforming Electrocompetent Cells (ECC)) were 

prepared from the strains containing the helper plasmid, with growth of the culture to 

OD600 0.6 at 30°C. The heat induction step for the phi21 plasmid is for 20 minutes at 

39°C. After the heat induction step, the transformation follows the same protocol 

listed in Chapter 2.c.v, with 2 µL of DNA (~100 ng) added to the electrocompetent 

cells.  

 

2.g.i Gene Removal using LoxP Sequences  

  
An engineered 186 prophage was constructed used recombineering (methods below) 

with a module containing an antibiotic resistance gene. The chloramphenicol (Cm) 

antibiotic resistance gene was included in the recombineering module as a selection 

marker for successful recombineering. The Cm gene is flanked by LoxP sequences 

to allow removal of the antibiotic marker, using a Cre recombinase (159,161) 

delivered using a cosmid based delivery system (158). 

 

Single colonies of potential recombinants were streaked out on to LB agar plates 

containing 20 µg/µL of Cm and incubated overnight at 37°C. The next day a single 

colony was used to inoculate 3 mL of LB media containing 20 µg/µL of Cm and 

incubated overnight. In an Eppendorf tube, 5 µL of this overnight culture was added 

to 5 µL of a phage  based cosmid, carrying the pE-Cre plasmid (158).  

 

Samples were incubated for 30 minutes at 37°C to allow binding and DNA injection 

by the cosmid particles, followed by addition of 1 mL of fresh LB media. Samples 

were then incubated at 30°C up to 7 hours to allow the Cre recombinase to act. One 

hundred µL of a 1/10 dilution of this culture was plated on an LB agar plate 

containing Amp (100 µg/µL) to select for the Cre plasmid, and incubated overnight at 

30°C.  

 

The next day single colonies were collected using a pipette tip and transferred to 

both an LB plate (non-selection) and an LB Cm 20 µg/µL (selection) plate. Up to fifty 
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single colonies were screened in this way. Both plates were incubated overnight at 

37°C to all removal of the pE-Cre plasmid, which carries a temperature sensitive 

origin of replication. Potential recombinants that grew on the non-selection plate but 

not the selection plate were re-streaked and confirmed by PCR and Sanger 

sequencing 

 

2.h PHEARLESS Protein Screening Protocols 

 

Protocols for the PHEARLESS system depend on what is being tested, multiple 

expression strains for the PHEARLESS system were generated. Protocols for the 

PHEARLESS system follows one of two aims, either screening an initial protein gene 

for activity or screening a library of protein genes for activity. Screening an individual 

protein gene for lytic activity can be accomplished in the first version of the 

expression strain (PHEARLESS V1, Chapter 3) as well as the second version of the 

expression strain (PHEARLESS V2.2, Chapter 5). The protocols for screening an 

individual protein gene for lytic activity are as follows. 

 

Expression and target strains are streaked out from glycerol stocks onto agar plates 

using the appropriate antibiotic selection. Plates are incubated overnight at 37°C, the 

next day 3 mL cultures were prepared from a single colony for each strain using the 

same selection and incubation temperatures.  

 

These strains include three protein expression strains, and a positive control strain 

containing a known lytic protein. An empty control strain that does not contain a 

protein gene was used as the negative control. The final expression strain contains 

the protein (for example, endolysin) gene that is being tested for lytic activity against 

a specific bacterial strain (target strain).  

 

The next day, fresh 50 mL LB + antibiotic cultures are inoculated from the overnight 

cultures and incubated at 37°C, shaking at 180 to 200 rpm. Antibiotic selection in the 

new cultures is required for PHEARLESS V1 expression strains but not for 

PHEARLESS V2.2 expression strains. The target strain cultures were started first, 

after an hour incubation, the expression strain cultures were started. After the target 

strain reached OD600 0.6, 200 µL of culture is added to a sterile glass tube containing 

a specific concentration cumate. 3 mL of molten 0.7% agar (held 48°C) is poured into 

the glass tube containing the target strain from a separate sterile glass tube. The 

glass tube containing the target strain, cumate and molten 0.7% agar was briefly 
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vortexed and then poured onto a LB agar plate containing the same concentration of 

cumate. The agar plate is immediately swirled to spread the molten 0.7% agar over 

the surface of the agar plate. If using PHEARLESS V2.2 expression strains, a 

second strain labelled as the propagation strain (Chapter 5) is added at a 50:1 ratio 

of target strain to propagation strain. If using the PHEARLESS V1 expression strains 

only the target strain is added to the top layer of agar. This top layer will form a lawn 

of bacteria; the plates were left to dry at room temperature for a minimum of an hour. 

Before adding the 0.7% molten agar to the plates, plates pre-warmed at 37°C for a 

minimum of five minutes. This 5-minute incubation at 37°C is also recommended 

before adding the expression strain samples. This step will assist in preventing the 

formation of puddles on the agar plate that can dilute the protein samples and disrupt 

the lawn. 

 

The plates were then divided into three sections, one for each of the strains; positive 

control, negative control and the protein being tested. The expression strains were 

grown at 37°C to OD600 0.6 and placed on ice. After all the cultures have grown to 

OD600 0.6, 1mL of each is taken and pelleted in an Eppendorf tube and resuspended 

in 1 mL of fresh LB media to remove any residual antibiotic. If no antibiotic selection 

was used to grow the new culture, this step can be omitted. 

 

A series of 1 in 10 dilutions is made for each of the expression strains in fresh LB 

media, 50 µL of culture + 450 µL of fresh LB media. Each plate will be spotted with 

10 µL of undiluted, 1/10, 1/100 and 1/1000 diluted expression strain culture. Samples 

can be added to the plate at room temperature. After the samples have dried, the 

plates were placed at 37°C to incubate overnight. Plates were observed the next day 

for the presence of clearing in the location were the expression strain samples were 

spotted.  

 

For testing weak protein activity, an additional step can be included, after the 

expression strain reaches OD600 0.6, 10 mL is taken and concentrated 10-fold into 1 

mL. A series of 1 in 10 dilutions were created from this more concentrated sample.  

 

2.i PHEARLESS Protein Library Screening Protocols 

 

PHEARLESS protein library screening protocols were developed for the 

PHEARLESS V2.2 expression system. The aim for this set of protocols is to perform 

a high throughput assay, screening a library of endolysin variants.  
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Protocols for this assay includes previous protocols detailed above; Phusion PCR 

and Error Prone PCR, DNA Clean Up, Gibson Assembly and Making and 

Transforming Electrocompetent Cells. Phusion PCR is used to generate the 

fragments of the pIT4 integration plasmid (detailed in Chapter 5), error prone PCR is 

used to generate a library of mutant protein genes. Gibson assembly is performed 

with the pIT4 integration plasmid fragments and the error prone library products. The 

Gibson assembly is cleaned up using DNA Clean up protocols and stored at -20°C. 

These steps can be performed in advance and the assembled reaction stored frozen. 
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Chapter 3: Design and construction of the PHEARLESS system 

 

3.a Generating the PHEARLESS Expression Strain  
 

PHEARLESS stands for Phage-based Expression, Amplification and Release of 

Lytic Enzyme Species. This in vivo system has been developed to test for the anti-

microbial activity of any protein of interest, such as endolysins, that can be expressed 

in E. coli. The core design feature of the PHEARLESS system is the ability to 

simultaneously (i) initiate expression of the protein-of-interest and (ii) initiate a 

cascade leading to cell lysis and release of the cellular contents, via induction of a 

modified prophage. Co-culturing of the PHEARLESS strain and the target bacteria of 

interest (here S. aureus), allows for an assessment of whether the released protein of 

interest has an impact on the growth of the target strain (Figure 8). The PHEARLESS 

strain was designed to initiate both protein-of interest expression and cell lysis via 

induction of a 186 prophage, through the use of the chemically induced expression of 

the 186 Tum protein. Tum is an anti-repressor protein which inactivates the 186 

lysogenic repressor, leading to expression of the early, middle and late lytic genes. 

Protein of interest expression is controlled by a phage 186 promoter which becomes 

active following Tum expression. Phage induced cell lysis is achieved using two 

components that have been genetically engineered into the E4643 chromosome. (1) 

An integrated cumate-inducible 186tum expression module and (2) an engineered 

∆186 prophage (Figure 7).  
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Figure 7: PHEARLESS Expression Strain Modules. The two main modules used in the PHEARLESS 

system to bring about cell lysis. This diagram excludes the method used for endolysin/protein 

expression, which differs between the versions. Module 1 is a cumate inducible 186tum switch, 

integrated into the E. coli (strain E4643) genome at the phi21 integration site. Module 2 is an 

engineered 186 prophage, where the tum gene has been removed. The 186 lytic cycle is repressed by 

CI repressor (pink oval) which maintains the lysogenic cycle. In the absence cumate (blue circle), CymR 

which is constitutively expressed, represses the expression of Tum. When cumate is added it binds to 

CymR (brown square), weakening CymR binding, leading to Tum expression. Tum sequesters 186CI, 

inducing the prophage, leading to cell lysis. 

 

Tum, whose expression in a prophage is normally repressed by host LexA protein, is 

required for 186 prophage induction. E. coli ’s DNA damage repair, or SOS, the 

system is activated in response to many different DNA damaging agents and 

environmental factors including UV radiation (162). 

 

In the event of DNA damage, E. coli’s SOS system is turned on via activation of 

RecA in response to increased levels of single stranded DNA. Activated RecA 

accelerates auto-cleavage of LexA, leading to de-repression of many SOS related 

genes. The 186p95 promoter, which controls Tum expression, is thus also de-

repressed (163). When Tum is expressed it inactivates the 186 CI repressor protein 

which is responsible for repression of the lytic promoters pR and pB. De-repression 

of the pR promoter results in expression of the early lytic genes, ultimately leading to 

production and release of new phage particles.  

 

The cumate inducible 186 tum induction module (cumate switch) was created by 

Alejandra Isabel of the Shearwin Laboratory (145). A pIT4-based chromosomal 
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integration plasmid containing the cumate switch was integrated into the E. coli 

E4643 genome at the phi21 attachment site, using protocols found in Chapter 2.g 

(Table 2). The plasmid produces the cymR repressor from the constitutive proA 

promoter. The plasmid also carries the 186 tum gene, controlled by a promoter, 

pCymR, which is repressed in the presence of CymR (164). Addition of cumate (4-

isopropylbenzoic acid) removes the CymR repressor from the cumate operator 

(CuO), which in turn leads to the expression of the Tum gene. The pIT4 plasmid also 

contains a kanamycin resistance gene and a R6K origin of replication which requires 

the pir gene for replication. Three versions of the cumate switch plasmid were 

created; Empty, tum wild type and tum72. The Empty version contains all the 

components with the exception of a tum gene, it is used as a negative control. Two 

versions of Tum were tested in the system the 186 wild type, full length (142 amino 

acids) Tum and a truncated version, consisting of the first 72 amino acids, called 

Tum72. Tum72 is a hyperactive variant of 186 Tum, where the truncation is thought 

to slow the degradation rate in vivo (145), resulting in a more rapid switching to the 

lytic cycle.  

 

The second module of the chemically inducible lysis system is the engineered 186 

prophage genome, integrated at the primary 186 attachment site. The 186 genome 

was engineered to remove the native tum and cp97 genes using recombineering. 

Protocols found in Chapter 2.f Recombineering Strategy. A 186 phage lacking only 

the cp97 gene has been shown to have no inhibitory effect on phage production 

(165). The tum and cp97 genes were replaced (Figure 9.A) with a custom designed 

module, containing a LoxP flanked selection marker (chloramphenicol), as well as 

two well characterised phage attachment sites (attB), attB2 and attB3, that originate 

from non-E. coli species (147). These were chosen since they are unrecognisable 

attachment sites for phage commonly found in E. coli, preventing unintended site 

specific integration by E. coli phage. The attachment sites sequences and resistance 

gene were incorporated into the 186 genome using recombineering of a G-Block 

sequence ordered from IDT (Appendix Fig. 1, Appendix Fig. 2). Successful 

recombineering was confirmed using PCR to amplify the left and right boundaries of 

the inserted recombineering fragments and also by PCR across the whole 

recombineered fragment (Appendix Fig. 3), Sanger sequencing was used to confirm 

the correct nucleotide sequence. 
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To summarise how these modules work together: in the un-induced system, 

constitutive CymR expression represses the tum gene (Figure 8. A). In the 

engineered 186 prophage, the Cl protein represses the activation of the 

native pR promoter, maintaining the lysogenic life cycle (Figure 8. A). After addition 

of cumate, CymR mediated repression of tum is lost, which results in Tum activating 

the prophage lytic cycle, by sequestration of CI. When CI is sequestered it is unable 

to repress the native pR promoter, which results in expression of the early lytic cycle 

genes (Figure 8. B). In addition to activating the lytic cycle, expression of a protein of 

interest from the protein expression plasmid occurs in parallel (Figure 8. B), activated 

by the same genetic elements as the phage lytic cycle. Activation of the lytic cycle 

eventually results in lysis of the host cell, releasing the protein of interest that has 

been produced throughout the lytic cycle (Figure 8. C). If the target bacterial cells are 

sensitive to the released antimicrobial protein, their growth will be impacted (Figure 8. 

C). 
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Figure 8: Activation of PHEARLESS V1 endolysin expression and cell lysis (Plasmid Version). A) Show 

that without the presence cumate in the system, CymR is expressed and represses tum. Repressing 

Tum maintains the Engineered 186 in a lysogenic life cycle via CI (Pink Circle) repressing the early lytic 
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gene expression promoter pR. The protein expression plasmids present in the cell is controlled by a 

186 promoter which is also activated during the lytic cycle. The yellow circles located outside of the 

expression strain (Green) represent S. aureus cells. B) shows that activation of Tum expression by 

cumate entering the cell and sequestering CymR protein, preventing tum expression from being 

repressed. Tum inactivates CI which results in expression of lytic genes cassette (red arrow). When the 

186 promoter is activated the protein expression plasmid is active. The protein used for the 

development of the expression strain contains muralytic activity against S. aureus. C) shows at the 

end of the of the lytic cycle the host cell undergoes cell lysis, releasing 186 phage viruses (not shown). 

The protein from the expression plasmid has built up in the cell and is also released apron cell lysis. 

When it is released into the surrounding environment, it interacts with S. aureus causing the cells to 

lyse. 

 

Two variants of the engineered 186 were designed and created. The first G-Block 

was designed to remove enough cos sequence of 186 (Figure 9. B), to render it 

unable to package DNA and generate functional phage particles. The 186 cos 

sequence is critical for genome packaging into the phage head during the final 

stages of progeny phage assembly. A second version of the expression strain 

(Figure 9. C) was designed to leave the cos sequence intact and thus capable of 

producing functional 186 (Figure 19). Later chapters that detail PHEARLESS V1 and 

PHEARLESS V2.2 will state which variant is being used. 

 

 

Figure 9: Map of the Wild type 186 Prophage genome and Engineered 186 Prophage Genome. A) 

shows a section of the wild type 186, containing the cos sequence, A gene, tum, CP97 and CP2 portal 

vertex genes. The tum gene is responsible for activating the lytic life cycle, its expression is activated 
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by the depression of the P95 promoter which is controlled by the host SOS system. The cos sequence 

located before CP2 portal vertex is essential for 186 genome packaging. Black lines labelled as “Strain 

INCAPABLE of producing 186 Phage” and “Strain CAPABLE of producing 186 Phage” show the 

fragments that were removed to generate the engineered 186 prophage genomes. B) Shows the 

expression strain which has had tum and cp97 removed and replaced with two S. aureus phage 

attachment sites (attB3, attB2) with a chloramphenicol antibiotic resistance gene flanked by LoxP 

sites. The expression strain E4643 [186(∆tum, ∆cos, att2, Cm)] (HB61) has had much of the cos 

sequence removed, and is unable to produce functional phage particles. C) Shows the second 

expression strain made; E4643 [186(∆tum, cos+, att2, Cm)] (HB93) which contains the same features 

as the previous strain (tum, att2, Cm) but retains the entire cos sequence. Figure was generated 

using SnapGene DNA maps. 

 

A liquid cell lysis assay was performed to confirm cell lysis (Chapter 2.b.vii Optical 

Density Reading of 186 Tum Variants in Liquid Cultures), aiming to observe the 

kinetics of cell lysis at different cumate concentrations. Expression strains tested 

included the Empty (HB66), Tum wild type (HB70), Tum72 (HB67). Three cumate 

concentrations were chosen: 40 µM, 120 µM and 240 µM The range of 

concentrations tested was based on the previous work done during the module's 

development (145). Strains were freshly grown from overnight cultures to OD600 0.4. 

These cultures were then divided into five samples and cumate added to final 

concentrations of; 0 µM, 40 µM, 120 µM, and 240 µM. Aliquots were dispensed into a 

96 well plate in duplicate and OD600 readings taken every 15 minutes. In between 

reads, samples were incubated at 37°C with shaking.  

 

The empty strain that contains no tum gene was expected to grow at a normal rate in 

all the samples since it should not be able to induce cell lysis. The no cumate 

(Empty) sample was used as the baseline negative control. The lysis assay was for 

each strain was repeated a minimum three times using separate cultures grown from 

a glycerol stock. The Empty tum expression strain (E4643 [pIT4-KT-cymR-pCym-

empty]21 [186(∆tum, ∆cos , att2, Cm)]) (HB66) OD600 results (Figure 10) show that 

each condition produces a normal growth curve, confirming that the cumate itself has 

no effect on cell growth. 
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Figure 10: Empty tum Expression Stain (HB66) Liquid Culture Lysis Assay. Graph shows cell growth 

over a two-and-a-half-hour period, measurements taken at 15 minute intervals. The empty tum 

expression strain HB66 (E4643 [pIT4-KT-cymR-pCym-empty]21 [186(∆tum, ∆cos, att2, Cm)]) was 

tested for cell lysis using four different cumate concentrations. 0 µM cumate (Dark Blue), 40 µM 

cumate (Orange), 120 µM cumate (Grey) and 240 µM cumate (Yellow). Each assay contains two 

technical replicates per sample and the assay was biologically replicated three times. The curves show 

that cumate has little effect on cell growth and that no lysis (decrease in OD) was observed. 

 

The Tum72 based switch (HB76) appeared to be (Figure 11) very effective at lysing 

the expression cells on the agar plates. The OD600 results show a more detailed 

kinetic picture of the rate of cell lysis at different cumate concentrations. In the 

absence of cumate the strain grows well, though slightly slower than the 

corresponding empty strain, perhaps due to some “leak” of Tum72. 

 

In the presence of cumate (40 µM, 120 µM and 240 µM), all there was clear cell lysis. 

The cells grew like the empty controls up to OD600 ~0.65-0.80, for approximately 30-

minutes. After 30 minutes, cell lysis begins to occur with OD600 plateauing at 45-

minutes and then dropping to OD600 0.1 after 1 hour, where it remains. 
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Figure 11: Tum72 Expression Stain (HB67) Liquid Cultures Lysis Assay. Graph shows cell growth over 

a two-and-a-half-hour period, measurements taken at 15 minute intervals. The Tum72 expression 

strain HB67 (E4643 [pIT4-KT-cymR-pCym-Tum72 21 [186(∆tum, ∆cos, att2, Cm)]) was tested for cell 

lysis using four different cumate concentrations. 0 µM cumate (blue), 40 µM cumate (orange), 120 

µM cumate (grey) and 240 µM cumate (yellow), all samples that contain cumate also contained 12 µL 

of ethanol. Each assay contains two technical replicates per sample and the assay was biologically 

replicated three times. 

 

The assay of the Tum wild type switch was repeated a total of six times. The OD600 

results (Figure 12) presented shows the averages for six repeats of lysis results for 

Tum wild type (E4643 [pIT4-KT-cymR-pCym-Tum]21 [186(∆tum, ∆cos , att2, Cm)]) 

(HB70). 

 

Greater variation in growth was observed at intermediate concentrations of cumate 

for this strain. The 120 µM and 240 µM cumate replicates produced consistent results 

with small error bars (Figure 12). Both samples produced a similar growth curve to 

Tum72, with growth continuing until the 30-minute mark, followed by the onset of 

lysis. Noticeable cell lysis occurs after 45 minutes, somewhat slower compared to 

Tum72 (Figure 11). The Tum wild type OD600 does not fall as far as Tum72, only 

falling to OD600 0.4-0.3. This suggests a significant portion of cells are lysing, but that 

some cells stop growing (no increase in OD) but not lyse.  
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The 40 µM cumate sample showed significant well to well variation, evidenced by the 

large error bars. The 40 µM cumate concentration thus appears to be on the 

threshold of activating the switch to cell lysis.  

 

 

Figure 12: Tum Wild Type Expression Strain (HB70) Liquid Cultures Cell Lysis Assay. Culture grown in 

the presence of 40 µM cumate (orange), 120 µM cumate (grey), 240 µM cumate (yellow) and 0 µM 

cumate (blue). All samples that contain cumate also contained 12 µL of ethanol. Controls confirmed 

that the low levels of ethanol had no effect on cell growth. Each assay contains two technical 

replicates per sample and the assay was biologically replicated six times. 

 

3.b PHEARLESS V1 Expression Strain Background and variations 
 

Having shown that the Tum-based, chemically-inducible lysis module (a 

chromosomally integrated CymR-pCym-Tum module plus a 186 tum prophage) was 

capable of inducing cell lysis, the second aspect of the PHEARLESS that needed to 

be developed was the protein expression module (Figure 8). In designing this second 

module, a key concept was that the lysis and expression modules would be linked, 

such that addition of cumate would also trigger expression of the putative 

antimicrobial protein of interest. This should be achievable by placing the protein of 

interest under the control of a bacteriophage 186 promoter which is either de-
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repressed (186pR) or activated (186pJ) as a consequence of Tum expression. The 

native pR promoter is de-repressed as a result of sequestration of the CI repressor 

by Tum (163), while the native pJ promoter is activated by the 186 late activator 

protein B, whose expression is turned on following de-repression of the pB promoter 

by Tum (166). A second design consideration for the expression module was the 

level of expression of the putative antimicrobial protein required. Too little expression 

would be ineffective, while too much expression could be toxic to the E. coli host prior 

to induction of lysis. Expression levels can be tuned in a number of ways, including 

plasmid copy number, ribosome binding site strength or mRNA stability. For ease of 

experimental manipulation, changes to plasmid copy number via mutation of a well 

characterised origin of replication was the approach taken here. 

 

As described above, the protein expression plasmid has been designed with a 186 

promoter that induces expression once the lytic cycle has been activated by Tum. 

Two different 186 promoters were tested for protein expression; 186pJ (Figure 13. A) 

and 186pR (Figure 13. B), both promoters are controlled by the expression of lytic 

genes. Difference between 186pJ and 186pR in activation mechanism and timing 

may be important parameters in the context of the PHEARLESS system. The 186 CI 

protein is responsible for maintaining the lysogenic life cycle and repressing the lytic 

life cycle. When Tum prevents CI from repressing the 186pR promoter, lytic genes 

are turned, including B, the protein that activate expression of the 186pJ promoter. 

186pR is strongly repressed by CI, when it is de-repressed it activates expression of 

the early lytic genes (163). In contrast, the 186pJ promoter activated later in the lytic 

cycle (167). These two promoters were chosen so that the antimicrobial protein’s 

expression would be activated when 186 begins the lytic cycle but with different 

kinetics. Both 186pR and 186pJ are expected to tightly control expression, reducing 

the amount of leaky expression which would create issues when testing protein that 

are found to be toxic when over expressed. While the proteins that will be tested in 

this system will target S. aureus and not E. coli we will be testing high copy numbers 

of the expression gene. These high levels might still affect the expression strain if 

there is a significant amounts of leaky protein expression. Because the 186pJ 

promoter is activated later in the lytic cycle, this might be expected to reduce the 

amount of protein made prior to cell lysis. 

 

In addition to two different promoters, two copy number variants of the expression 

plasmid were tested, pZS45 and pZS(^)45. The pZS45 plasmid contains the low copy 
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version of the pSC101 ori which maintains ~3 copies/cells. To increase protein 

production, a mutated high copy pSC101 ori (pSC101^) was made (152) which 

increases the copy number to ~70 copies/cell. The last variable that was tested was 

the two versions of the tum-based lysis module, tum wild type and tum72. Although 

Tum72 was showed to be more efficient at cell lysis, both were tested again in the 

context of the plasmid expression system. 

 

Another component required for the design and testing of the PHEARLESS system 

was an effective positive control protein with well-defined antimicrobial activity. The 

positive control protein chosen was a chimeric endolysin called ClyF, created by the 

Key Laboratory of Special Pathogens and Biosafety at the Wuhan Institute of 

Virology (130). ClyF was chosen due to its activity against a broad range of target 

strains, including thirty-one strains of S. aureus, three strains of S. saprophyticus, two 

strains of S. equorum, S. sciuri, three strains of S. chromogenes, two strains of S. 

haemolyticus, S. epidermidis, S. capitis, and S. albus. ClyF is a chimera consisting of 

an N terminal CHAP domain from the Staphylococcus virus 187 (Ply187) lysin and a 

C terminal CBD from PlySs2 lysin. PlySs2, also referred to as CF-301, was derived 

from a S. sciuri phage which shows high lytic active against both Streptococci and 

Staphylococci species (138). ClyF will retain activity for one month at room 

temperature and four months when stored at 4°C. It has also shown biofilm clearing 

activity, which makes it a potential positive control for future assays investigating 

biofilm activity.  
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Figure 13: Plasmid Maps of Protein Expression Plasmids. A) and B) shows the maps of the pZS(^)45 

186pJ ClyF and the pZS(^)45 186pR ClyF protein expression plasmids, respectively. Both plasmids 

contain a Spectinomycin antibiotic resistance gene, pSC101star origin of replication (Mutant), rrnB T2 

terminator sequence and the Protein of Interest Gene (here the positive control chimeric endolysin 

ClyF). A) The pZS(^)45 186pJ ClyF plasmid contains the 186pJ promoter 186pJ, which is activated by 

Protein B during the late lytic cycle. B) The pZS(^)45 186pR ClyF plasmid contains the 186 promoter 

186pR, which is repressed by the CI protein. A third expression plasmid has been created but not 

shown here, pZS45 186pJ ClyF, this plasmid is identical to the pZS(^)45 186pJ ClyF plasmid with the 

exception of a single nucleotide change in the pSC101star origin of replication, N99D, which converts 

copy number from ~3 plasmids/cell to ~70 plasmids/cell. Figure was generated using SnapGene DNA 

maps. 

 

Thus, the design of the system was initially set up to allow testing of protein 

expression plasmids carrying promoters 186pJ or 186pR at both low and high 

plasmid copy number, and in combination with both the Tum wild type and Tum72 

lysis switch modules. However, generating a high copy number plasmid carrying the 

186pR promoter was found to be very difficult. Multiple transformations of high copy 

186pR assembly mix would only produce a few clones per plate (~3-5), with the 

majority of these clones containing mutation in the 186pR promoter sequence and/or 

in the ClyF gene. When one apparently correct clone of the high copy 186pR ClyF 

plasmid was identified and transformed into the final expression strain, grew very 

poorly. It was possible that the additional cellular copies of the 186pR promoter might 

be causing induction of the 186tum prophage by sequestration of CI. Thus the 
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186pR high copy plasmid was determined to be too problematic and was not 

pursued. 

 

3.c Testing PHEARLESS Version 1, Using ClyF 
 

The first assays were performed to compare the two different promoters on the 

endolysin expression plasmid, 186pJ (HB89) and 186pR (HB87), at low copy 

number. For these initial tests, the Tum wild type inducible lysis switch variants were 

used (Figure 14). The negative control strain contains an empty pZS45 expression 

plasmid, rather than ClyF. In brief, these experiments were performed by spotting 

aliquots (10 L of undiluted or a series of 10 fold dilutions) of the expression/lysis 

strain, onto lawns of the target strain (here S. aureus RN4220). Cumate, at final 

concentrations of 40 µM and 120 µM, was incorporated into the plates, thus initiation 

of the lysis and expression circuit occurs only when the E. coli strain is spotted on the 

target strain. See section 2.h for full details of the protocol. Both the 186pJ and 

186pR promoters produced RN4220 lysis in the undiluted sample (U) and first (1/10) 

dilution sample (Figure 14) (1). The negative control undiluted sample does show a 

RN4220 lawn disruption effect, possibly due to the large number of cells added. This 

physical effect might be caused by competition occurring between the S. aureus and 

E. coli strains when co-cultured, affecting the appearance of the lawn. Given that the 

Tum wild type strain has been show to not efficiently lyse at 40 µM cumate (Figure 

12), competition between strains is a more likely explanation than an effect of the 

lysate. This effect doesn’t occur when spotting the diluted E. coli and disappears on 

the 120 µM cumate plate (Figure 14) though varied somewhat from day to day. Thus 

a positive effect of the endolysin should be judged only with additional spots made 

with diluted E. coli. 

 

While it was expected that a higher cumate concentration would increase ClyF 

expression, therefore increasing target strain RN4220 killing, any improvement was 

minor (Figure 14). At 40 µM cumate, the 186pJ-ClyF expression strain (Figure 14, 40 

µM cumate) produced clearer killing up to the second dilution (2). 186pR only 

produced killing in the undiluted sample and light thinning in the first dilution samples. 

However, in the first (1) dilution and strongly in the second (2) and third (3) dilutions, 

cell growth that is not physically consistent with the RN4220 lawn is observed. It 

appears that while there may have been some expression cell lysis, strongly 

observed in the undiluted (U) sample, there is still a large amount of expression cells 
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that are surviving and continue to grow. Possibly enough ClyF is being released to 

inhibit RN4220 growth but the remaining expression cells overgrow in that location. 

This appearance is not present on the 120 µM cumate plates. Using the higher 

cumate concentration results in more efficient expression cell lysis of the Tum 

expression strain carrying the 186pR promoter (Figure 14, 120 µM cumate). At 120 

µM cumate killing is observed again in the undiluted sample, with clear spots 

observed in the first (1) and second (2) dilution.  

 

The 186pJ variant of the promoter shows consistent killing in the undiluted (U), first 

(1) and second (2) dilution samples at both 40 µM cumate and 120 µM cumate 

(Figure 14, 40 µM cumate, 120 µM cumate), with no appearance of the expression 

cell growth as seen in the 186pR dilutions on the 40 µM cumate plate. The problem 

of expression cell survival can largely be removed by increasing the cumate 

concentration to 120 µM, which shows more consistent cell lysis here and in the 

earlier liquid culture lysis assays (Figure 14, 120 µM Cumate, Figure 12). 

 

 

Figure 14: PHEARLESS Protein Screening Assay: Comparing Promoters in the Tum Wild Type 

Expression Strain on Low-Copy Number Expression Plasmids. Comparison of low copy pZS45 

plasmids for the 186pJ promoter variant(HB89) (186pJ) and the 186pR promoter variant (HB87) 

(186pR) in the tum wild type lysis strain. Both strains are compared against an empty expression 

plasmid strain (HB91) (Empty) that does not contain a promoter or the clyF gene. The empty control 

strain produces a lawn disruption effect in the undiluted sample on the 40 µM cumate lawn. This 

effect is not seen in any of the dilutions or in any of the sample on the 120 µM cumate plate. The lawn 

consists of the target strain, RN4220, a nonclinical S. aureus strain. Various dilutions of the 
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PHEARLESS strain (undiluted (U), first (1/10) dilution (1), second (1/100) dilution (2) and third 

(1/1000) dilution (3)) for each expression strain were spotted onto the plates. Two plates were 

prepared one containing 40 µM of cumate and one containing 120 µM cumate. Photos were taken 

using a ChemiDoc XRS+, using the white light greyscale image settings. Three biological replicates of 

the assay using these conditions were performed. 

 

The next strains tested were the low copy number plasmids with either 186pJ (HB89) 

and 186pR (HB87) promoters, but in the Tum72 cumate inducible lysis strains 

(Figure 15). Again 40 µM or 120 µM cumate was present in the plates, and the target 

strain was RN4220. The empty control strain (HB91) produced no lawn disruption in 

the undiluted sample on either of the plates, (Figure 15). Consistent with the liquid 

assays, the majority of the Tum72 expression strain undergoes cell lysis at both 40 

µM and 120 µM cumate, with only a few surviving cells forming small colonies within 

the spots. 

 

The low copy 186pR produced the same level of killing on both the 40 µM cumate 

and 120 µM cumate plates (Figure 15), clearing appearing in the undiluted (U) and 

first dilution (1) samples. While the 186pJ promoter expression strain only produces 

weak killing in the undiluted (U) sample on the 40 µM cumate plate (Figure 15, 40 µM 

cumate) it produced no killing in the 120 µM cumate plate, looking identical to the 

empty control strain (Figure 15, 120 µM cumate). When testing an unknown protein 

this would not be sufficient for confirmation of activity.  

 

Therefore, these results could be interpreted as the Tum72 based expression strain 

producing less ClyF than the Tum wild type based strain. The greater stability of 

Tum72 could result in faster expression of 186 genes and virus particle assembly 

before host cell lysis, resulting in reduced build-up of ClyF. Although at this point we 

are not testing ClyF expression only target cell death. But by observing target cell 

death, speculation about the amount of ClyF of one strain compared to another could 

be speculated. Observing the expression strain cell lysis OD600 results (Figure 11, 

Figure 12), Tum72 strain starts to lyse at or just after the 45 minute mark, reaches 

the lowest OD600 reading between 60 and 70 minutes (Figure 11). The Tum wild type 

also appears to start cell lysis at the 45 minute mark, although the decline in OD600 is 

reduced the strain appears to reach lowest OD600 between the 75 and 80 minutes 

(Figure 12). While more extensive OD600 reading should be performed to confirm, this 

initial data could indicate that Tum72 faster build up in the cell results in faster 

progression towards host cell lysis by 5 to 10 minutes, by increasing the rate of 
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completely inhibiting CI and resulting in completed activity of the lytic cycle by being 

a more stable protein and degrading at a slower rate compared to CI. More 

quantitate experiments would need to be performed to confirm this increase in but 

currently this is outside the scope of the thesis. But from these initial results using the 

protein expression plasmid, the Tum72, while more efficient at activating cell lysis, in 

the expression is not optimal for endolysin expression using either 186pJ or 186pR 

promoter. Tum wild type was able to produce plaque formation up until the second 

(2) dilution sample for both 186pR and 186pJ at 120 µM cumate (Figure 14, 120 µM 

of cumate). Tum72 expression strain was unable to produces clear spots up until the 

second (2) dilution sample for either promoter at 40 µM or 120 µM cumate (Figure 

15). 186pJ did not produce any defined spots with clear indication of activity (Figure 

15, 40 µM cumate). 

 

 

Figure 15: PHEARLESS Protein Screening Assay: Comparing Promoter Types in the Tum72 

Expression Strain with Low-Copy Expression Plasmids. Comparison of low copy plasmids for the 

186pJ promoter variant (HB86) (186pJ) and 186pR promoter variant (HB84) (pR) in the tum72 

expression strain in the PHEARLESS V1 system using PHEARLESS Protein Screening Protocols. Both 

strains are compared against an empty expression plasmid strain (HB78) (Empty) that does not 

contain a promoter or the ClyF gene. The lawn consists of the target strain, RN4220, a nonclinical S. 

aureus strain. Various dilutions undiluted (U), first (1/10) dilution (1), second (1/100) dilution (2) and 

third (1/1000) dilution (3) for each expression strain were spotted onto the plates. Two plates were 

prepared one contain 40 µM of cumate and one containing 120 µM of cumate. The Empty control 

strain showed no cell lawn disruption or target cell lysis on either the 40 µM cumate or 120 µM 
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cumate plates. Regions of clearing are only present in the undiluted and 1/10 dilution for both 186pR 

promoter, on both the 40 µM cumate or 120 µM cumate plates. 186pJ promoter samples only show a 

slight lawn disruption in the undiluted sample which is not significant enough to show activity. Photos 

were taken using a ChemiDoc XRS+, using the white light grayscale image settings. Two biological 

replicates of the assay using these conditions were performed. 

 

In an effort to improve the amount of ClyF being produced, a high copy number 

version of the 186pJ-ClyF expression plasmid was created, pZS(^)45 (Table 2). The 

high copy plasmid was compared against the low copy expression plasmids in both 

the Tum wild type (Figure 16) and Tum72 strains (Figure 17). Only the 186pJ plasmid 

version was tested due to the problems creating the high copy number 186pR 

plasmid stated above. The negative control plasmid used in this assay to compare 

the low and high was the high copy version of the empty expression plasmid, 

pZS(^)45 (Table 2). 

 

Tum wild type (Figure 16) high copy (pZS(^)45) negative control (no ClyF) results 

(Empty) (HB112) show no RN4220 cell lysis, although there is a small lawn 

disruption effect in the undiluted (U) sample which is more visible on the 40 µM 

cumate plate (Figure 16, 40 µM cumate). Results for the low copy number 186pJ are 

similar to the previous results, in the Tum wild type expression strain (Figure 14). But 

with less expression strain growth on the 40 µM cumate plate (Figure 14, 40 µM 

cumate), which is now showing that there is killing up to the second dilution (2) 

sample (Figure 16, 40 µM cumate). The 120 µM cumate plate shows that low copy 

186pJ also produced killing up to the second dilution (2) sample (Figure 16, 120 µM 

cumate).  

 

The high copy number expression plasmid, which increases the copy number about 

25 fold from ~3/plasmid per cell to ~70/plasmid per cell showed a large improvement 

in killing, increasing target cell killing to the point where the area is fully cleared 

(Figure 16). The high copy number 186pJ Tum wild type expression strain produces 

some killing up until the third dilution (1/1000) (3) on both the 40 µM and 120 µM 

cumate plates (Figure 16). Both the 40 and 120 µM cumate plate dilution samples 

also contain small numbers of surviving single colonies. These were re-streaked to 

confirm that they were the expression strain based on having the same antibiotic 

selection. In summary, comparison of the high copy number 186pJ to the low copy 

number 186pJ shows an obvious increase in target strain clearing by the high copy 

186pJ suggests a significant increase in ClyF expression. 
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Figure 16: PHEARLESS Protein Screening Assay: Comparing Low Copy Number and High Copy 

Number 186pJ Expression Plasmids in the Tum wild type lysis strain. Comparison of low copy 

number plasmid for the 186pJ promoter variant(HB89) (Low Copy) against the high copy number 

plasmid for 186pJ promoter variant (HB114) (High Copy) in the Tum wild type expression strain. Both 

strains are compared against a high copy number empty expression plasmid strain (HB112) (Empty) 

that does not contain a promoter or the ClyF gene. The lawn consists of the target strain, RN4220, a 

nonclinical S. aureus strain. Various dilutions undiluted (U), 1/10 dilution (1), 1/100 dilution (2) and 

1/1000 dilution (3). Two plates were prepared one contain 40 µM of cumate and one containing 120 

µM of cumate. Photos were taken using a ChemiDoc XRS+, using the white light grayscale image 

settings. Two biological replicates of the assay using these conditions were performed producing 

identical results. 

 

The final assay performed was for the Tum72 186pJ low copy number plasmid vs the 

high copy number plasmid (Figure 17). The empty control strain carries the high copy 

number version of the empty expression plasmid, as expected it shows no killing of 

the target strain and no lawn disruption effect was observed (Figure 17). The few 

single colonies observed within the spots for the empty plasmid are most likely the 

expression strain that did not lyse, similar to that seen with the low copy number 

plasmid. The low copy number plasmid results show identical results for the previous 

assay that compared the 186pJ promoter against the 186pR promoter in Tum72 

(Figure 15). With the only plaque present appearing in the undiluted (U) sample on 

the 40 µM cumate plate (40 µM cumate, Figure 15, Figure 17). As previously stated, 

target cell lysis must be present in at least the first dilution for positive evidence of 
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antimicrobial activity. No plaques were observed for the low copy plasmid on the 120 

µM cumate plates (Figure 17, 120 µM cumate), only small colonies of the expression 

strain. 

 

Results for the high copy number 186pJ expression plasmid in the Tum72 strain 

(HB117) (Figure 17) showed improvement of target cell lysis compared to the low 

copy number plasmid (HB86) (Figure 15), but not to the same extent as the Tum wild 

type strain. Clearing was seen for the high copy number 186pJ-ClyF in the Tum72 

lysis strain in the undiluted (U) sample and first dilution (1) on the 40 µM cumate 

plate (Figure 17, 40 µM cumate). There is also now a very clear spot in the undiluted 

(U) sample on the 120 µM cumate plate (Figure 17, 120 µM cumate), but nothing with 

the more diluted samples. With Tum72, 40 µM cumate shows better killing than 120 

µM cumate, which is the reverse of the Tum wild type expression strain. 

 

 

Figure 17: PHEARLESS Protein Screening Assay: Comparing the Low Copy and High Copy Number 

186pJ Expression Plasmids in the Tum72 lysis strain. Comparison of low copy number plasmid for the 

186pJ promoter variant (HB86) (Low Copy) against the high copy number plasmid for 186pJ promoter 

variant (HB117) (High Copy) in the tum72 expression strain. Both strains are compared against a high 

copy number empty expression plasmid strain (HB115) (Empty) that does not contain a promoter or 

the ClyF gene. The lawn consists of the target strain, RN4220, a nonclinical S. aureus strain. Various 

dilutions undiluted (U), 1/10 dilution (1), 1/100 dilution (2) and 1/1000 dilution (3) for each expression 

strain were spotted onto the plates. Plates contained either 40 µM cumate or 120 µM of cumate. 
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Photos were taken using a ChemiDoc XRS+, using the white light grayscale image settings. Two 

biological replicates of the assay using these conditions were performed, producing identical results. 

 

Final results for testing each of the variants (Table 4) showed that for ClyF mediated 

killing of RN4220, the Tum wild type lysis system in combination with the high copy 

number 186pJ-ClyF plasmid was the most effective. Although Tum72 was 

determined to be the most efficient at activating cell lysis, (Figure 11) for the 

purposes for endolysin expression, this lysis seems to be too rapid, with insufficient 

time for protein expression prior to onset of cell lysis. 

 

The two promoter variants produced mixed results, with 186pR showing more killing 

in both Tum wild type and Tum72 strains with the low copy plasmid. (Figure 14, 

Figure 15), however a stable high copy number variant of the 186pR-ClyF plasmid 

could not be generated. Low copy 186pJ was only capable of producing faint clearing 

at either cumate concentration (Figure 14, Figure 16). 

 

The high copy number version of 186pJ expression plasmid however showed a clear 

improvement in killing of RN4220 in both Tum strains (Figure 16, Figure 17). The 

Tum72 strains showed improved activity with clearing present at 1/10 dilution on the 

40 µM cumate plate (Figure 17, 40 µM cumate). The 120 µM cumate plate only 

shows a clear plaque in the undiluted sample (Figure 17, 120 µM cumate), again 

suggesting lysis may be happening too quickly. The Tum wild type strain containing 

the high copy 186pJ plasmid showed the best results for target cell lysis (Figure 16) 

with 120 µM cumate producing the best result for the Tum wild type expression 

strain.  

 

In conclusion, the optimal expression strain to use for future experiments to test 

putative antimicrobial protein activity is the high copy number 186pJ expression 

plasmid in the Tum wild type expression strain, using 120 µM cumate (Figure 16, 120 

µM cumate). It is important to note that the optimisation experiments done here used 

ClyF, a relatively active endolysin. Other putative antimicrobial proteins will have 

different levels of activity and/or solubility, likely requiring some adjustment of 

conditions. However, the basic system of simultaneous induction of protein 

expression and phage mediated lysis has been established, and simple adjustment 

of the cumate concentration would be the first parameter to vary in study of other 

antimicrobial proteins. 
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Table 4: Summary of the Different PHEARLESS V1 variants tested. Table contains a summary of the 

results for the different tum variant, protein expression plasmid promoter and protein expression 

plasmid origin or replication. 

Expression 
Plasmid 

Tum 
Wild 
Type 

Results Tum72 Results 

Low Copy 186pJ 
promoter 

✔  Clearing present in the 
undiluted (U), first 
dilution (1) and second 
dilution (2) on the 40 
µM and 120 µM 
cumate plate. 

✔  • Only slight lawn 
disruption is present on 
the undiluted sample (U) 
on the 40 µM cumate 
plate. Cannot confirm a 
positive or false positive 
result 

Low Copy 186pR 
promoter 

✔  • Clearing present in 
undiluted (U) and first 
dilution (1) on the 40 
µM and 120 µM 
cumate plate. 

 

✔  • Clearing present in the 
undiluted (U) on the 40 
µM and 120 µM cumate 
plates. 

• Faint Clearing present in 
the first dilution on the 
40 µM and 120uM 
cumate plates. 

 

High Copy 186pJ 
promoter 

✔  • Clearing present in all 
the samples except for 
the except for the last 
dilution (3). 

• Showed identical 
results for both 
cumate concentration 
plates . 

✔  • Clearing present for both 
undiluted samples of the 
40 µM cumate and 120 
µM cumate plates. 

• 40 µM cumate plate also 
contains RN4220 cell lysis 
in the first dilution (1). 

High Copy 186pR 
promoter 

X • Variant could not be 
tested due to issue 
constructing High Copy 
186pR plasmid and 
instability of high copy 
186pR in the tum wild 
type expression strain. 

X • Variant could not be 
tested due to issue 
constructing High Copy 
186pR plasmid and 
instability of high copy 
186pR in the tum72 
expression strain. 

 

3.d Engineered Bacteriophage 186 Functional test 
 

The PHEARLESS system consists of two modules – the engineered bacteriophage 

186 module used to bring about cell lysis, and the expression plasmid, where the 

promoter controlling expression of the protein of interest, is responsive to the phage 

late activator protein, thus coordinating the function of the two modules. The first 

version of the PHEARLESS system was designed such that the bacteriophage 186 

module had been engineered to remove the Tum gene and non-essential orf97 gene, 
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and placing the tum gene as a separately controlled unit in the chromosome (Figure 

8, Figure 9). One question in the design was whether to allow 186 after initiation of 

lysis, to go on to produce functional phage particles. This can be easily controlled by 

modification of the cos sequence, which lies adjacent to the orf97 gene, and is 

essential for packaging of the phage DNA into the capsid (167). Without the cos 

sequence, only empty heads, and no infectious phage particles are produced. 

 

There are arguments both for and against production of active phage particles in the 

PHEARLESS system. An argument against production of active phage is that without 

an active cos sequence, and hence no phage DNA packaging, lysis timing is likely to 

be delayed, thus allowing more time for expression of the protein of interest. Without 

phage production the system is a simpler, single step lysis event. On the other hand, 

active phage production allows the additional possibilities for more sophisticated 

designs, including using the phage to ‘preserve and amplify’ a copy of the gene of 

interest – a design which is explored in later chapters. 

 

The first version of PHEARLESS used a design aimed at preventing phage 

packaging. Here we verify that this modification was successful, and also show that 

the phage module of PHEARLESS can also be modified in order to reinstate efficient 

phage packaging. The phage propagation strain used as a lawn for these tests was 

HB96, an E4643 E. coli bacterial strain (HB96) carrying the cumate Tum72 switch 

(E4643 [pIT4-KT-cymR-pCym-Tum72]21). This strain, which does not carry any 

plasmids or prophage, allows any tum minus phage variants to propagate and give 

rise to plaques by complimenting the missing tum genes, but only in the event that 

phage DNA packaging is functional. Phage stocks were prepared from either un-

induced or induced liquid cultures of the PHEARLESS strains, (without any endolysin 

expression plasmid), and 10 µL of these stocks spotted onto a lawn of the 

propagation strain on a plate containing 80 µM cumate. Wild type 186 phage was 

used as a positive control for phage production, and as shown in Figure 18 (top left 

quadrant), gave an obvious spot/plaque. 

 

As a negative control, lysate from the Empty tum expression strain (i.e. no Tum from 

either the module or the prophage), did not to produce any active phage particles 

from either un-induced (U) or induced (I) (Figure 18). Moreover, neither the Tum72 or 

the Tum wild type induced samples were capable of producing functional phage 
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particles (Figure 18) in either un-induced (U) or induced (I) samples, confirming that 

the cos sequence truncation completely prevents production of functional phage. 

 

 

Figure 18: Testing for Production of Functional Phage Particles. Phage stocks were prepared from 

the parental strains (carrying no protein expression plasmid) of the PHEARLESS strains. Wild type 186 

phage stocks were used as a positive control for plaque formation. Phage stock samples were plated 

on a 186 sensitive E. coli indicator strain (HB96). Induced (I) and Un-induced (U) phage stocks were 

prepared from the parent strains of the plasmid based strain tested for ClyF activity, by omission or 

addition of cumate to the cultures. Phage stocks from the empty tum expression strain (HB74) (E4643 

[pIT4-KT-cymR-pCym-empty 21 [186(∆tum, ∆cos, att2, Cm)]) were prepared as a negative control to 

confirm that with (induced) or without (un-induced) cumate, functional phage are not produced when 

Tum is absent. Both the Tum wild type (HB78) (E4643 [pIT4-KT-cymR-pCym-Tum]21 [186(∆tum, ∆cos, 

att2, Cm)]) and Tum72 (HB76) (E4643 [pIT4-KT-cymR-pCym-Tum72]21 [186(∆tum, ∆cos, att2, Cm)]) 

were also shown to be unable to produce functional phage (I). Two biological replicates of the assay 

using these conditions were performed producing identical results.  

 

Release of new phage particles being critical for future variants of the PHEARLESS 

system, a new G-block was designed to replace the tum and cp97 genes, while 

leaving the cos sequence intact (Figure 9, C). To recover phage production a new 

parental expression strain was created, E4643 [186(∆tum, cos+, att2, Cm)] (HB93), 

using recombineering to remove the 186 tum gene as well as gene orf97. The 
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inserted gene fragment still contained the two attB sites (attB3, attB2) and the Cm 

resistance gene flanked by LoxP sites (Figure 9, C). After replacing the tum and 

orf97 genes with the new recombinant fragment, the cumate mediated Tum-based 

switch modules were integrated as per the cos previous strain. The phage 

functional test was then repeated to confirm that the new strain was capable of 

producing functioning phage particles. The results (Figure 19) showed that the new 

strains containing the 186 cos sequence were capable of producing functioning 

phage particles in their induced samples (I). The two control strains produced the 

expected results, the 186 wild type stock producing a large plaque. The empty 

cumate switch (HB103), which lacked a tum gene did not produce plaques in either 

the un-induced or induced samples. However, both the Tum wild type (HB104) and 

Tum72 (HB106) strains produced plaques in the cumate-induced samples (I). In the 

un-induced samples (U) no large spot was produced, though there were a small 

number of plaques t in the un-induced sample of Tum wild type. These likely 

occurred due to spontaneous induction aided by a leak of Tum expression, which 

also occurs in wild type phage (145). Thus, strains that originate from HB93 are 

capable of producing functioning phage particles, allowing the design of new variants 

of the PHEARLESS system, as described in Chapter 4. 

 

 

Figure 19: Testing for Production of Functional Phage Particles from Engineered 186 cos+ Prophage 

. Phage stock samples were plated on a 186 sensitive E. coli lawn (HB96) which allows Tum phage 
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variants to propagate.t. Induced (I) and un-induced (U) phage stocks were prepared from strains 

created from the new engineered 186 prophage genome that contained the full cos sequence (HB93). 

Wild type 186 phage stocks were used as a positive control. Phage stocks from the empty tum 

expression strain (HB103) (E4643 [pIT4-KT-cymR-pCym-empty]21 [186(∆tum, cos+, att2, Cm)]) were 

prepared as a negative control to confirm that with (induced) or without (un-induced) cumate, the 

phage are unable to induce if Tum is absent. Both the Tum wild type (HB104) (E4643 [pIT4-KT-cymR-

pCym-Tum]21 [186(∆tum, cos+, att2, Cm)]) and Tum72 (HB106) (E4643 [pIT4-KT-cymR-pCym-

Tum72]21 [186(∆tum, cos+, att2, Cm)]) were shown to be capable of producing functional phage 

particles when Tum is provided by the addition of cumate (I) and the cos sequence is intact. Two 

biological replicates of the assay using these conditions were performed producing identical results. 

 

Summarising, in this chapter, the modules of the PHEARLESS system were tested 

and optimised for cell lysis and protein expression. The cumate-controlled 

186tum induction module demonstrated control over the engineered 186 prophage, 

causing expression cell lysis. The activation of the lytic cycle by the phage late 

activator B also activated the protein of interest expression located on the expression 

plasmid. Many parameter variations and combinations of the modules were tested: 

cumate concentration, Tum variant, promoter strength and the protein expression 

plasmid copy number. Comparing all the results, the Tum wild type expression strain 

carrying a high copy version of the expression plasmid with the 186pJ promoter 

plated on 120 µM and 40 µM of cumate were selected as providing the optimal 

behaviour of the expression strain. 
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. 

Chapter 4: PHEARLESS V2 Assay 

 

4.a PHEARLESS version 2 Background 
 

In Chapter 3: Design and construction of the PHEARLESS system, the individual 

components of the PHEARLESS assay system were tested and optimised for 

expression strain lysis and protein expression. Functional phage production was also 

investigated and it was confirmed that the cos strain was unable to produce 

functioning phage particles (Figure 9, B). A second version of the expression strain 

was created that was capable of produce functioning phage particles (Figure 9, C). 

Based on these results, a second version of the PHEARLESS system (V2) was 

designed, eliminating the expression plasmid and moving the expression of the gene 

of interest to the 186 prophage. The prophage-based expression allows gene copy 

number to change during the lytic cycle as the phage genome replicates, from a 

single copy to potentially hundreds of copies later during the lytic cycle. 

 

The key advance in the second design is that the gene for the protein of interest will 

be preserved within the phage genome when functional phage particles are 

generated. This allows simple isolation of phage from plaques and subsequent 

retrieval by PCR and sequencing of the gene, potentially extending the use of the 

system for testing large libraries of mutants. Again, the ClyF chimeric endolysin is 

used as a positive control for development of the system to target S. aureus. This 

chapter will explain the changes that were made to the engineered 186 prophage 

that was introduced in Chapter 3. 

 

Building upon the Shearwin laboratory’s previous work on chromosomal integration 

(158,168) the new design was based on insertion of a plasmid carrying the gene of 

interest into a 186 prophage genome that had been modified to include specific 

sequences (att sites for serine integrases) for site-specific integration. The plasmid 

carries corresponding att sites, and also has a conditional origin of replication (pir-

dependent) and so does not independently replicate once integrated into the 

prophage. Finally, the plasmid carries a pair of loxP sites, allowing removal of non-

essential plasmid elements if required, leaving just the endolysin expression module 

embedded in the 186 prophage. Mutant versions of the Cre-loxP system were used 

(169), where these mutant loxP sites (loxLE and loxRE) are recognized by the Cre-
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recombinase, but which upon recombination produce a double mutant scar 

(loxLE/RE) which has low affinity for the Cre protein. 

 

Most non-filamentous phage has evolved to package a defined amount of DNA into 

their capsids, and this genome size can generally be increased by only about 10% 

(see later Chapter 4.g.iii). Hence, in designing the new system, the average 

endolysin gene size (1-2 kb) was considered, and recombineering of the prophage 

was designed to remove a similar amount of 186 sequence. In this way, an 

approximately wild type-sized 186 prophage genome (30.6 kb) will be regenerated 

after incorporation of an endolysin gene. 

 

Thus, the 186 tum and orf97 genes were removed using recombineering and 

replaced with two phage attachment sites (attB2, attB3) (147), and a Cm resistance 

gene flanked by loxP sites (Figure 20, 2). The two attB attachment sites chosen for 

insertion of the corresponding attP-containing plasmid are derived from non-E. coli 

phage (147), this was done to prevent unintended phage integration at these 

attachment sites, or at other sites in the E. coli chromosome. 

 

In PHEARLESS version 2, the cumate induction module was still used to activate 

expression cell lysis by activating expression of genes involved in the early stages of 

the lytic cycle (Figure 20, 4). These early stages genes are responsible for phage 

genome replication, repeatedly replicating the 186 genome. Concurrent with genome 

replication, the late lytic cycle proteins are expressed, which are responsible for 

structural protein expression, in addition to the endolysin of interest which has again 

been placed under control of the late lytic activator (Figure 21, 5). While initially there 

is a single 186 genome to translate from, after the early stages of 186 genome 

replication there are many copies. This takes the number of ClyF genes being 

expressed for one to about one hundred copies (170). Once the new phage particles 

have assembled and endolysin (ClyF in our test case) concentration has built up 

(Figure 21, 6), host cell lysis ensues (Figure 21, 7). Lysis releases the ClyF protein 

into the surrounding environment, killing susceptible target bacteria in the vicinity of 

the expression strain (Figure 21, 8). When co-plated with a non-lysogenic, 186 

sensitive E. coli strain (hereafter termed the phage propagation strain), the active 186 

phage released following induction by cumate can then infect the propagation strain 

and release new phage, amplifying the production of endolysin and giving rise to 

zones of clearing visible to the naked eye (Figure 22). 
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Overall, the design of PHEARLESS version 2 should provide an advantage over the 

plasmid-based expression version, in that the endolysin gene is present in the 

genome of the new phage particles being released. When the engineered 186 

prophage is chemically induced, it will create a cycle of infection, lytic cycle activation 

and cell lysis, allowing for continuous expression and release of the endolysin. The 

phage particles carry the endolysin gene, making it simple to retrieve the gene from 

the phage using phage DNA purification or PCR, solving the issue of recovering the 

genotype of the desired variant, after the loss of the expression cell, which occurs 

upon release of the protein. This design leads to a new application of the screening 

assay, instead of being used to simply test for antimicrobial activity, a mutant library 

screen can be done, aiming to select for improved activity. 
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Figure 20: PHEARLESS version 2 design, part 1. The design of the PHEARLESS V2 expression strain 

functions in the protein library screening experiments. Based on the cumate induced lysis strain 

(PHEARLESS version 1) generated in Chapter 3, E4643 [186(∆tum ∆cos, att2, Cm)]. (1) shows the 
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native components of the 186 prophage that have been replaced (2) with the two att sites and a Cm 

resistance gene (Cm R) flanked by LoxP sites are introduced by recombineering. The Cm gene allows 

for selection, and is then removed with a Cre recombinase (supplied from a pE-Cre plasmid, which 

carries a ts origin of replication) (3). A pIT4 integration plasmid containing a Spec antibiotic resistance 

gene (Spec) and the protein of interest (ClyF as the test example) is integrated in the att2 integration 

site (4). The resulting strain contains new LoxP sites flanking the Spec gene and the R6Kgamma 

conditional origin of replication. 
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Figure 21: PHEARLESS version 2 design part 2. Following from Figure 20, when cumate is added to 

the system, activating the lytic cycle, early lytic genes are expressed, beginning to replicate the 186 

genome (5). During the late lytic cycle phage protein production begins, including structural proteins 

as well as the protein of interest, which is controlled by a late lytic cycle promoter (186pJ) (6). Late in 

the lytic cycle, the phage genomes are packaged into the assembled phage head, and ClyF has also 

built up in the system (7). Functional phage particles are assembled after completing phage genome 

packaging, and the 186 begins host cell lysis (8). Upon release from the expression cell, ClyF will 

interact with the surrounding target strain (S. aureus in this example) resulting in lysis of the target 

strain by breaking down the PG layer. 

 

 

Figure 22: PHEARLESS version 2 design, continuous expression though phage propagation. 

Demonstrates the advantage of the PHEARLESS 2 expression system. Because the 186 genome 

contains the gene for the protein of interest (ClyF), the progeny phage produced will also carry the 

gene, controlled by the late lytic activator. When one of these phage infects a new host (supplied as a 

prophage free propagation strain) activation of the lytic cycle results in production of a new round of 

phage particles and more protein of interest (ClyF). Overall, the gene of interest continues to be 

expressed via the propagation of the engineered 186(ClyF) phage. Phage samples can be used as a 

template for PCR amplification to retrieve the gene of interest (ClyF). 

 

4.a.i pIT4 Integration Plasmids 

 

In PHEARLESS version 2, the gene of interest is placed into the 186 genome using a 

modified pIT4 integration plasmid, integrated at the att2 attachment site. pIT4 

plasmids carrying attachment site att3 were generated as a back-up but were not 

required in this study. pIT4 plasmids (Figure 23) were designed to be small, only 

containing; the protein gene (ClyF), 186 promoter, R6Kgamma origin of replication 
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and Spectinomycin (Spec) resistance gene. A negative control pIT4 plasmid was also 

created with identical components including the 186pJ promoter but excluding the 

protein gene (ClyF) (Figure 23, C). The pIT4 integration plasmid contains a R6K 

gamma origin of replication, which requires the presence of Pir protein for initiation of 

replication (171). ClyF was used again as a positive control to confirm that a gene for 

an antimicrobial protein could be placed in the 186 genome, was well expressed and 

released upon cell lysis.  

 

The first versions of the pIT4 plasmids were assembled using Gibson assembly. The 

promoters and ClyF gene were amplified from pZS (^)45. The backbone fragments 

were amplified from two pIT plasmids; AH1724 and AH1529 (Table 2), with the 

majority originating from the AH1724. After amplification, the backbone fragment 

products were re-amplified using a primer extended to include the phage attachment 

sites. pIT4 plasmids were generated containing either the 186pJ or 186pR promoter, 

along with the corresponding two empty pIT4 plasmid versions that did not contain 

the ClyF gene. 
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Figure 23: Plasmid Maps for the Three Variants of the Protein Integration plasmid (pIT4). pIT4 

version 1 plasmids A), B) and C) all contain a Spectinomycin Resistance Gene and R6Kgamma origin of 

replication flanked by LoxP sites, att2 site and terminator sequences surrounding the promoter and 

protein gene sequence (ClyF). A) pIT4_attP2_LoxP_S_186pJ_ClyF (HB137) contains the 186pJ 

promoter and the ClyF gene, B) pIT4_attP2_LoxP_S_pR_ClyF (HB132) contains the 186pR promoter 

and ClyF gene. C) pIT4_attP2_LoxP_S_186pJ (HB162) is used as an empty control, only contains the 

186pJ promoter gene and no gene of interest (ClyF). Figure was generated using SnapGene DNA 

maps. 

 

4.b The Propagation Strain for Engineered 186 Propagation 
 

For propagation of the engineered 186, a propagation strain is added to the plates, 

along with the endolysin-producing lysis strain and the target bacterial species. Three 

E. coli strains were investigated for use as the propagation strain. All three versions 

were based on E4643. Two strains contained one of the cumate switches; Tum wild 

type (HB97, E4643 [pIT4-KT-cymR-pCym-Tum] 21)  or Tum72 (HB96, E4643 [pIT4-
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KT-cymR-pCym-Tum72]21), and the third did not carry a Tum switch, but carried two 

copies of fluorescent protein gene called Td-tomato (QC024) (172). The E4643 

strains containing the cumate-controlled Tum switches were trialled initially, since it 

was unknown how efficiently the engineered 186 phage particles would lyse the 

propagation strain, due to lack of the tum gene on the phage. The QC024 strain was 

tested as an alternative propagation strain because both 186 phage attachment sites 

are already occupied - by a constitutively expressed Td-tomato gene (158). In a wild 

type 186 prophage, the prophage expresses the CI lysogenic repressor, preventing 

reinfection by a 186 phage (145,173,174). In the QC204 propagation strain, both 

attachment sites are unavailable and lysogeny is prevented. Thus, there is no 186 CI 

expression to prevent infection, and the engineered 186 phage would be forced into 

entering the lytic lifecycle. As an added advantage, the QC024 strain also allowed for 

visualization of the propagation strain, enabling better interpretation of plating results.  

 

The ∆tum 186 phage was able to produce plaques on all three potential propagation 

strains. The Tum72 (HB96) strain had been used successfully in functional tests to 

confirm that functional phage are produced when ∆tum 186 was plated in the 

presence of cumate (3.d Engineered Bacteriophage 186 Functional test). Strains 

Tum72 (HB26) and QC024 produced the clearest plaque formation, but QC024 had 

the advantage of its fluorescence, distinguishing it from the target lawn. Hence, 

QC024 was chosen for the final propagation strain because occupation of the phage 

attachment sites eliminates the possibility of lysogeny and consequent development 

of immunity to 186 infections. After choosing QC024 as the propagation strain, the 

ratio of propagation strain to target strain was investigated. The propagation strain 

density needs to be high enough for successful propagation of the 186 phage, while 

allowing for visualisation of effects on the target strain. Five different ratios were 

tested in determining the optimal propagation to target strain ratio; 1:1, 1:5, 1:10, 

1:50 and 1:100, respectively. The target S. aureus strain used was RN4220. 

Overnight cultures of each strain were grown separately in LB, sub-cultured the next 

day and grown to OD600 0.6. Both strains were added to 3mL of 0.7% agar, vortexed 

and spread over LB agar plates with no selection. Plates were left to grow overnight 

at 37°C and observed the next day for fluorescence, using a BioRad ChemiDoc 

XRS+ with a 0.5 second exposure time (Figure 24). Images are overlaid with a 

bronze filter that turns the fluorescence into a bright white colour (propagation strain), 

and everything that is not fluorescent is a brown/bronze colour (target). The more 

fluorescence there is, the brighter the white becomes. The key ratio is where the 
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propagation is abundant enough for 186 propagation, but the target strain remains 

the most abundant cell on the plates. Ratios of 1:50 and 1:10 were chosen for the 

proof of principle screening assay (Figure 24). The propagation strain ratios at 1:10 

and 1:50 show individual colonies that are still observable but not intense enough to 

create a solid appearance. The fluorescence of the 1:1 and 1:5 ratio plates was too 

intense, and the 1:100 ratio propagation colonies was too diluted (Figure 24). Being 

too diluted means that the 186 released from the expression strain is less likely to 

encounter and infect the propagation strain. 

 

 

Figure 24: Determining Optimal Propagation Strain to Target Strain Ratios. Plates contains different 

ratio of target strain (RN4220) to a propagation strain (QC024). The propagation strains contain two 

fluorescent “Td-tomato” genes, enabling observation of the two strain possible. Each photo is taken 

using 0.5 second of exposure time and processed using a bronze filter, with the fluorescence 

appearing white and non-fluorescence appearing brown. As the amount of fluorescence decreases, 

decreasing in propagation strain plated, the plate image becomes a darker brown/bronze colour. The 

target strain added to plates remained constant at 100 µL, with the volume of propagation strain 

decreasing in each plate. Five ratios of propagation: target strain were tested, 1:1, 1:5, 1:10, 1:50 and 

1:100.  
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4.c PHEARLESS V2.1 Expression Strain Development and Optimization  
 

The parental pIT4 plasmids needed for this study (carrying the attP2 site) were 

constructed using Gibson assembly. Trial experiments showed that these plasmids 

were able to efficiently integrate into the corresponding att2 site that had engineered 

into the 186 prophage genome (methods described in Chapter 2). Next, the 186pR 

and 186pJ promoters driving expression of the test endolysin, ClyF, were re-tested. 

Plasmids were sequenced before integration and integration were confirmed using 

PCR. Integrating the 186pJ and 186pR pIT4 plasmid adds ~3.1Kb to the 186 

prophage genome. Four new expression strains were constructed; 

E4643 [pIT4-KT-cymR-pCym-Tum]21 [186(∆tum, 186pJ ClyF, Spec)]) (HB152),  

E4643 [pIT4-KT-cymR-pCym-Tum]21 [186(∆Tum, 186pR ClyF, Spec)] (HB141),  

E4643 [pIT4-KT-cymR-pCym-Tum72]21 [186(∆tum, 186pJ ClyF, Spec)] (HB143) and 

 E4643 [pIT4-KT-cymR-pCym-Tum72]21 [186(∆tum, 186pR ClyF, Spec)] (HB149). 

After the integration step, PCR was performed to confirm that the pIT4 plasmids had 

been integrated at the correct site (Appendix Fig. 4). 

 

With the clyF gene now located in the 186 prophage genome this new system was 

tested to confirm that; (1) it is still capable of cumate mediated self-lysis, (2) 

functional phage production and (3) ClyF expression. To test that new phage are still 

being produced after the pIT4 integration, phage samples prepared from induced 

expression strain cultures were compared against un-induced samples. Cultures 

were induced with a high concentration of cumate (400 µM) and incubated with 

rotation at 37°C for 2 hours. The high concentration of cumate was chosen to 

maximise lysis. 10 µL of induced and un-induced samples were spotted on to a plate 

containing a top layer of 0.7% agar containing host lawn strain E4643 [pIT4-KT-

cymR-pCym-Tum72]21 (HB96) and 80 µM of cumate.  

 

Results from the phage function tests after integrating each of the pIT4 integration 

plasmids, pIT4_attP2_LoxP_S_pR_ClyF and pIT4_attP2_LoxP_S_186pJ_ClyF 

showed that both of the new expression strains could still produce functioning phage 

particles when induced with cumate (Figure 25). This was tested in both Tum 

expression strains, Tum72 and Tum wild type, which showed that each expression 

strain tested produced a killing only in the induced sample (Figure 25). A 186 wild 

type phage stock was used as a positive control. No plaques were produced in the 
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un-induced phage sample, showing little to no spontaneous induction from “leaky” 

Tum expression.  

 

 

Figure 25: Phage functional tests after integration of the pIT4 integration plasmids into the Tum 

wild type and Tum72 lysis strains. After confirming integrations using PCR, expression strains were 

induced with 400 µM of cumate to generate lysates containing phage. These phage stocks were 

plated on a E. coli lawn strain (HB96) and compared against a 186 wild type phage stock. Plates 

contained 80 µM of cumate to maintain a background expression of tum since the lawn strain 

contained the inducible cumate switch. Induced (I) and Un-induced (U) phage stocks were prepared 

from strains created from expression strains containing either the 186pJ promoter (HB152, HB143) or 

186pR promoter (HB141, HB149), in both the Tum Wild Type lysis strain (Tum wild type) (HB152, 

HB141) and Tum72 lysis strain (Tum72) (HB143, HB149). The parental strains, HB134 (Tum72) and 

HB133 (Tum wild type), used to generate both ClyF expression strains (before pIT4 integration) were 

used as the empty control (Empty Strain). All the expression strains including the empty parental 

strains showed phage production in the induced sample and no induction in the un-induced sample. 

Two biological replicates of the assay using these conditions were performed producing identical 

results. 

 

After confirming that all of the strains are capable of (1) controlled cell lysis and (2) 

production of functional phage production. Each of the ClyF containing strains; 

HB152 (Tum wild type, 186pJ), HB141 (Tum wild type, 186pR), HB143 (Tum72, 

186pJ), HB149 (Tum72, 186pR) were tested to confirm ClyF expression . This was 

performed using the PHEARLESS protein screening protocols optimised in Chapter 

3. Cultures are grown to OD600 0.6, diluted in a one in ten dilutions, with 10 µL 



103 
 

spotted onto a section of a plate containing the host strain and a specific cumate 

concentration (40 µM or 120 µM). Parental strains of the Tum wild type (HB127) and 

Tum72 (HB128) with the Cm resistance gene removed were used as the negative 

controls for the respective Tum wild type/Tum72 strains.  

 

Assay using the control endolysin ClyF showed interesting results when comparing 

between the promoters, as well as comparing cumate concentrations. The new 

empty control strain HB127 shows no activity at 40 µM or 120 µM cumate, however, 

there is the “lawn thinning” effect occurring at the 40 µM cumate. As previously 

shown, the Tum wild type mediated cell lysis is less efficient at 40 µM leaving a 

proportion of the expression cells alive. This effect is only seen on the 40 µM cumate, 

at 120 µM cumate the lawn is not disrupted where the samples were spotted.  

 

Comparing the promoters in the Tum wild type expression strain shows that there is 

little or no activity of ClyF when it is controlled by the 186pR promoter in the 186 

genome (Figure 26). The 186pR-ClyF strain gave results indistinguishable from the 

empty control strain at 40 µM cumate. At 120 µM cumate the 186pR samples showed 

a small amount of activity, looking slightly different to empty control samples in the 

undiluted sample (U) and first 1/10 dilution (I). In the 186pJ promoter strain (Figure 

26) ClyF is being effectively expressed at 120 µM cumate with killing observed into 

the third and fourth 10-fold dilutions. 

 

 

Figure 26: PHEARLESS Endolysin Screening Assay: Comparing Promoters in the Tum Wild Type Lysis 

Strains with integrated pIT4 ClyF Plasmid. Comparing promoters on the phage integration plasmid, 
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186pJ-ClyF (HB152) and 186pR-ClyF (HB141), in the tum wild type lysis system, using ClyF as an 

indicator of expression efficiency. The empty (no ClyF) expression strain (Empty) used as the negative 

control was the tum wild type parental lysis strain used to integrate the pIT4 plasmid (HB127). The 

186pR promoter strain (pR) shows weak ClyF expression and target cell (RN4220) lysis in the 

undiluted (U) and first dilution 1/10 (1) sample on the 120 µM of cumate plate. No target cell lysis is 

observed in any of the other sample or in any samples on the 40 µM cumate plate. The 186pJ 

expression strain (186pJ) showed some weak target cell lysis in the undiluted (U) sample on the 40 

µM cumate plate, though this is questionable when compared to the empty control. On the 120 µM 

cumate plate, the 186pJ promoter strain shows strong ClyF expression and target cell lysis at each 

dilution. Photos were taken using a ChemiDoc XRS+, using the white light grey image settings and 

two biological replicates of the assay using these conditions were performed producing identical 

results. 

 

Results for the two promoters tested in the Tum72 lysis strain however, showed 

different results compared to the Tum wild type lysis strain (Figure 27). The negative 

control strain, HB128, as expected produced no killing of the target strain. 

 

The 186pR-ClyF promoter strain was able to produce killing in the undiluted sample 

(U) and first (1/10) dilution sample (1) on the 40 µM cumate plate (Figure 27, 40 µM 

Cumate). The next dilution in the series does appear to contain a small amount of 

target cell lysis, shares a similarity to the “lawn thinning” effect of the control. On the 

120 µM cumate plate, 186pR samples show identical results to the negative control 

strain. No killing was present in even the undiluted sample, with only the presence of 

individual colonies of the expression strain.  

 

In the Tum wild type results (Figure 26, 120 µM Cumate) the 186pJ expression strain 

only showed strong expression on the 120 µM cumate plate. In contrast, for Tum72 

(Figure 27, 40 µM), 186pJ shows the strongest lytic active on the 40 µM cumate 

plate, with killing present at every dilution tested, consistent with the earlier 

observation that Tum72 is more effective at bringing about cumate mediated lysis. 
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Figure 27: PHEARLESS Endolysin Screening Assay: Comparing Promoters in the Tum72 Wild Type 

Lysis Strains with integrated pIT4 ClyF Plasmid. Comparing promoters on the phage integration 

plasmid, 186pJ-ClyF (HB143) and 186pR-ClyF (HB149), in the Tum72 lysis system, using ClyF as an 

indicator of expression efficiency. The empty control strain (Empty) used as the negative control was 

the tum wild type parent lysis strain used to integrate the pIT4 plasmid (HB128). The 186pR promoter 

strain (pR) shows some target cell (RN4220) lysis in the undiluted (U) and first 1/10 dilution (1) sample 

on the 40 µM cumate plate, with no killing present on the 120 µM cumate plate. The 186pJ expression 

strain (186pJ) shows efficient target cell death in every sample on the 40 µM cumate plate. Photos 

were taken using a ChemiDoc XRS+, using the white light grey image settings and two biological 

replicates of the assay using these conditions were performed producing identical results. 

 

With the successful design and testing of the PHEARLESS version 2 system, based 

on the 186 prophage carrying the endolysin gene, a second set of tests were 

performed where in addition to the target strain, the plating also included the 

propagation strain, QC024. The ratio of propagation strain to target strain used was 

1:50. Plates either with or without the propagation strain, using the same expression 

strain dilutions were compared, to test the ability of the new progeny phage to 

propagate and its effect on target cell killing. If the progeny phage were successful in 

propagation and continuous release of ClyF, it was predicted that increased target 

cell lysis would be seen at the lower dilutions. As expected, for both empty strains 

(HB127, HB128) (Figure 28, A. Empty, B. Empty) on each of the cumate 

concentrations no target cell (RN4220) lysis was observed. There is a minor 

difference in appearance between where the empty samples have been added and 

the rest of the lawn. This is likely due to the difference in the phenotypes between the 
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target strain, S. aureus, and the propagation strain, E. coli. The E. coli propagation 

strain (QCO24) produces a speckled appearance when mixed with the S. aureus 

strain. This effect is strongest on the 40 µM cumate plates where more of the 

expression strain has survived. On the 120 µM cumate plate both negative control 

expression strains for both tum variants produced the clean results (Figure 28, 120 

µM cumate), with very little indication of where the samples have been applied to the 

plates.  

 

With the ClyF expression strains, the 186pR promoter produced some target cell 

lysis in both the Tum wild type and Tum72 lysis strains, with the most obvious lysis 

occurring on the 40 µM cumate plate in the Tum72 expression strain. 186pR 

produced the weakest lysis on the 120 µM of cumate plate with the Tum72 

expression strain, with the samples appearing to look very similar to the empty 

control strain (Empty) with the exception of a halo around the spot where the 

samples have been applied. 

 

In contrast to the results without the propagation strain, on the mixed lawn plates 

both Tum expression strain produced target cell killing at all dilutions on both the 40 

µM and 120 µM cumate plates. For this to be occurring the phage progeny released 

must be infecting and lysing the propagation strain, increasing the local ClyF 

concentration. This provides strong evidence that the progeny phage are capable of 

continuing the expression of ClyF (3), and in turn should work for any potential 

protein of interest integrated at the attachment site in the 186 genome. The final 

version chosen for the PHEARLESS V2 expression strain was the Tum72 expression 

strain, carrying the 186pJ promoter. Tum72 was chosen over Tum wild type due to 

the requirements for efficient cell lysis in the next version of the PHEARLESS assay, 

adapted for Protein Library Screening.  
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Figure 28: PHEARLESS Protein Screening Assay: Comparing the Tum lysis and Promoter-ClyF 

Expression Strain Variants on Plates Containing both Target and Propagation Strains. Shows the 

Tum Wild Type expression strain; 186pJ (HB152), 186pR (HB141) and Empty (HB127) PHEARLESS 

Protein Screening Assay with the addition of the propagation strain (QC024) to target strain (RN4220) 

at a 1:50 ratio respectively. The 186pR promoter (HB141) strain only shows killing in the third dilution 

(1/1000) sample. The rest of the samples on the 40 µM Cumate and 120 µM Cumate plates contain 

small halos around where the sample has been added. The 186pJ promoter shows killing in all the 

samples on the 40 µM Cumate and 120 µM Cumate plates. B) Shows the Tum72 expression strain; 

186pJ (HB143), 186pR (HB149) and Empty (HB128) PHEARLESS Protein Screening Assay with the 

addition of the propagation strain (QC024) to target strain (RN4220) at a 1:50 ratio respectively. The 

186pR promoter shows the same haloes present in the Tum wild type samples on the 120 µM Cumate 
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plate. 186pR shows clearer killing on the 40 µM Cumate plate in the undiluted (U), first dilution (1/10) 

with halos present in the second (1/100) and third (1/1000) dilution. 186pJ produces killing in every 

sample on both the 40 µM and 120 µM Cumate plates, identical to the results for the Tum wild type 

strain. Photos were taken using a ChemiDoc XRS+, using the white light grey image settings and two 

biological replicates of the assay using these conditions were performed producing identical results. 

 

4.d PHEARLESS V2.1 Mutant Library Screening Proof of Principle 
 

There are a number of advantages to placing the endolysin gene into the 186 

genome; (1) it will exist as a single copy until expressed, (2) antibiotics are not 

required to maintain it, (3) the progeny phage will also contain the protein gene that 

can be retrieved. This third feature easy retrieval of the genotype for a successful 

phenotype is what enables the system to be used for library screening. Screening of 

a large number of variants can be used for both protein discovery and protein 

optimization. For screening large mutant libraries, a physical copy of each mutant 

clone must be retrievable. For a successful mutant screening assay, a large library 

size, rapid screening and simple retrieval of the best mutants are desirable 

properties. The main noticeable limiting factor for the system that required 

optimisation was the efficiency of the integration plasmid assembly using Gibson 

assembly and the integration of the Gibson assembly. Other potential limiting factors 

include whether the phage released from the initial expression cell is efficient enough 

to spread and infect the surrounding propagation cells. Then, following infection, if 

the protein expressed from the propagation cells is sufficient to produce visible killing. 

 

To test whether the PHEARLESS Version 2 assay is usable for screening a mutant 

library for antimicrobial activity, a proof of principle assay was developed, based on 

selecting a revertant from a large library. The test was designed around creation of 

an inactive ClyF and screening for possible revertants in a library generated by error-

prone PCR. An inactive version of ClyF carrying a missense mutation at a conserved 

catalytic residue was created, this inactive clyF gene was used as the template in 

error-prone PCR to create a mutant library. The mutant library was then assembled 

into the pIT4 plasmid using Gibson assembly, creating a library of pIT4 plasmids 

each containing a different ClyF mutant. The Gibson assembly reaction was 

integrated directly into the att2 site of the 186 prophage in the expression strain. The 

protocols found in Chapter 2.i PHEARLESS Protein Library Screening Protocols 

were then use to screen the mutant library for a revertant ClyF. 
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The mutant library was created using PCR and Gibson assembly, the backbone 

fragments were amplified from the empty pIT4 plasmid (Figure 34, B) using Phusion 

PCR protocols found in Chapter 2.b.ii Polymerase Chain Reaction (PCR). Fragments 

were digested with restriction enzyme DpnI (Chapter 2.b.iii Restriction Digestion) as 

well as purified using Monarch DNA Gel Extraction Kit (Chapter 2.b.iv DNA Clean 

up). This was done so there would be no plasmid PCR template present. In the proof 

of principle test the ClyF(C36G) fragment was amplified using Phusion PCR from the 

pZS(^)45 expression plasmid as the template. The pZS(^)45 expression plasmid was 

chosen since it is unable to integrate, therefore would not contaminate the phage if 

carried through. The ClyF(C36G) gene fragment was amplified using primers that 

attached to the template directly before the start codon and at the 3' end of the gene, 

including the stop codon. The Phusion fragment of ClyF(C36G) was digested with 

restriction enzyme DpnI as well as purified using Monarch DNA Gel Extraction kit. A 

second round of PCR was done using the Phusion fragment of ClyF(C36G) as the 

template. This second round of PCR used the error prone PCR protocols (Chapter 

2.c.ii Error Prone PCR) to incorporate at least 2-3 mutations in the amplified gene 

fragments. Mutations would only occur between the primer sites, maintaining the 

overlap sequences. The final mutated fragments were purified using Monarch PCR 

and DNA Clean-up kit. This sample is a mixture of the amplified, mutant fragments 

and a small amount of the original wild type Phusion template. 

 

The error prone library in assembled into the pIT4 error prone library using Gibson 

assembly (Chapter 2.c.iii Plasmid Fragment Assembly - Gibson assembly). The 

Gibson assembly reaction was purified using Monarch PCR and DNA Clean-up kit 

and then transformed directly into the final expression strain using electroporation 

(ECC) protocols (Chapter 2.c.v Preparing and Transforming Electrocompetent Cells 

(ECC)). The final competent expression strain carries the pre-induced helper plasmid 

for the att2 attachment site and were used the same day they are prepared. 

Ordinarily the Gibson assembly would be assembled in a cloning strain, E4644 to 

allow for pir dependent pIT4 replication, and a DNA mini-prep made for 

transformation into the final expression strain. However, in the protocol developed 

here a single step transformation of Gibson assembly mix into the final expression 

strain was used. This step is expected to be the bottle neck for how many mutants 

can be tested. Both the Gibson assembly and integration steps need to be as 

efficient as possible. 
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4.e Generation of an Inactive ClyF Protein 
 

Three variants of inactive ClyF (Figure 29, B, C and D) were designed, each carrying 

nucleotide changes in the conserved catalytic residues of the catalytic domain. The 

characterization study of ClyF by Yang and Zhang (130) predicted ClyF’s catalytic 

domain to contain three predicted conserved residues, Cysteine (Cys) 36, Histidine 

(His) 99 and Aspartate (Asp) 116 (Figure 29, F). Cys36 and His99 were selected as 

the amino acids to be mutated. The aim was for the entire protein to be expressed as 

an intact, correctly folded protein, but lacking any catalytic activity. If mutating the 

individual predicted conserved residues did not result in inactivation of the protein, a 

premature stop codon could have be used. However, since the catalytic domain is at 

the N-terminal, the premature stop codon would need to be located close to the start 

of the protein. The amino acids were first mutated to an alanine, changing the first 

two nucleotides in both mutants. Alanine was chosen since it is both small and 

neutral (175). It was predicted that since alanine’s methyl side-chain is non-reactive, 

it is rarely directly involved in protein function therefore would not interfere with the 

protein structure (176). 
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Figure 29: ClyF Inactive Mutants Constructs Sequences and 3D Structure Modelling of ClyF. Figure 

A) shows the wild type sequence for ClyF, Cys at the 36 amino acid and a His at the 99 amino acid 

position. B) In the first mutant, amino acid 36 cysteine was changed to an alanine (C36A). C) In the 

second mutant, amino acid 99 histidine also changed to an alanine (H99A). D) The third mutant was 

also a Cys 36 amino acid mutation, but mutated using a single nucleotide to change Cys to Gly 

(C36G). Both amino acids are conserved catalytic residues in the catalytic domain. D) and E) are 

reprinted and adapted respectively from “A novel chimeric lysin with robust antibacterial activity 
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against planktonic and biofilm methicillin resistant Staphylococcus aureus” by Yang et al. (130) shows 

the structure of ClyF, the cell wall binding domain (pink) and the catalytic domain (blue). E) Close-up 

view of the catalytic domain’s conserved catalytic residues, the two circled in red were chosen to 

make inactive mutants. 

 

Both mutants were created using PCR and Gibson assembly (Chapter 2.c Cloning 

Strategy) with a primer containing the two nucleotide mutation (Table 3: Primers 

Used During the Course of this Thesis.). The ClyF mutants, ClyF(C36A) and 

ClyF(H99A), were assembled into the pZS(^)45 expression plasmid for initial testing 

using the PHEARLESS version 1 expression strain. Both mutants were tested using 

the PHEARLESS Protein Screening Protocols comparing them to the wild type ClyF, 

using protocols found in Chapter 2.h PHEARLESS Protein Screening Protocols. Both 

mutants were compared to either the negative control (Empty) (HB115) containing no 

ClyF or the wild type ClyF control (ClyF) (HB114) on individual 120 µM cumate 

plates. The samples were plated this way so that the mutants, ClyF(H99A) (HB173) 

and ClyF(C36A) (HB172), could be directly compared to each other.  
 

The ClyF wild type control plate (Figure 30) shows lytic activity in the undiluted 

sample and each of the dilution samples. Compared to the wild type ClyF, neither 

ClyF(H99A) or ClyF(C36A) showed any activity (Figure 30).  

 

The Empty control plate (Figure 30) shows no lytic activity present in the empty strain 

samples and both mutant clones show identical results to the empty control strain on 

this plate. From these results (Figure 30) both mutations completely abolish lytic 

activity individually.  
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Figure 30: PHEARLESS Protein Screening Assay in the PHEARLESS V1 Expression System: ClyF 

Mutants Tested for Antimicrobial Activity. Mutant ClyF proteins, ClyF(H99A) and ClyF(C26A), were 

tested for antimicrobial activity compared to the ClyF wild type and an empty control strain (HB115). 

The wild type ClyF on the ClyF Wild Type Control Plate show clear killing at each dilution. The Empty 

control strain on the Empty Control Plate shows no killing, indicating no target cell (RN4220) lysis. 

Both mutants (C36A, H99A) produce identical results on both plates, producing no killing. Photos 

were taken using a ChemiDoc XRS+, using the white light grey image settings and two biological 

replicates of the assay using these conditions were performed producing identical results. 

 

However, converting either catalytic residue to an alanine was performed by creating 

two nucleotide changes. This would not be suitable for the proof of principle assay 

since it would require both nucleotides to be mutated back to the wild type 

nucleotides, reducing the chance of generating a revertant in the error prone PCR. 

The Cys 36 position was mutated to a Glycine (Gly), a non-polar neutral amino acid 

and was generated with a single nucleotide change. 

 

This mutant was constructed using the same method that the previous two was 

created. ClyF(C36G) (HB179) was tested also using the PHEARLESS Protein 

Screening assay to confirm changing this amino acid to a glycine would still result in 

a loss of function ClyF (Figure 31), showing that the Cys 36 mutation to Gly also 

shows no activity, like the Cys 36 to Ala mutation, producing identical results to the 

negative control strain (Empty).  
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Figure 31: PHEARLESS Protein Screening Assay in the PHEARLESS V1 Expression System: ClyF(C36G) 

Mutant Tested for Antimicrobial Activity. Mutant ClyF(C36G) (HB179) was tested for protein activity 

in the PHEARLESS V1 expression strain against RN4220 and compared against an empty control 

(HB115) and the ClyF wild type protein (HB114). ClyF showed killing in every sample plated on the 120 

µM Cumate plate. Both the Empty control and ClyF(C36G) showed identical results with no target cell 

lysis observed. Photos were taken using a ChemiDoc XRS+, using the white light grey image settings 

and two biological replicates of the assay using these conditions were performed producing identical 

results. 

 

4.f Analysis of the Sensitivity of the PHEARLESS Protein Library Screening Assay 
 

A critical feature for high throughput screening is being capable of identifying the 

positive clone in an abundance of negative clones. This sensitivity can place a 

limitation on the screening system, limiting how many negative clone expression cells 

can be present without masking the functional expression cells. The aim was to test 

as many negative colonies per plate as possible, compared to a fixed number of 

positive colonies, to determine how sensitive the system is for observing clones 
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containing functionally active proteins surrounded by non-functional clones at 

different cell counts. In the final assay, the positive clone plaques need to be visible 

to collect the phage in that location. This was initially performed by plating different 

ratios of expression strain containing an empty control strain E4643 [pIT4-KT-cymR-

pCym-Tum72]21 [186(∆tum, 186pJ, Spec)] (HB165) (186(Empty)) against a matching 

expression strain carrying ClyF, E4643 [pIT4-KT-cymR-pCym-Tum72]21 [186(∆tum, 

186pJ ClyF, Spec)] (HB143) (186(ClyF)). 

 

Using a fixed number of 186(ClyF) expression cells on each plate (~100 cells), the 

amount of 186(Empty) expression cells was increased per plate. It was predicted that 

as the number of 186(Empty) cells increased, the number of visible ClyF clearing 

would decrease as competition for the propagation strain would grow. This would 

provide an estimation of a ‘safe’ number of expression cells to plate per plate for 

positive plaque detection. Fresh cultures of the 186(Empty) expression strain and 

186(ClyF) expression strain made from sub-cultured overnight cultures were grown in 

50 mL LB Lennox broths at 37°C, with shaking at 180 to 200 rpm. With the empty 

pIT4 plasmid or the pJ-ClyF pIT4 plasmid both integrated into the 186 prophage, no 

antibiotics were required during culture growth. After reaching OD600 0.6 the cultures 

were diluted in a series of 10-fold dilutions. 50 µL of the 5th dilution of the 186(ClyF) 

strain was plated onto a LB agar plate with no selection. This dilution was used in 

every plate containing the 186(ClyF) expression strain, and gave approximately 100 

colonies. A series of 10-fold dilutions was also made of the 186(Empty) expression 

strain, 100 µL of the 6th dilution was plated on a LB agar plate with no selection. The 

cell count from this plate was used to determine the cell count present on the LB agar 

plates testing the different ratios of 186(Empty) expression strain. 

 

The plates that contained the ratios of 186(Empty):186(ClyF) were co-plated with the 

target strain RN4220 and propagation strain QC024 at a 50:1 ratio, both grown to 

OD600 0.6 using the protocols above. All four strains were added to 3mL of 0.7% 

agar, then plated on a LB agar plate containing 240 µM cumate. A cumate 

concentration of 240 µM was chosen due to the abundance of expression strain cells 

being added to the plate. The amount of 186(ClyF) expression strain remained 

constant with 50 µL of the 5th dilution added to each of the plates. The concentration 

of the 186(Empty) expression strain was increased with each plate. The 

concentration added for the five plates were; 50 µL of the 3rd dilution (~30,000 cells), 

100 µL of the 3rd dilution (~60,000 cells), 200 µL of the 3rd dilution (~120,000 cells), 
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50 µL of the 2nd dilution (~300,000 cells) and 100 µL of the 2nd dilution (~600,000 

cells). Plates were left overnight at 37°C and observed the next day for clearing. As 

previously stated, only phage containing the ClyF gene should produce visible 

plaques. 186 will be able to propagate using the Td-tomato expressing propagation 

strain, enhancing visibility of the plaques.  

 

Although each dilution above has an estimated cell count for the 186(Empty) 

expression strain which was estimated using predicted cell count at OD600 (6x108 

cell/mL). The actual Empty cell count was determined for each assay, which is 

included in the figure (Figure 32). This assay was performed up to four times using 

different biological samples, providing a clear picture of the sensitivity of the assay 

system and the limits on the number of negative cells. Plate photos from one set of 

replicates (Figure 32) show that at up to 40,000 186(Empty) expression cells, the 

plaques created by the 186(ClyF) expression strain were clearly visible and show 

identical plaque sizes. Above the 100,000 186(Empty) expression cell count, the 

number of visible plaques created by 186(ClyF) expression decreased in both 

number and plaque size (Figure 32). 

 

A graph combining the results from the four biological replicates compares the 

number of 186(Empty) expression cells to the percentage of 186(ClyF) cells plated 

(Figure 33). The percentage was determined using the 186(ClyF) strain on a non-

selection control plate for each replicates. The 186(ClyF) strain was plated on a non-

selection plate and the cell count was used to determine the percentage. However, it 

must be taken into account that batch to batch variation occurs between plates. On a 

replicate that was removed due to low 186(Empty) expression cell concentrations the 

standard deviation of the 186(Empty) expression cell strain was determined to be +/- 

19 clones. Cell mixtures also add to the batch to batch variation. The propagation 

strain while viable is still at a concertation which is 50x less than the target strain. 

There is a completion between the 186(Empty) expression cell and the 186(ClyF) 

expression cell for the propagation strain. Depending on starting positions a 

186(ClyF) expression cell may end up closer or further away from and available 

propagation strain cell, reducing the 186(ClyF) propagation and plaque size. From 

the four replicates recorded, within the first 50,000 186(Empty) expression cell per 

plate, the majority of 186(ClyF) propagation is observed. With the lowest percentage 

sitting at around 70% for Replicate 4 (Figure 33). In number of the replicate a 

percentage score can increase rather than decrease at the 186(Empty) expression 
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cell count increase. Even increasing above the 100% value, as stated above this is 

due to the batch to batch variation in the 186(ClyF) expression cell count. Therefore 

this graph should be observed as a rough estimation of the optimal plating cell count 

plated from the library screening system.  

 

A graph that combines results for four biological replicates shows that the optimal cell 

count that could be used from plating is about 50,000 to 100,000 cells per plate for 

library screening (Figure 33). Plate photos for plates that contained between 10,000 

and 40,000 empty control cells demonstrated visually consistent killing formations 

(Figure 32). However, after increasing the number of 186(Empty) expression cells 

(Figure 32) above 40,000, killing formation size and the number of individual killing 

formations are shown to decrease.  
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Figure 32: Sensitivity of the PHEARLESS Protein Screening assay. PHEARLESS V2 expression strains 

carrying a ClyF protein gene (HB143) or an empty pIT4 control plasmid (HB165), integrated into a 186 

prophage, were plated at different ratios. The aim is to determine how observable the 186(ClyF) 

plaques are (E. coli propagation cells infected with the ClyF-producing phage kill the S. aureus target 

strain), when surrounded by large numbers of plaques produced by the 186(Empty) phage, (which 

infect the E. coli propagation strain, but do not kill the S. aureus target strain). This set of experiments 

included five ratios and was repeated four times. The lawn was composed of two strains, the target 

strain (S. aureus RN4220) and the phage propagation strain (QC024) at a 50:1 ratio, respectively. 

Each plate contained a dilution of the 186(ClyF) expression strain designed to give ~ 100 

colonies/plaques per plate. A separate series (not shown) of platings were performed to estimate the 

number of 186(Empty) expression cells plated on each plate. The top row of images are grey scale 

photos which show the 186(ClyF) plaques/clearing. The bottom row of images are fluorescent images 

taken of the Td-tomato fluorescent gene expression produced by the propagation strain (white light= 

Td-tomato). Using the fluorescent photos, at 10,000 186(Empty) expression cells, individual ClyF+ 

plaques can be observed. The white pigment observed in the lower panel of photos is the Td-tomato 

protein, which decreases in amount as the amount of 186(Empty) expression cells are increased, and 

the propagation strain is consumed. Photos were taken using a ChemiDoc XRS+. 

 

 

Figure 33: Assay Sensitivity Estimations for the PHEARLESS Protein Library Screening Assay using 

the PHEARLESS V2.1 Expression Strain. The graph plots the percentage of ClyF expression cells 

visible, as the number of background empty control strain cells increase. Four biological replicates 
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were performed, each with five plates of increasing number of empty expression cells. All replicates 

show that below 50,000 empty expression cells, at least 70% of the ClyF clones are visible. Above 

100,000 empty expression cells, the percentage of visible ClyF clones decreases to between 60% to 

30%. The percentage of visible ClyF clones falls to below 20% in the presence of 200,000 empty cells. 

 

4.g PHEARLESS V2.2; Improved Version of the Expression Strain 
 

An initial concern with the PHEARLESS assay was that during the mutant library 

screening, successfully integrated clones would not appear due to the expected large 

number of cells where the pIT4 plasmid had not integrated into the att2 site within the 

186 prophage. This is because a 186 prophage without the integrated pIT4 plasmid 

would still drive cell lysis, releasing functioning phage particles. When investigating 

the sensitivity, Chapter 4.f Analysis of the Sensitivity of the PHEARLESS Protein 

Library Screening Assay, as the number of Empty expression cells (negative control) 

increased, the number of visible plaques dropped (Figure 32). The Empty phage 

would dominate infection of the propagation strain, due to their large numbers. This 

would reduce the number of propagation cells available for infection by the phage 

carrying the ClyF protein, reducing plaque size. This would be an impediment in the 

mutant library screen, since the library would always contain a significant proportion 

of cells without an integrated pIT4 plasmid, effectively acting as a non-integrated (or 

inactive) library member. 

 

One approach to removing these un-integrated cells from the population would be to 

select only cells where pIT4 had integrated, using the spectinomycin marker present 

on pIT4. If, after transformation of the pIT4 library, the sample was plated on a 

Spec20 agar plate, and incubated overnight at 37°C, the successfully integrated cells 

could be harvested from the plate the next day, diluted and plated together with the 

propagation and target strains. While this was a solution to remove the non-pIT4 

containing cells (recalling that the plasmid itself is unable to replicate in the 

expression strain), the integrated cells collected needed to be heavily diluted for 

plating. It was a concern that any desired mutants would be missed when making the 

dilutions. Therefore, a new version of the PHEARLESS V2 expression strain was 

designed (PHEARLESS V2.2) that reduced the number of non-integrated (no pIT4 

integration) phage being released and removed the need of a selection step. 

 

4.g.i The Modified pIT4 plasmid 
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The new version of the expression strain (V2.2) contains all the same components of 

the V2 expression strain, but improves it by removing the cos sequence from the 

prophage, and placing it on the pIT4 plasmid. Thus, only cells that carry a pIT4(cos+) 

plasmid integrated into the modified 186 prophage will be able to package the phage 

DNA and produce an active phage particle. This re-design would not require 

antibiotic selection, since the cos sequence acts as the selectable marker. 

 

In this new design, it was presumed but had not been tested, that placing cos on the 

pIT4 plasmid would rescue phage production. Support for the concept is provided by 

the cosmid delivery system (158), including protocols used in Chapter 2.g.i Gene 

Removal using LoxP Sequences, where adding the  phage cos sequence on to a 

pE-Cre plasmid, allows the plasmid to be packaged into the  phage head, rather 

than the  genome (158). 

 

To test whether this design would work for a 186 prophage, a modified version of the 

pIT4 plasmid was created (Figure 34, A and B) containing the cos sequence for 186 

phage. When the pIT4 plasmid is integrated into the 186 prophage at the att2 site, 

the cos sequence would be placed nearest to the CP2 portal vertex gene (Figure 34, 

C) D)), which is close to the native 186 cos sequence location (Figure 9, C). The new 

version of the pIT4 plasmids (Figure 34, A and B) were assembled using fragments 

amplified from the previous pIT4 plasmid empty and ClyF plasmids (Figure 34, A and 

C). and with a 186 cos sequence fragment located adjacent to the att2 sequence.  
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Figure 34: Map of modified pIT4 plasmids that contain the 186 cos sequence and the integration 

map for the 186 genome. A) Shows the modified pIT4 integration plasmids containing the ClyF gene 

controlled by the 186pJ promoter, pIT4_attP2_LoxP_S_186pJ_ClyF_cos+. The plasmid contains all the 

features of the previous pIT4 plasmid (Figure 23), with the exception of the 186 cos sequence located 

in between the LoxP LE sequence and the Phage attachment site 2 attP. B) Shows the new empty pIT4 

integration plasmids, pIT4_attP2_LoxP_S_186pJ_cos+, that is used as a negative control, containing 

all the features of the ClyF pIT4 plasmid except for the ClyF gene. C) Shows how the 

pIT4_attP2_LoxP_S_186pJ_ClyF_cos+ plasmid would be positioned when integrated into the 186 

genome, showing the 186 cos sequence located nearest to the CP2 portal vertex gene. D) Shows how 

the pIT4_attP2_LoxP_S_186pJ_cos+ plasmid is integrated into the 186 genome, showing the 186 cos 

sequence located nearest to the CP2 portal vertex gene. Figure was generated using SnapGene. 

 

Next, the redesigned of the pIT4 plasmid that was tested in Chapter 3, Figure 18 

showed that the expression strain HB76 which carried the tum72 cumate switch, and 
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a 186 prophage without an intact cos sequence, was unable to produce functioning 

phage particles. The parent strain of HB76, HB67 (lacking the GFP plasmid), was 

used to test whether phage production could be rescued by integrating the 186 cos 

back into the prophage using the pIT4 plasmid. The att2 helper plasmid (AH6045) 

was transformed into HB67 to give HB186 which was used to create two expression 

strains; a cos+ expression strain (HB189) and a cos- expression strain (HB191). 

Integration of the pIT4 plasmids were confirmed by PCR. 

 

The cos- strain (HB191) was created by integration of the previous version of the 

pIT4 plasmid pIT4_attP2_loxP_S_186pJ_ClyF (from HB137) into the new expression 

strain HB186. With this strain lacking the cos sequence from both the 186 genome 

and pIT4 plasmid, it should be unable to produce functioning phage particles. The 

cos+ strain (HB189) has the new pIT4 plasmid containing the cos sequence 

pIT4_attP2_loxP_S_186pJ_ClyF_cos+ integrated into the 186 prophage att2 site. 

Both the cos+ and cos- strains will be compared to the positive control strain, E4643 

[pIT4-KT-cymR-pCym-Tum72]21 [186(∆tum, 186pJ ClyF, Spec)] (HB143), which is 

simply the expression strain carrying its wild type cos sequence. 

 

This phage functional assay used four strains (Chapter 2.e Bacteriophage production 

and Integration) the expression strain stated above and the propagation strain, 

QC024, which was used to allow plaque formation. All of the strains were grown to 

OD600 0.6, cultures were then induced with 400 µM of cumate. Before adding the 

cumate, 1 mL of culture was taken and prepared as the un-induced sample, 

demonstrating no induction occurs without the presence of cumate. Induced cultures 

were left for two to three hours, 1 mL of induced culture was taken and centrifuged to 

pellet the cell debris. The supernatant was treated with three to five drops of 

chloroform and vortexed. The samples were then pelleted and the top layer of liquid 

was removed. This step was repeated to prevent any chloroform carryover, giving the 

final phage sample. A top layer of 0.7% agar containing 200 µL of QC024.  

 

The results for plaque formation showed that the positive control cos expression 

strain, E4643 [pIT4-KT-cymR-pCym-Tum72]21 [186(∆tum, 186pJ ClyF, Spec)] 

(HB143), worked as expected, producing a plaque in the induced sample and no 

plaque in the un-induced sample (Figure 35). The parental strain, E4643 [pIT4-KT-

cymR-pCym-Tum72] 21 [186(∆cos, ∆tum, att2, Cm)] (HB182), without any 186 cos 

sequence is unable to produce any phage particles shown by no plaques present in 
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the induced sample (Figure 35). The expression strain E4643 [pIT4-KT-cymR-pCym-

Tum72]21 [186(∆cos, tum, 186pJ ClyF, cos+)] (HB189) was created from HB182, 

having the 186 cos sequence reintroduced into the 186 genome via integration of the 

pIT4 cos+ plasmid (Figure 34, A). This strain is now capable of producing functional 

plaques as shown in the induced sample (bottom right, Figure 35).  

 

To confirm that it is the cos located on the pIT4 plasmid rescuing phage production, 

the last expression strain tested was E4643 [pIT4-KT-cymR-pCym-Tum72]21 

[186(∆cos, tum, 186pJ ClyF)] expression strain (HB191) that had the previous 

version of the pIT4 plasmid, lacking a cos sequence (Figure 23, A) integrated into the 

186 genome. This expression strain produced no plaques with the induced or un-

induced sample (Figure 35), demonstrating that the cos sequence on the new pIT4 

integration plasmid is solely required for producing of functioning phage particles. 

 

 

Figure 35: Recovery of Phage Production by Re-introducing the 186 cos Sequence into the 

PHEARLESS Expression Strain. Plate contains a QC024 lawn and is divided into four sections. Each 

section was spotted with an induced (I) and an un-induced (U) sample. Top Left section contains the 

positive control strain E4643 [pIT4-KT-cymR-pCym-Tum72]21 [186(∆tum, 186pJ ClyF, Spec)] (HB143), 

producing a clear plaque in the induced sample and no induction in the un-induced sample. Top Right 

section contains the negative parental control strain that does not contain a native 186 cos sequence 

and has not had a pIT4 plasmid integrated into it. It shows no phage production present in either 
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sample. The Bottom Right is the induced and un-induced samples for the E4643 [pIT4-KT-cymR-pCym-

Tum72] 21 [186(∆cos, Tum, 186pJ ClyF, cos+] (HB189) expression strain which has had the cos 

sequence re-introduced into the 186 genome via the new pIT4 plasmid. This strain produces plaque in 

the induced sample and none in the un-induced sample. The Bottom Left expression strain belongs to 

expression strain, E4643 [pIT4-KT-cymR-pCym-Tum72]21 [186(∆cos, tum, 186pJ ClyF)] (HB191) 

that is unable to produce functioning phage particle and has had the previous (no cos) pIT4 plasmid 

integrated into it. This strain is unable to support phage production, shown by the lack of plaque in 

the induced sample.  

 

4.g.ii Assembly and Integration Optimization 
 

Now that a successful approach had been developed for ensuring all members of the 

phage library will carry an integrated pIT4 plasmid, optimisation of the pIT4 assembly 

reaction was performed. First, it was investigated how many DNA fragments could be 

used for efficient isothermal assembly of an intact plasmid. The backbone of the pIT4 

fragment is ~ 2.4 kb. From previous experience, fragments that are larger than 2 kb 

are less efficient in isothermal assembly than fragments smaller than 2 kb. A 

preliminary test of three vs two fragment assembly, was performed. These used 

either one or two pIT4 backbone fragments, plus a ClyF insert fragment. Samples 

were prepared as described in Chapter 2 and transformed into the final expression 

strain E4643 [pIT4-KT-cymR-pCym-Tum72]21 [186(∆tum, att2, ∆Cm)] carrying the 

att2 helper plasmid (HB186) (Table 1), using electroporation protocols and selecting 

for spectinomycin. Control transformations of Gibson assembly samples containing 

only the backbone fragments and no insert were also performed to confirm that no 

pIT4 template had carried through into the assembly reaction.  

 

Transformation results (Figure 36) showed that the three-fragment assembly visibly 

produced more integration than the two-fragment assembly. The controls (not shown) 

also confirmed that there was no pIT4 template in any of the fragment samples, 

giving no colonies. Electrocompetent cell samples are extremely concentrated, and 

cells that have not undergone transformation and integration are killed by the 

antibiotic selection, appearing as a smears. 
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Figure 36: Preliminary Gibson Assembly Assay: Testing Number of Fragments used in Gibson 

assembly for Protein Library Screening Protocols. Testing Gibson assembly for pIT4 integration 

plasmid backbone with a protein of interest gene (ClyF). Two fragment (left) or three (right) fragment 

assembly with a pIT4 backbone and a fragment carrying the 186pJ promoter and ClyF gene were 

used. Integrants were selected using spectinomycin, the selection marker for the pIT4 plasmid.  

 

To investigate the transformation and integration steps separately, three plasmids 

samples were transformed into the final expression strain (HB186). HB186 ECC were 

made using protocols found in Chapter 2.c.v , and three different plasmid samples 

were transformed in to determine the transformation and integration efficiency. 

 

Cell counts are taken at different dilutions to estimate the number of cells in the 

transformation sample and the number of cell that were successfully transformed 

and/or integrated. Only a small portion of the competent cell will be successful in 

transformation and integration. Comparing cell count between the selection and non-

selection plate provides an estimation of the efficiency of the process. Competent 

cells we made the day of the transformations and transformation were performed 

using aliquots of the same batch of competent cells. It is predicted that at each step; 

transformation of plasmid, transformation and integration pIT4 plasmid and finally 

transformation and integration of Gibson assembly reaction. The number of cells that 

survive selection is expected to reduce with the increasing number of steps.  

 

To reduce the number of plates required, a “drip” assay was developed to estimate 

colony numbers, where 10 µL of a culture to be sampled is placed near the top of the 
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agar plate, the plate is then tipped at an angle, allowing the sample to run down the 

plate. For testing transformation and integration efficiency, a series of dilutions were 

made. A sample of ach dilution; undiluted, 1/10, 1/100, 1/1000, 1/10000 was used in 

a drip assay using two plates, one with and one without selection. The number of 

colonies on the selection plate would indicate the fraction of the transformation 

sample that had been efficiently transformed and/or integrated.  

 

A pZS(^)45 186pJ ClyF(C36G) (HB177) mini-prep was used to test only the 

efficiency of the plasmid transformation step (Figure 37, A). While the transformation 

strain did also contain the helper plasmid used to integrate at the 2 attB phage 

attachment site this was not expected to affect transformation of a plasmid which did 

not contain the 2attP sequence. The antibiotic selection plate was a Spec50 plate 

and there are countable single cells present in the third and fourth dilutions. The third 

dilution (1/1000) had a cell count of 116 cfu/10 µL and the fourth dilution has a cell 

count of 11 cfu/10 µL (Figure 37, A). From these cell counts, the undiluted sample is 

predicted to have 116,000 cfu/10 µL therefore the expected total number of 

successful transformation from 40 µL of ECC is 1.16x107. 

 

The second plasmid transformed into the transformation strain was 

pIT4_attP2_LoxP_S_186pJ_ClyF_cos+ (HB184) mini-prep (Figure 37, B). This 

experiment was to investigate the efficiency of the integration step in addition to the 

transformation step. The antibiotic selection plate used was Spec20 due to the 

antibiotic resistance gene being a single copy once integrated. Countable single cells 

were present in the third and fourth dilutions (Figure 37, B). The third dilution 

(1/1000) had a cell count of 117 cfu/10 µL and the fourth dilution had a cell count of 

~10 cfu/10 µL, with some cell colonies being very small (Figure 37, B). The final cell 

count for the undiluted sample is 117,000 cfu/10 µL with the expected total number of 

successful transformation and integrations for 40 µL of ECC is 1.17x107. 

 

50 ng of DNA was used in the pZS(^)45 (Figure 37, A) and pIT4 plasmids (Figure 37, 

B) transformations. From these results, there appears to be no efficiency lost in the 

integration step. Every pIT4 plasmid that is successfully transformed into the strain 

appears to be also successful integrated. Since the pIT4 has a R6Kgamma origin of 

replication, it is pir gene dependent for replication. If it had only transformed the pIT4 

plasmid into the cell, it would be lost during cell division. The transformation 

efficiency for pZS(^)45 (Figure 37, A) and pIT4 (Figure 37, B) was 2.32x108 cfu/g 
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DNA and 2.34x108 cfu/g DNA, respectively. A transformation efficiency of 108 cfu/g 

DNA for both transformation and integration is at the high end of non-commercial and 

some commercial protein expression strains (e.g. NEB BL21 Competent E. coli 

Catalog# C2530H). No further optimization was pursued for making electrocompetent 

cells.  

 

The last transformation was of a Gibson assembly sample, rather than intact plasmid, 

reflecting the final DNA sample used in the PHEARLESS mutant library screen assay 

(Figure 37, C). This test examined the transformation and integration steps of the 

Gibson assembly sample, which contains an unknown amount of assembled plasmid 

DNA. Unlike the two previous transformations, countable single cells are only present 

in first (1/10) and second (1/100) dilutions, indicating a loss of transformation and 

integration efficiency (Figure 37, C). The first dilution had a cell count of 128 cfu/10 

µL, 10 µL is the amount for each sample plated on Figure 37 plates. The second 

dilution had a cell count of 9 cfu/10 µL. Therefore, the total number for the undiluted 

sample is about 1,280 cfu/10 µL, with the expected number of the total successful 

transformation and integrations for a 1 mL transformation sample is ~1.28x105 cfu/3 

µL of assembly mix and 40 µL of ECC. The exact transformation efficiency in cfu/g 

DNA cannot be determined, since it is unknown how much plasmid has been 

assembled from the fragments. In the mutant library assay, the Gibson assembly 

reaction is purified to remove any salts, going from 20 µL to 10 µL. 3 µL of the 

cleaned Gibson assembly is transformed into 40 µL of ECC. To improve the number 

of colonies screened, all of the cleaned Gibson assembly is transformed into three 

separate transformations. If on average a single transformation sample can produce 

1.28x105 individual colonies, transforming all of the cleaned Gibson assembly will 

produces about 3.84x105 individual colonies. Therefore, the best solution to deal with 

the Gibson assembly bottle neck is to increase the number of transformations. 
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Figure 37: Transformation and Integration Efficiency Assay for each step. Each transformation 

sample was plated onto two plates, one containing spectinomycin (20 µg/µL or 50 µg/µL) and an LB 

non-selection plate. Each plate contains four samples, the undiluted sample (U), first 1/10 dilution (1), 

second 1/100 dilution (2), third 1/1000 dilution (3) and the fourth and final dilution 1/10000 (4). A) 

Transformation Efficiency Assay, Transforming pZS(^)45 186pJ ClyF(C36G) mini-Prep into the Final 

Expression Strain for the PHEARLESS Protein Library Screening Assay. The selection plate (Spec50) 

produces single colonies in the third (1/1000) (3) and fourth (1/10000) (4) dilution, 116 cfu/10 µL and 

11 cfu/10 µL respectively. The non-selection plate shows the presence of the un-transformed cells 

with no individual single colonies on the lowest dilution of the plate unlike the selection plate. B) 

Transformation Efficiency Assay, Transformation and Integration of pIT4 Plasmid Mini-prep into the 

Final Expression Strain for the PHEARLESS Protein Library Screening Assay. The selection plate 

(Spec20) produces single colonies in the third (1/1000) (3) and fourth (1/10000) (4) dilution, 117 

cfu/10 µL and 10 cfu/10 µL respectively. The non-selection plate shows the presence of the un-

transformed cells with no individual single colonies on the lowest dilution of the plate unlike the 

selection plate. C) Transformation Efficiency Assay, Transformation and Integration of pIT4 Plasmid 

Gibson Assembly Mix into the Final Expression Strain for the PHEARLESS Protein Library Screening 

Assay. The selection plate (Spec20) produces single colonies in the first (1/10) (1) and second (1/100) 

(2) dilution, 128 cfu/10 µL and 9 cfu/10 µL respectively. The non-selection plate shows the presence of 

the un-transformed cells with no individual single colonies on the lowest dilution of the plate unlike 

the selection plate. 

 

4.g.iii Confirming the 10% “Rule of Thumb” of the 186 Genome Size Limitations 
 

Functional ClyF protein was successfully expressed after being integrated into the 

186 prophage genome. However, a potential limitation of the system is that as a 

“Rule of Thumb” most phage are unable to function if the genome is increased by 

more than 10%. During phage reproduction, the phage genome is packaged into the 

head portion of the phage, before joining of the head section to the separately 

assembled tail section of the phage. While the DNA is being packaged, it undergoes 

DNA cleavage at specific or non-specific locations (177). After the head section has 

been filled with DNA, termination cleavage of the DNA occurs. DNA cleavage for 

head packaging is a tightly controlled, too much cleavage will produce non-

functioning phage particles, while too little will produces unfilled phage particles 

(177). 

 

The genomes size of phage 186 is 30,624 bp, therefore the “Rule of Thumb” 

suggests that the 186 genome could only be increased by ~3000 bp. The final 
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expression strain for the PHEARLESS V2.2 before adding the integration plasmid is 

E4643 [pIT4-KT-cymR-pCym-Tum72] 21 [186(∆cos, ∆tum, att2, Cm)] (HB182). The 

186 engineered genome, which does not contain sufficient cos+ sequence for 

production of functioning phage particles, has a net loss of – 1,369 bp. The empty 

integration plasmid that contains the 186 cos+ sequence 

(pIT4_attP2_LoxP_S_186pJ_cos+) is 2,757 bp, increasing the 186 genome by a net 

1,388 bp. The addition of the ClyF gene to the integration plasmid increases the 

plasmid size to 3,489 bp. After integration, this results in a net increase of 2,120 bp, 

still within the “Rule of Thumb”. 

 

The clyF gene is 735 bp long, only containing two domains: a catalytic domain and a 

CWB domain. While this type of domain organization is not uncommon, an 

arrangement consisting of two catalytic domains, followed by a C terminal CWB 

domain is far more common in nature. With the addition of a second catalytic domain 

and two additional linkers the size of a common endolysin gene is around the ~1400 

bp giving a net gain of genome size of approximately 2.8 kb.  

 

While the size of the protein in PHEARLESS version 1 is not limiting, being plasmid 

based, protein size is a potential limit for the PHEARLESS V2.2 expression strain in 

screening putative proteins for antimicrobial activity.  

 

To determine how accurate the “Rule of Thumb” is in the case of phage 186, three 

pIT4 integration plasmids were constructed for the purposes of increasing the 

genome size. Three plasmids were constructed containing ‘Junk’ DNA (E. coli FtsK) 

amplified from plasmid AH1606 to increase the pIT4 ClyF plasmid 

(pIT4_attP2_LoxP_S_186pJ_ClyF_cos+) by increments of 1 kb (Figure 38). After 

integrating the plasmids into the final expression strains, the net 186 genome 

increases were; +1,369 bp (Empty +1.3 Kb) (E4643 [pIT4-KT-cymR-pCym-Tum72]21 

[186 (∆Cos, ∆tum, 186pJ, cos+)]) (HB253)), +2,120 bp (ClyF +2.1 Kb) (E4643 [pIT4-

KT-cymR-pCym-Tum72]21 [186(∆cos, Tum, 186pJ ClyF, cos+])) (HB189)), +3,120 

bp (+3.1 Kb) (E4643(pIT4-KT-cymR-pCym-Tum72]21 [186(∆cos, ∆tum, 186pJ ClyF, 

1Kb, cos+)]) (HB265)), +4,120 bp (+4.1 Kb) (E4643(pIT4-KT-cymR-pCym-Tum72]21 

[186(∆cos, ∆tum, 186pJ ClyF, 2Kb, cos+)]) (HB261)) and +5,120 bp (+5.1 Kb) 

(E4643(pIT4-KT-cymR-pCym-Tum72]21 [186(∆cos, ∆tum, 186pJ ClyF, 3Kb, cos+)]) 

(HB263)). 
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To determine if these expression strains were capable of producing functional phage 

particles after increasing the 186 genome size, phage functional assays were 

performed using the phage plating protocols detailed above. Expression strains were 

grown to OD600 0.6, then diluted to produce ~100 cells per plate. The expression 

strain was plated using a top layer of 0.7 % agar containing 200 µL of propagation 

strain, QC024, and 240 µM of cumate to induce lysis. A plate only containing the 

diluted expression strain was also prepared using a LB agar to estimate the 

expression strain cell count. The number of single colonies on the LB plate should 

correspond to the number of plaques present on the QC024 lawn strains, because 

close to 100% of cells induce under these conditions. Plates were incubated 

overnight at 37°C and observed the next day for plaque formation. 
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Figure 38: Maps for pIT4 plasmids used to increase the 186 genome size. The basic pIT4 plasmid 

contains the same features as the previous pIT4 plasmids that contained the cos sequence (HB184). 

Plasmid size was increased using sections of a AH1606 gene fragment (FtsK gene). A) 

pIT4_attP2_LoxP_S_186pJ_ClyF_+1kb_cos+ (HB257) contains a 1 kb FtsK fragment and increased the 

genome size by 3.1 kb. B) pIT4_attP2_LoxP_S_186pJ_ClyF_+2kb_cos+ contains a 2 kb FtsK fragment 

and increased the genome size by 4.1 kb. C) pIT4_attP2_LoxP_S_186pJ_ClyF_+3kb_cos+ contains a 3 

kb FtsK fragment and increased the genome size by 5.1 kb. Figure was generated using SnapGene. 

 

Due to the lack of the native 186 cos sequence in the final expression strain for the 

PHEALRESS V2.2 expression strain, the minimum genome change that could be 

tested was the empty pIT4 plasmid (pIT4_attP2_LoxP_S_186pJ_cos+). Observation 

of the plaque formation from the five strains was performed with a minimum of three 

biological replicates. Plate images for each strain shows that plaque formation 

numbers between the Empty +1.3 kb and the ClyF +2.1 kb strains are very similar. 
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The number of expression cells for both strains also matched reasonably well the 

number of plaques present for both strains. The + 3.1 kb phage strain produces 

plaques that are approximately half the size of the plaques present on the Empty + 

1.3 kb plates. Although the size of the plaques of the + 3.1 kb phage strain is smaller, 

the number of plaques present is consistent with the cell count present on the LB 

plate. 

 

The + 4.1 kb phage strain produced very little visible plaque formation. The 

corresponding cell count plates demonstrated that the dilutions contained the 

expected number of expression strain cells (~70 cells per plate). While there was a 

small number (3) of + 4.1 kb phage capable of producing plaques, clearly the majority 

of the phage produced are non-functional. The last expression strain tested, +5.1 kb, 

gave no plaques at all (not shown).  
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Figure 39: Phage Functional Assay: Testing Phage Propagation for Phage with Increased 186 

Genome Size. Expression strain cells were plated onto a lawn of QC024 to test for the production of 

functional phage particles, on plates containing 240 µM of cumate. Plaques are present on plates 

labelled 186 Genome Net Gain +1.3 kb (E4643 [pIT4-KT-cymR-pCym-Tum72]21 [186 (∆cos, ∆tum, 

186pJ, cos+)] (HB253)) and 186 Genome Net Gain +2.3 kb (E4643 [pIT4-KT-cymR-pCym-Tum72]21 

[186(∆cos, ∆Tum, 186pJ ClyF, cos+)] (HB189)). Plaques are visible but smaller in size on the 186 

Genome Net Gain +3.3 Kb (E4643(pIT4-KT-cymR-pCym-Tum72] 21 [186(∆cos, ∆tum, 186pJ ClyF, 1Kb, 

cos+)]) (HB265)) plates. Only three of the plaques from the ~100 single expression cells plated on the 

final plate 186 Genome Net Gain +4.3 kb (E4643(pIT4-KT-cymR-pCym-Tum72] 21 [186(∆cos, ∆tum, 

186pJ ClyF, 2Kb, cos+)]) (HB261)) could be observed. The last expression strain constructed with a +5.1 
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kb in 186 genome size (E4643(pIT4-KT-cymR-pCym-Tum72] 21 [186(∆cos, ∆tum, 186pJ ClyF, 3Kb, 

cos+)]) (HB263)) was not included since it contained no visible plaques. 

 

It can be concluded from the plaque assay that the “Rule of Thumb” for the genome 

size, -/+ 10%, is accurate. This does place a limitation on the current 186-based 

system, limiting it to genes that are smaller than about 3.5 kb. However, there are a 

number of non-essential 186 genes, which could be removed to increase the size 

limit for genes of interest (discussed later in Chapter 8.a.ii). While this size limitation 

will affect phage production and is a consideration when making libraries for 

screening, it was of interest to know whether the prophage based expression system 

could be used to test antimicrobial function for individual clones. Undiluted cultures of 

the five expression strains grown to OD600 0.6 were tested against a lawn of the 

target strain, RN4220, to test if they would produce sufficient ClyF protein to lyse the 

target strain, as was the case in the plasmid-based system (Chapter 3: Design and 

construction of the PHEARLESS system).  

  

Therefore, each of the expression strains containing the additional filler DNA, +3.3 Kb 

(HB265), +4.3 Kb (HB261) and +5.3 Kb (HB263) were tested for ClyF expression, 

compared to the ClyF (no filler DNA) control strain (HB189) and the empty (no ClyF) 

control strain (HB253) on a lawn of RN4220. All five expression strains were grown to 

OD600 0.6 from overnight culture and 10 µL was spotted onto an agar plate containing 

a 0.7% agar top layer that contained 200 µL of the RN4220 target strain also grown 

to OD600 0.6. Since these strains carried the tum72 gene, only 40 µM of cumate was 

used to induce cell lysis. 40 µM of cumate were found to produce better ClyF 

expression and target lawn plaques then the 120 µM of cumate determined in 

Chapter 4.c PHEARLESS V2.1 Expression Strain Development and Optimization. 

The empty control strain (HB253) showed no killing of RN4220, unlike the positive 

control strain (HB189) which showed very obvious clearing. Each of the strains 

containing the extra “junk” sequence; +3.3 Kb, +4.3 Kb and +5.3 Kb, showed strong 

active ClyF expression, identical to the results for the ClyF positive control strain 

(Figure 40). Therefore, this expression strain could still be used for testing 

antimicrobial activity for genes that are larger than 3.5 kb in size.  
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Figure 40: Production of Functional ClyF Protein From Strains With Increased 186 Prophage 

Genome Size. Expression strains containing increased 186 genome sizes were tested to determine if 

ClyF controlled by the 186pJ promoter was still actively expressed. Expression strains were grown to 

OD600 0.6 and 10 µL spotted on a lawn of RN4220 on a 40 µM cumate plate. The positive control 

strain used was the ClyF expression strain controlled by the 186pJ promoter (HB189). The negative 

control used was the empty control strain which carried a pIT4 integration plasmid which lacked the 

ClyF gene (HB253). Each of the expression strains carried increased genome sizes; +3.3 Kb (HB265), 

+4.3 Kb (HB261) and +5.3 Kb (HB263) were capable of producing sufficient ClyF protein for clearing of 

the target strain. 

 

4.h PHEARLESS Mutant Protein Library Screening using the PHEARLESS V2.2 

Expression Strain, Recovery of Muralytic Activity from Inactive ClyF Mutant (ClyF(C36G)) 
 

With the improved PHEARLESS V2.2 expression strain, which uses the pIT4 plasmid 

containing the 186 cos sequence (Figure 38) and the cos- expression strain (HB186), 

the requirement for an overnight selection step to select for integrants is removed. 
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Only cells that have been successfully transformed and integrated with the pIT4 

plasmid will produce functioning phage particles able to infect the propagation strain. 

 

This improved approach was used in a proof of principle test to select for muralytic 

activity from a reverted ClyF gene, a member of an error prone PCR-generated 

library based on an inactive ClyF(C36G) fragment. Error prone PCR was used to 

generate a library ClyF(C36G) fragment (782 bp) containing one to four mutations 

per amplification. Details of error prone PCR mutation rates and calculations for the 

number of cycles used are found in Chapter 2.c.ii Error Prone PCR.  

 

The PHEARLESS Protein Library Screening started with PCR, using the Phusion 

PCR protocols and reagents (Chapter 2.b.ii Polymerase Chain Reaction (PCR)) to 

amplify the plasmid backbone fragments used for the plasmid mutant library 

assembly. These pIT4 backbone fragments were amplified from the empty version of 

the pIT4 cos+ plasmid (HB194), since it lacks any protein genes that could potentially 

be carried through the library preparation into the transformation sample. 

 

The ClyF(C36G) fragment was amplified from the pZS(^)45 186pJ ClyF(C36G) 

(HB177) template, noting that if any of this plasmid template carried through to the 

transformation step, it would not contribute to phage production. The primers 

designed for mutant library preparation from the ClyF(C36G) template (primers 

3219/3220), are located immediately before the start codon and at the stop codon. 

These primers can be used to amplify the gene of interest located from either the 

pIT4 plasmid or the pZS(^)45 plasmid. The primers added sufficient overlap to the 

gene for assembly with the pIT4 backbone fragments which are amplified using 

primer pairs 3149/3053 and 3054/3150 (Table 3). 

 

Following PCR, the fragments were cleaned up using a Monarch DNA Gel Extraction 

Kit to exclude the template (Chapter 2.b.iv DNA Clean up). The Phusion PCR 

generated fragment of the ClyF(C36G) was the template for error prone PCR 

(Chapter 2.c.ii Error Prone PCR), reducing the chances of template carryover. Error 

prone PCR was performed for eight rounds, aiming a minimum of two to three 

mutations per PCR product. 

 

After the error prone PCR fragments were purified and the PCR product 

concentrations were measured using a Nano-Drop spectrophotometer, the pIT4 cos+ 

backbone fragments and the ClyF(C36G) error prone fragment was assembled using 
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Gibson assembly (Chapter 2.c.iii Plasmid Fragment Assembly - Gibson assembly). 

56 ng of DNA each fragment was added to 15 µL of Gibson Assembly Master Mix in 

a total of 20 µL and incubated at 50°C for one hour.  

 

Gibson assembly samples were cleaned up and transformed directly into the final 

expression strain (HB186), which carried the helper plasmid for pIT4 integration 

(AH6045), pre-induced to express the att2 integrase. For the most efficient 

transformation and integration, ECC of the expression strain (HB186) were prepared 

the same day as the transformation (Chapter 2.c.v Preparing and Transforming 

Electrocompetent Cells (ECC)). Since the expression strain carries a temperature 

sensitive helper plasmid (att2 helper), cultures are grown to OD600 0.4 at 30°C, 

before performing a heat induction step at 39°C for 30 minutes with shaking at 100 

rpm to express the integrase. 3 µL of Gibson assembly was transformed into 40 µL of 

expression strain ECC, and left to recover and allow time for integration at 37°C of 90 

minutes.  

 

Before plating the transformation samples with the propagation and target strains, a 

drip assay was performed to confirm the transformation and integration efficiencies. 

A series of one in ten dilutions was done using the transformation sample. Then 10 

µL of the dilutions were added to both a non-selection plate and a selection plate 

containing 20 µM of Spec (Figure 41). After adding a sample close to the top of a 

plate, the plate was tilted, allowing the sample to run down the plate. After drying, the 

plates were placed at 37°C overnight, meanwhile the transformation sample was kept 

at 4°C overnight for plating the next day.  

 

The next day, the colonies that grew on the selection and non-selection plate were 

used to calculate the efficiency of the integration. The non-selection plate showed 

that the seventh dilution (1/1x10-7) is the last dilution to give colony growth. The fifth 

(1/1x10-5) and sixth (1/1x10-6) dilutions contain samples that are diluted enough to be 

counted, containing 126 and 11 single cell colonies respectively. Using the cell count 

for the fifth dilution the number of cells present in the 1mL transformation sample is 

1.26x109. The selection plate only contains cells in the undiluted and the first (1/10) 

dilution sample, with a 271 and 37 cell count respectively. Using the undiluted diluted 

cell count the estimated number of cells that were successfully integrated was 27,100 

cfu per 1 mL of transformation sample. Therefore, the percentage of cells that have 

been both transformed and integrated with the pIT4 plasmid is 0.002% allowing 
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screening a library of 27,100 clones. The assembly and integration steps are the 

limiting factors for the library size that can be tested, but could be scaled up. For 

example, trial was from a single transformation, using approximately one third of the 

assembly reaction. To increase the library size, the assembly reaction could be 

scaled up and all transformed into the final expression strain. 

 

 

Figure 41: Drip Assay Showing Transformation and Integration Efficiency of the ClyF(C36G) Gibson 

Assembly Library. To estimate the efficiency of the mutant library screen assay with the PHEARLESS 

V2.2 expression strain, a series of one in ten dilutions were made from the transformation sample 

after the recovery step, and 10 µL plated on a non-selective LB plate, and on an LB plate with 20 

µg/µL Spectinomycin (Spec20). The non-selection plate produces countable single colonies in the fifth 

(1x10-5) and sixth dilutions (1x10-6), 126 and 11 single colonies, respectively. The Spec20 plate 

produced viable cell colonies in the undiluted and first dilution (1x10-1), 271 and 37 cell count, 

respectively. 

 

After performing the drip assay to determine the integration efficiency, the remainder 

of the transformation sample was plated together with the target strain and the 

propagation strain, which were at a 50:1 ratio on plates containing 80 µM cumate. 

Again, the target strain was RN4220 and the propagation strain was QC024. The 

transformation sample was divided across two plates, each with 500 µL of the 

transformation mix added to the top 0.7% agar. For a detailed protocol for this 

experiment refer to Chapter 2.i PHEARLESS Protein Library Screening Protocols. 

The plates were incubated at 37°C overnight and observed the next day for the 

presence of plaques, representing possible ClyF revertants. Both plates contained a 

single plaque (Figure 42). These plaques were collected and purified by re-plating 

with the target strain and the propagation strain. Single plaques from this purification 
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step were collected, eluted in 50 µL of phage buffer solution, chloroform treated and 

stored at 4°C. 

 

 

Figure 42: PHEARLESS Mutant Protein Library Screening using the PHEARLESS V2.2 Expression 

Strain, Recovery of Muralytic Activity from Inactive ClyF Mutant (ClyF(C36G)). Plates contain the 

propagation strain (QC024) and the target strain (RN4220) at a 1:50 ratio. The cumate 

concentrations used for inducing lysis and clyF production was 80 µM. The transformation sample 

was divided across two plates. Each plate produced one suspected ClyF revertant plaque shown by 

the white circle. These plaques were isolated using standard methods. 

 

The purification plates showed that the phage collected from the initial screening 

plates were capable of producing more plaques (Figure 43). The fluorescent image 

shows the same number of plaques, where the Td-tomato expressing propagation 

strain was been lysed (Figure 43). Any contaminating phage carrying inactive ClyF 

would be able to infect the propagation strain (and be visible in the fluorescent 

image) but not cause clearing of the target RN4220 strain. This was not the case, 

indicating good purification of the potential revertants. 
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Figure 43: PHEARLESS Mutant Protein Library Screening, Recovery of Muralytic Activity from 

Inactive ClyF Mutant (ClyF(C36G)), Phage Isolation Plate 1. Phage plaques, isolated from the initial 

screening plate, phage were collected and treated with chloroform to kill any bacteria. Phage stocks 

were diluted and plated onto new lawns of Target: Propagation strain for purification. Grey scale and 

fluorescent photos were taken to determine if the phage samples were contaminated with non-active 

ClyF mutant carrying phage, which would be able to form plaques on the propagation strain but not 

clear the target strain. Both plaque isolates showed no contaminating phage. Representative result 

for one plaque shown here. 

 

The final isolated phage samples were used as template to generate PCR products 

for sequencing using primers 2948/2832, producing a 1kb band covering the ClyF 

gene (Figure 44, A). The PCR fragments were purified using Monarch PCR and DNA 

Clean-up kit and sent for Sanger sequencing (Chapter 2.b.iv DNA Clean up and 

Chapter 2.c.vi Sanger Sequencing) 

 

Sequencing results showed that both phage isolates had the G to T nucleotide 

revertant mutation, turning the Gly back into a Cys. In addition, phage sample 2 also 

contained a second silent mutation at the 288 nucleotide, turning the A to a T. This 

result suggests that each isolate came from a separate pIT4 plasmid assembled and 

integrated during library preparation. It is theoretically possible however that the ClyF 

fragment of phage 1 was the template for phage 2 in later steps of the error prone 

PCR reaction. 
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Figure 44: PHEARLESS Mutant Protein Library Screening, PCR amplification of the mutant ClyF gene 

from phage stocks and Sanger Sequencing results. Isolated phage exhibiting muralytic activity were 

used as a template for PCR amplification, amplifying the boundaries of the ClyF gene. A) Both phage 

contained bands of the expected size for a ClyF gene in that location (1002 bp). B) Shows the Sanger 

sequencing results of the original ClyF(C36G) clone (top) and the two putative revertants. Each carries 

a mutation converting the Gly back to the wild type Cys. Phage 2 carried a second silent mutation 

within ClyF (not shown) Figure was generated using SnapGene DNA sequence alignment. 

 

4.h.i Repeated and Optimisation of PHEARLESS Mutant Protein Library Screening using the 

PHEARLESS V2.2 Expression Strain, Recovery of Muralytic Activity from Inactive ClyF Mutant 

(ClyF(C36G)) 
 

To reconfirm that the revertant obtained in the initial PHEARLESS mutant library 

screening (4.h PHEARLESS Mutant Protein Library Screening using the 

PHEARLESS V2.2 Expression Strain, Recovery of Muralytic Activity from Inactive 

ClyF Mutant (ClyF(C36G))) was a true revertant created from the error prone PCR, 

the assay was repeated. A fresh Phusion-amplified template of ClyF(C36G) was 

generated and a new error prone PCR library produced from this template. Changes 

made to the protocols will be listed below. 

 

The sample size was changed in this experiment; the entire Gibson assembly mix 

was used in four separate transformations of electrocompetent cells. The 

transformation mixes were plated the same day, following the one-and-a-half-hour 

recovery step. The plate conditions were identical with propagation to target lawn 

strain ratios, but the cumate concentration was increased from 80 µM to 240 µM in 



144 
 

order to minimise the number of un-lysed expression cells. Finally, the recovery 

samples were plated across five plates instead of two to reduce the number of 

expression cells per plate, thus increasing the proportion of propagation cells 

available for infection and plaque formation 

 

Out of the four transformation samples, samples one and three produced a putative 

hit on one of the five screening plates (Figure 45). A control sample, 5, was also 

taken from transformation sample 2 plate 2. This sample was of a phage that did not 

give region of target strain clearing and hence should show no revertant mutation. 

Re-selection was then performed on these three phage samples using the same 

protocols as before, but using plates with a higher cumate concentrations, 240 µM.  
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Figure 45: Repeated and Optimised PHEARLESS Mutant Protein Library Screening using the 

PHEARLESS V2.2 Expression Strain, Recovery of Muralytic Activity from Inactive ClyF Mutant 

(ClyF(C36G)). To maximize efficiency, all of the Gibson assembly was transformed into the expression 

strain (Three Transformations Samples) with the experiments performed in parallel. The 

transformation samples were divided between five plates contain the target strain (RN4220) and 

propagation strain (QC024) at a 50:1 ratio, with 240 µM of cumate. Two of the three transformation 

samples produced plaques (white circles), Transformation 1 (Plate 3) and Transformation 3 (Plate 2). 



146 
 

Fluorescent photos were taken to assist in indicating how many successfully transformed and 

integrated expression strains were plated. 

 

Phage samples 3, 4 and 5 were re-selected on new plates to confirm that the 

plaques observed on the screening plates were reproducible. The phage dilutions 

used for the re-selected plates were more diluted than expected but still produced 

between five to fifteen plaques (Figure 46). Due to the dilutions of the re-selection 

plates no addition re-selections were need to be performed. Phage sample 3 

reproduced the plaques that occurred on the initial selection plate. Comparing the 

grey scale photo to the fluorescent photo shows that were are two plaques present 

that do not appear on the grey scale photo. This is phage contamination produced 

from a separate expression cell. Phage sample 5 (Figure 46) as expected did not 

produces any visible plaques present on the re-selection plate. There are however 

fluorescent plaques present on the fluorescent photo. Confirming that the sample 

does contain 186 phage but does not contain an active antimicrobial gene. Phage 

sample 4 (Figure 46) was determined to be a false positive on the initial screening 

plate and was unable to reproduces visible plaques on the re-selection plate. But due 

to the presence of the fluorescent plaques on the re-selection plate, 186 phage is 

present. Final phage samples for 3 and 4 was taken and PCR for the ClyF(C36G) 

gene present in the 186 genome. The PCR fragments for phage sample 3 and 4 

were then sent in for sanger sequencing. 
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Figure 46: Repeated and Optimised PHEARLESS Mutant Protein Library Screening, Recovery of 

Muralytic Activity from Inactive ClyF Mutant (ClyF(C36G)), Phage Isolation Plates. Phage isolated 

from the initial screening plates were collected and treated with chloroform to remove any bacteria. 

Phage stocks were diluted and plated onto new lawns of Target: Propagation strain (50:1) to verify 

the plaques observed on the initial plates were genuine. Grey scale and fluorescent photos were taken 

to determine if the phage samples were contaminated with non-active ClyF mutant carrying phage. 

An additional control sample (Phage Sample 5) from a fluorescent plaque which gave no clearing was 

isolated and reselected. Re-selection of phage sample 3 (top) gave a phage with lytic activity against 

RN4220. Phage sample 4 re-selection (centre) showed that the plaque observed on the 

transformation plate was likely a false positive, as no clearing was observed. Phage sample 5 

(bottom) was selected as a negative control, unable to give clearing of the target strain. 

 

Sequencing results show that phage sample 3 does contain a mutation reverting 

nucleotide G back to T, turning the Gly back into the wild type Cys (Figure 47). 

Phage sample 3 also contains two more nucleotide mutations. The first was a silent 

mutation at the 175th amino acid (T 525 C nucleotide change), the second mutation 

changes amino acid 153 from Lys to Arg (nucleotide change). This is unlikely to 

disrupt activity since this is a conservative amino acid change. Sequencing of ClyF 

from phage sample 4 showed sample 4 does not contain any mutation, therefore the 

plasmid that was assembled included the wild type template fragment in this 

instance.  
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Figure 47: Repeated and Optimised PHEARLESS Mutant Protein Library Screening, Sanger 

Sequencing results. Phage Samples 3 and 4 were used as a template for PCR amplification, 

amplifying the boundaries of the ClyF gene. Sequencing of these PCR fragments showed that phage 

sample 4 that showed no lytic activity had no revertant mutation and no additional mutations. Phage 

sample 3 contained a revertant mutation, Gly to Cys, which reactivates ClyF activity. Phage sample 3 

also contains two additional mutations, Lys153Arg and a silent mutation at the 175 amino acid. 

 

Summarising, in this chapter, the PHEARLESS system has been successfully 

adapted for high throughput analysis of a mutant library for proteins with antimicrobial 

activity. This adapted assay system has two major advantages over current systems 

used to test antimicrobial proteins and DNA libraries. The system's high throughput 

ability allows for a large number of clones to be tested in a single assay. The 

integration of the protein of interest into the 186 prophage provides a simple method 

of retrieving successful clone genomes. 

 

With the generation of the two PHEARLESS assay systems, one is able to test for 

antimicrobials and the second to improve the protein's antimicrobial activity and 

possible host range. The following section is to search for proteins that can be tested 

in the system for antimicrobial function. The proteins that have been chosen for 

antimicrobial activity testing are phage proteins, mainly endolysin proteins, that 

target S. aureus. This allows ClyF to be used as a positive control in the assays since 

current protocols allow for three expression strains per plate when testing protein 

function. The putative proteins have been chosen through bioinformatics searches as 

well as literature searches. There will also be S. aureus phage proteins tested in 

collaboration with other laboratory groups in a later chapter (6.b Putative Endolysin 

Genes Provided by the Basil Hetzel Institute). 
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Chapter 5: Bioinformatic Pipeline for Putative Antimicrobial Phage 

Protein Discovery 

 

The aim of this bioinformatics study is to search for antimicrobial proteins in 

bacteriophage, including proteins like endolysin, VALS and structural protein from 

predicted prophage genomes found in different bacterial S. aureus strains. Complete 

and incomplete S. aureus bacterial strains genomes were used in a web-based 

program called PHASTER to search for prophage genomes. Proteins annotated in 

the predicted prophage genomes were then formatted and uploaded to European 

Bioinformatics Institute (EMBL-EBI) (178) bio-sequence analysis tool (HMMSCAN). 

Domain results were then screened for domains of interest from a list of forty-four 

domains/phrases that are associated with antimicrobial activity. The proteins that 

contained one or more of the forty-four domains/phrases were then selected for a 

final table of predicted antimicrobial bacteriophage proteins. 

 

5.a PHASTER: Web-based Phage Search Tool  
 

PHASTER (PHAge Search Tool – Enhanced Release) is a web-based server used 

for the identification and annotation of prophage sequences within bacterial genomes 

and plasmids (179,180). PHASTER uses BLAST (181) and a clustering algorithm for 

identifying prophage genomes. GenBank and FASTA formatted genomic sequence 

data are BLAST searched against a custom prophage/phage database. Phage 

proteins that either match phage or phage-like sequences that have a BLAST e-

values less than 10-4 are saved as hits and further evaluated in a clustering program. 

The custom database was generated using two databases, the National Centre for 

Biotechnology Information (NCBI) phage database and a prophage database 

developed by Srividhya (182).  

 

PHASTER uses a number of different search and annotation tools for prophage 

discovery. Genome-scale ORF predictions and translations are identified via 

GLIMMER 3.02 (183) which are then processed using BLAST, which aims to provide 

a predicted identify for the proteins. Additional identifications for common phage 

features and sequences are searched for using BLAST. RNA sites are also 

investigated since they can provide additional information on phage features like 

phage attachment sites, which are calculated using tRNAscan-SE (184) and 
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ARAGORN (185). After searching for phage-like genes a clustering program called 

DBSCAN (186) is used to cluster all the phage-like genes into predicted prophage 

regions. Predicted prophage regions are calculated using two parameters. The first is 

the cluster size (n) which is defined by the minimal number of phage-like genes to 

form a prophage cluster (187). The second parameter is the distance (e) defined by 

the maximal spatial distance between two genes within a cluster (187). A score is 

given to each predicted prophage regions out of 150; 150 being 100% complete, 

score between 70-90 being questionable and a score below 70 being considered 

incomplete.  

 

PHASTER produces a web page containing the results (Figure 48) and a 

downloadable zip file of the results. The web pages contain a summary of the 

prophage regions present with a detailed list of the predicted proteins present in each 

region, including the CDS position, BLAST hit and E-values. The zip file contains the 

sequence of the phage region/s as well as a prophage region summary and a 

detailed list of predicted proteins. The detailed list of proteins was used in the 

pipeline of antimicrobial protein discovery.  

 

 

Figure 48: PHASTER (PHAge Search Tool Enhanced Release) (179,180); Web based application for 

identification and annotation of prophage sequences within bacterial genomes and plasmids. 
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PHASTER interface for uploading bacterial genomes sequences or GenBank accession number. B) 

PHASTER Summary of predicted prophage, details about the completion score of the predicted 

prophage, region, length, number of proteins, GC% and most common phage it is related to. C) 

PHASTER Genome Viewer tab which produces a visual representation of the regions with further 

details about the predicted prophage protein identified and annotated. 

 

5.b Data Formatting and Domain Search  
 

After retrieving the detail file containing the predicted proteins for each predicted 

prophage, the list was formatted into eight columns. Column one contained the 

protein number, column two contains the protein location, columns three to six 

contains information on the predicted BLAST hit from PHASTER. Each protein entry 

contained a different number of details from the BLAST results separated using 

different tab separation. To simplify the results, not all the data from the detail file 

was included in the new list of proteins. The seventh column contains the protein 

sequence for the protein and the final column contains the name of the bacteria the 

phage region originated from. 

 

HMMSCAN is a web-based tool found at EMBL-EBI (178) that is used for searching 

protein sequences against a database of protein profiles. The profile that was used to 

search against was the Pfam database generated by the EMBL-EBI. The version 

updated in May 2020 contained 18,259 different proteins families. The HMMSCAN 

was run using the default values for the search, E-Values default, 10, which will 

increase the number of false positives. But the final files will be evaluated separately, 

removing any protein that has a higher identity to non-antimicrobial proteins (188).  

 

After retrieving the domain search results for each protein, a filter was then used to 

search for domains that have shown antimicrobial activity. Two versions of the 

domain list were generated (Table 5), the first list was the initial list and contains 

domains related more to well-known endolysins domains. This first list was used in 

the first domain search (Chapter 5.c S. aureus Genomes Collected from Patients with 

Chronic Rhinosinusitis Provided by Basil Hetzel Institute ENT Surgery Group), 

investigating bacterial S. aureus genome contig files provided by the Basil Hetzel 

Institute from patients with chronic rhinosinusitis (189).  

 

The second list was generated for the second domain search which contain an 

increased number of domain families, from phage found in many different bacterial 
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species. The bacterial S. aureus genome used in this search were sourced from 

NCBI and belong to a study that sequenced many S. aureus genomes found in 

patients with cystic fibrosis lung infections (190) (Chapter 5.d S. aureus Genomes 

Collected from Patients with Fibrosis Lung Infections). Protein domain search results 

that contained a match for one or more of the words in the list were organized into a 

file for positive results. The protein domain results present in this positive result file 

were then organised into a table. The table contained the original information about 

the origin of the predicted protein, the protein sequence and PHASTER prediction. 

Each protein was re-investigated and details about the protein domains discovered 

were included in the table. A further parameter recorded for each protein was its 

presence in additional strains, searching for 100% identity. This showed that a large 

number of the proteins existed in additional prophage that were detected in 

PHASTER.  

 

Table 5: Keyword Domain Name List from the domain search script. Domain word is the key word 

used to search the results for the hidden Markov Models domain predictions. Two lists were 

generated a First and Second, with the Second Version containing a more extensive list. Definition of 

why each key word was chosen is included in the table, including any relevant literature reference. 

Domain Key word Definition First or Second 
Version of the 
Domain Search List 

Amidase Predicted Catalytic domain (124), family of 
enzymes that catalyses the hydrolysis of an 
amide (191). 

Both Versions 

Lysozyme Predicted Catalytic domain (124), lysozyme is 
the name of a large family of lytic enzymes 
(191). 

Both Versions 

N-acetylmuramidase Predicted Catalytic domain (124) Both Versions 

Endolysin In some cases, HMMSCAN will detail a domain 
as a predicted endolysin 

Both Versions 

cell wall binding In some cases, HMMSCAN will detail a domain 
as a CWB domain 

Both Versions 

hydrolases In some cases, HMMSCAN will detail a domain 
as a hydrolases domain 

Both Versions 

peptidoglycan binding In some cases, HMMSCAN will detail a domain 
as a peptidoglycan binding domain 

Both Versions 

CHAP Predicted Catalytic domain (124), a domain 
family that is commonly found in endolysins 
and is predicted to mainly carry a 
peptidoglycan hydrolysis function (191). 

Both Versions 

SH3 Predicted Binding domain (124), SH3 is a well-
studied, large family of CWB domains found in 
many types of endolysins. 

Both Versions 

Peptidase_ Predicted Catalytic domain (124) Both Versions 



155 
 

Glucosaminidase Predicted Catalytic domain (191), family of 
enzymes that hydrolyse the glycosidic bond 
between a carbohydrates and or carbohydrates 
and non-carbohydrate moiety. 

Both Versions 

Hydrolase Common dictation for a catalytic domain where 
the domain is predicted to contain hydrolase 
activity/function. 

Both Versions 

lysis protein Common dictation for a catalytic domain where 
the domain is predicted to contain a lytic 
function. 

First Version Only 

Lysis  Common dictation for a catalytic domain where 
the domain is predicted to contain a lytic 
function. 

Second Version 

Glyco_hydro Predicted Catalytic domain (124) Second Version 

Transglycosylase Predicted Catalytic domain (124) Second Version 

MltA A domain type predicted to involved in 
peptidoglycan binding, original found in a 
murein degrading transglycosylase enzyme  
(191). 

Second Version 

PG_binding Predicted Binding domain (124), In some cases, 
HMMSCAN will detail a domain as a PG binding 
domain. 

Second Version 

NAGLU Domain belongs to the glycoside hydrolase 
family 89 which function as a glycoside 
hydrolases (191). 

Second Version 

GcnA Annotation for a N-acetyl-β-D-glucosaminidase, 
included to identify Glucosaminidase domains 
(191). 

Second Version 

NAGidase Domain that belongs to family that has beta-N-

acetylglucosaminidase activity (191). 
Second Version 

WW_like Predicted Catalytic domain, domain that 
belongs to a peptidoglycan hydrolase domain 
family (191). 

Second Version 

LytB_WW Predicted domain that belongs to a Endo-beta-
N-acetylglucosaminidase domain that is 
predicted to have a peptide binding function 
(191). 

Second Version 

LysM Predicted Binding domain (124), the domain is 
predicted to bind to extracellular 
polysaccharides such as peptidoglycan (191). 

Second Version 

VanY Predicted Catalytic domain (124) Second Version 

Dockerin_1 Belongs to EF_hand family, family includes 
domains that act as CWB domains (123,191). 

Second Version 

YkuD Predicted Catalytic domain (124),  Second Version 

CW_binding HMMSCAN and PFAM annotation for CWB 
domain (191). 

Second Version 

NLPC_P60 Predicted Catalytic domain (124) Second Version 

ChW Predicted Binding domain (124) Second Version 

CW_7 Predicted Catalytic domain, domain was 
original found in the C terminal moiety of a 
lysozyme encoded by the Streptococcus 
pneumoniae bacteriophage Cp-7 (191). 

Second Version 
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LGFP Predicted Binding domain motif, predicted to 
increase the efficiency of catalytic domain by 
directing it towards the target (124). 

Second Version 

SPOR Predicted Binding domain motif, predicted to 
increase the efficiency of catalytic domain by 
directing it towards the target (124). 

Second Version 

SLAP Predicted Binding domain motif, predicted to 
increase the efficiency of catalytic domain by 
directing it towards the target (124). 

Second Version 

 

5.c S. aureus Genomes Collected from Patients with Chronic Rhinosinusitis Provided by 

Basil Hetzel Institute ENT Surgery Group 
 

The bacterial genomes that were provided by Associate Professor Sarah Vreugde of 

the ENT surgery group located at the Basil Hetzel Institute (BHI). The bacterial 

genomes sequenced were collected from patients suffering from chronic 

rhinosinusitis (189). Chronic rhinosinusitis is inflammation in the mucous membranes 

that line the sinuses and nasal cavity, caused by either viral or bacterial infection 

(192). 

 

In the USA, acute and chronic rhinosinusitis affects one in eight adults with 30 million 

cases annually diagnosed. It is the fifth most common disease treated with antibiotic 

therapy, costing between ten and thirteen billion US dollar in direct costs per year in 

USA alone (193). S. aureus bacteria was collected from mucosal swabs and tissues 

collected from patients who underwent surgery to treat their chronic rhinosinusitis. 

From the mucosal swabs and tissues samples collected, 57 S. aureus genomes were 

sequenced. Each S. aureus genome uploaded to PHASTER produced at least one 

predicted prophage region, including all complete and incomplete predicted 

prophage.  

 

The most common number of predicted prophage regions for the 57 strains is 3 

regions, with 10 being the highest number of predicted prophage regions in a single 

strain. The total number of proteins screened for domains of interests is 7264. From 

the 7264 proteins screened, 453 were predicted to contain a domain that either has 

antimicrobial activity or contains a domain that is predicted to have antimicrobial 

activity (Table 6).  

 

Table 6: Basel Hetzel Institute - Phage Predictions and Protein database V3. Date set of all putative 

antimicrobial proteins identified from putative prophages discovered in S. aureus genomes provided 

by the ENT surgery group. Including details about the predicted domain and protein sequences. Use 
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the provided link to gain access to the data set 

(https://drive.google.com/drive/folders/1a0wGVRV0VXZD8jTSJS7aJgr0jh66kZEq?usp=sharing).  

 

5.d S. aureus Genomes Collected from Patients with Fibrosis Lung Infections 
 

The second bioinformatics search (Table 7) was performed on prophage predicted in 

S. aureus genomes isolated from patients with cystic fibrosis (190). Cystic fibrosis 

(CF) is one of the most common lethal genetic diseases most commonly in people of 

Caucasian descent (194). Patients with CF are commonly afflicted with lung 

infections and inflammation eventually leading to respiratory failure. S. aureus is one 

of the major pathogens commonly found to cause infection in CF patients, as well as 

Pseudomonas aeruginosa and Haemophilus influenzae (195). The genomic data 

including the complete and incomplete assemblies, as well as the raw Illumina reads 

were made available through NCBI under the BioProject accession number 

PRJNA480016. 

 

Sixty-five S. aureus genomes were sequenced during the study; one isolate is a 

completed genome while the remaining 64 genomes are incomplete contig files. 

From the 65 genomes, 63 were found to contain at least one predicted prophage 

region. 209 predicted phage regions were discovered, producing a predicted protein 

list of 6473 proteins. From the 6473 predicted proteins, the domain search produced 

605 proteins that are predicted to have an antimicrobial ability. 

 

Table 7: Cystic Fibrosis Lung Infections - Phage Predictions and Protein database V2. Date set of all 

putative antimicrobial proteins identified from putative prophages discovered in S. aureus genomes 

isolated from patients with cystic fibrosis (190). Including details about the predicted domain and 

protein sequences. Use the provided link to gain access to the data set 

(https://drive.google.com/drive/folders/1a0wGVRV0VXZD8jTSJS7aJgr0jh66kZEq?usp=sharing). 

 

5.e Domains Detected in the Bioinformatics 

 

In addition to the domains that were searched for, a number of new domains were 

discovered that could contribute to antimicrobial activity (Table 6, Table 7) were 

detected. There was also a small number of domains that were found in only one of 

the searches. Below are the listed domains discovered in the search with a brief 

explanation of what function each of the domains have.  
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CHAP Domain 

 

Proteins containing CHAP domains and amidase domains were detected in both 

bioinformatics searches. The CHAP domain (Pfam: PF05257) belongs to the 

endopeptidase group of proteins, these types of proteins and domains cleave the 

peptide bonds located at the crosslinking site between the two side peptide chains 

(108,196). Due to the diversity present in peptidoglycan polypeptide chains and the 

interpeptide bridge in different bacteria, endopeptidases particularly CHAP domains 

are a very diverse group (109). CHAP stands for cysteine, histidine-dependent 

amidohydrolase/peptidase and it is an extremely common catalytic domain found in 

bacteriophage. While they are a large family, CHAP domains are largely 

characterised by the conserved catalytic residues, either a histidine or cysteine 

residue which acts as a nucleophile (196).  

 

The CHAPs general secondary structure belongs to the α + ß structural class of 

protein, with the N terminus of the protein consisting of primary of α-helices and the C 

terminus primary consisting of ß-strands (106). Novel CHAP domains have been 

shown to requires calcium ion for catalysis, showing that the CHAP domain family is 

quite broad and requires further study. Further evidence of why CHAP domains 

require further investigation is that a CHAP domain which contained a calcium 

binding site was not identified through sequence-based searches (123). 

 

CHAP domains can be found in a number of different phage proteins but they are 

also commonly found associated with the SH3 CWB domains (196). Which is why 

CHAP domains are extremely common in phage endolysins that infect Gram-positive 

bacteria, predominantly in Streptococcus spp. and Staphylococcus spp. phage 

(124,197). In both bioinformatics searches a large number (>40) of detected proteins 

were identified as containing a N terminus CHAP domain. No domains were detected 

as the C terminus domain, but the proteins are large enough for a potential C 

terminus CWB domain. In addition, all the CHAP domains from both searches are 

exactly the same size (251 amino acids). While detected multiple times, only 7 

unique protein sequences were detected. Six of these sequences show near identical 

homology, with one to two amino acid differences between them. 

 

Amidase (N-acetylmuramoyl-L-alanine amidase) Domain 
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Amidase_3 (Pfam: PF01520) and Amidase_2 (Pfam:PF01510) were detected in both 

searches, both are classified as having N-acetylmuramoyl-L-alanine amidase activity, 

belonging to the family of hydrolases (124,198). They degrade the peptidoglycan 

layer by cleaving the link between N-acetylmuramoyl residues and L-amino acid 

residues (124). Both amidase domains contain metal-dependent activity, requiring a 

zinc metal ion for catalysis (124).  

 

Amidase_2 is commonly found as the central catalytic domain in endolysin genes in 

Staphylococcus-like and Mycobacterium-like phage (124). Interestingly, the amidase 

domain commonly found in proteins predicted to have an endolysins function, usually 

located as a central domain (123,124). Amidase domains found in endolysin genes 

can produced mixed results. In some instances they can improve or act 

synergistically with the CHAP/first catalytic domain (123,124), but in other cases 

removing the amidase can result in increased activity (108,112,199). Secondary 

structural analysis of amidase_3 domains show they are generally comprised of six β 

sheets surrounded by five α helices, forming a pocket for zinc binding. Amidase_2 

produces similar secondary structure, amidase_2 identified in phage lysin LysGH15 

demonstrated a recessed area type structure formed by aββααββαβααααα topology 

(123). The α helices form the top and the β form the bottom of the recessed area 

which contained the groove for the zinc ion binding site (123). A comparison of other 

amidase_2 domains demonstrated similar structural folds but low sequence 

homology. Further investigation into both these amidase (Amidase_2 and _3) 

domains is needed since there is less characterization compared to domains like the 

CHAP domain. In both searches the CHAP domain was found to be associated with 

amidase domain on the proteins predicted to function as endolysins.  

 

Hydrolase_4 Domain 

 

Hydrolase_4 (Pfam: PF12146) also identified as Serine aminopeptidase, S33, is a 

member of the AB hydrolase family (Pfam: CL0028). It is classified as a catalytic 

domain found in a wide range of enzymes. AB hydrolase stands for Alpha/Beta 

Hydrolase fold, a clan of which contains 73 families with the number of domains 

included at 605 (as of 2022). In both searches only one protein was listed that 

contained a Hydrolase_4 domain. Both searches also contained no other known 

domain structures with the Hydrolase_4 domain spanning the length of the domain. A 

JACKHMMER (200) search of the protein shows that the closest known proteins that 
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share homology are carboxylesterases, hydrolases that cleave a carboxylic ester 

group using water, producing a carboxylate and an alcohol molecule (201). The top 

ten hits for one Hydrolase_4 containing protein in JACKHMMER identified a range of 

bacterial proteins belonging to the Staphylococcaceae family; Macrococcus lamae, 

Macrococcus caseolyticus, Staphylococcus auricularis, Staphylococcus microti, 

Staphylococcus massiliensis and Staphylococcus saprophyticus. 

 

To investigate a possible role that these proteins may have in a phage genome, 

InterPro web based protein family classification tool was used to identify proteins with 

similar domain architecture (202). InterPro identified one hundred sixty-two thousand 

proteins containing this domain architecture. This type of protein was only identified 

once in the CF search and four times in the BHI search, in phage that have very low 

intactness scores so it could be possible these are not phage proteins but rather 

bacterial protein. But since these proteins potentially contains hydrolase activity they 

were included in the final lists (203). 

 

Peptidase 

 

A number of different peptidase domains were detected in both searches, this section 

also contained protein domains with similar activity. The peptidase family is an 

incredibly large enzyme family, with peptidase found in every living organism on the 

planet (204). Certain peptidase (also called protease, proteinase and endopeptidase) 

found in phage are enzymes that uses hydrolases activity to cleave the peptide 

bonds located in the stem peptide and inter-peptide bridges, using water to break 

down the chemical bonds (204,205). The list of peptidase domains that were 

detected are sorted into studied and unknown sections. Since the peptidase family is 

a very broad family it is possible that some of the peptidase and hydrolases proteins 

discovered are not involved in PG degradation with potentially a different function 

internally during infection that is currently unknown (204). Of all the peptidase_ type 

domains discovered and detailed below, the CF search contained 96 hits that only 

contained a single peptidase domain that was the only identified domains. BHI 

search only produced 54 hits that contained this domain architecture. A number of 

different catalytic domains for endolysins have shown to contain different peptidases 

(124) including Peptidase_M23, which is why any Peptidase_ domains were included 

in the results.  
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Peptidase_S9 Domain 

 

A domain that was only present in the CF search (7 hits) that belongs to this family is 

the domain Peptidase_S9 (Pfam: PF00326). Like Hydrolase_4, the proteins in the CF 

search that contained a Peptidase_S9 domain didn’t contain any other known 

domains. All the proteins identified had a protein length of 234 amino acids, with the 

peptidase domain located at the N terminus in intact putative prophages. Therefore, it 

is a possibility that there is a potential unidentified C terminal domain which could be 

a novel CWB domain. Peptidase_S9 demonstrates serine-type peptidase activity, 

using a serine nucleophile that targets the peptide bonds in a polypeptide chain 

(206). A JACKHMMER (200) search of this domain produces very few proteins, 

which were classified as a protein with an unknown function. The top result however 

is a protein classified as a conserved hypothetical phage protein found in a S. aureus 

strain (Strain NCTC 8325). 

 

Peptidase_M20 Domain 

 

Peptidase_M20 (Pfam: PF01546) domains were found in both searches with CF 

containing a larger number of proteins. However, there were only two protein hits 

discovered in both searches which appeared in putative prophages, with higher 

intactness scores in CF and low scores in BHI. In both searches, they were the only 

identified domain in proteins of about 400 amino acid length spaning the entire 

protein. Peptidase_M20 belongs to a small clan of enzymes, Peptidase_MH (Pfam: 

CL0035), this clan contains a family of zinc metallopeptidases. The M20 domain 

belongs to a family of glutamate carboxypeptidases, which cleaves a C-terminal 

glutamate residue (207). The proteins found also contain a M20 peptidase 

dimerization domain, which consists of two alpha helices and four beta strands. 

InterPro (202) identifies two hundred and fifty-three thousand hits for proteins 

containing a Peptidase_M20 domains with M20 peptidase dimerization domain 

identified in the centre of the Peptidase_M20. 

 

Peptidase_M23 Domain 

 

Peptidase_M23 (Pfam: PF01551) is another zinc metallopeptidase, also classified as 

an endopeptidase which cleaves peptides and polypeptides. This domain belongs to 

the Hybrid (Pfam: CL0105) clan that is a superfamily that contains proteins that have 
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a hybrid motif. Endopeptidase is a catalytic domain that can be used to degrade the 

PG layer by cleaving the peptide bonds between the stem peptide and the inter-

peptide bridges. Peptidase_M23 has a single Zn2+ active site with the zinc ligands 

identified His227, Asp231 and His318, demonstrating a HXXXD and HXH motif 

(208). The secondary structure of Peptidase_M23 identified in a S. aureus 

Peptidase_M23 shows a two-domain beta protein, generated by six beta sheets that 

contain the active sites (208). 

 

This peptidase domain was discovered multiple times in both searches, 74 times in 

the CF search and 66 times in the BHI search. The majority of the protein hits 

identified were between 900 and 2000 amino acids long, each containing two to three 

domains. Five protein hits were found to be below the 900 amino acid threshold, with 

all but one containing only the peptidase_M23 domain. The five proteins include 

predicted prophage genomes that had a range of intactness scores and all but one 

was predicted as a tail length tape-measure protein. The proteins above the 900 

amino acid length range all had two or three domains identified, a Peptidase_M23 

domain located near the C terminal and either a PhageMin_Tail and/or SLT, with the 

PhageMin_Tail located at the N terminal of the protein and the Peptidase_M23 and 

SLT domains located at the C terminal. Most of these proteins were classified as 

phage tail tape measure protein by PHASTER prediction. From this data, protein 

Peptidase_M23 domain appears to be a common peptidase domain found on the 

phage tail tape measure proteins which may have a role in breaking through the PG 

layer of a bacteria to injects it DNA (209,210).  

 

Peptidase_M23 has been identified as a catalytic domain found in phage endolysins 

the belong to a range of bacterial genera (124,211). CwlP is found in a Bacillus 

subtilis SP-β phage that contains very similar domain architecture, a N terminal 

PhageMin_Tail and a Peptidase_M23 and SLT domains and SLT domains located at 

the C terminal. However, the CwlP has the Peptidase_M23 and SLT domains 

swapped, with the Peptidase_M23 located closer to the C terminal (212). Functional 

studies performed on CwlP demonstrated that both the SLT domain and the 

peptidase_M23 hydrolase have activity, capable of breaking domain the Bacillus 

subtilis cell wall (212). Peptidase_M23 in the SP-β phage requires the presence of 

Zn2+, digesting the D-Ala-diaminopimelic acid (A2pm) bond present in the cross-

linkage (212). 
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Peptidase_M50B Domain 

 

Peptidase_M50B (Pfam: PF13398) belongs to a clan, Peptidase_MA (Pfam: 

CL0126), of zinc-dependent metallopeptidases that contain the HEXXH motif. This 

domain appears is both searches but only one to two times. All three hits are 

identified in predicted prophage that PHASTER classifies as questionable. The 

proteins are not very large, 59 amino acids in length and the peptidase_M50B 

appears to cover the entire protein. It has not been thoroughly investigated with it 

only being noted as that it is found in bacteria and plants. There is one more domain 

located on the proteins that carried the Peptidase_M50B domain, SdpI (Pfam: 

PF13630). Sdpl belongs to the SdpI/YfhL protein family which is an integral 

membrane protein which is noted to protect a toxin-producing cell from being killed 

(213).  

 

Peptidase_M78 Domain 

 

Peptidase_M78 (Pfam: PF06114) also belongs to the Peptidase_MA (Pfam: CL0126) 

clan, also identified as IrrE N-terminal-like domain. This domain appears nineteen 

times in the BHI search and thirty-eight times in the CF search. Peptidase M78 

appears on small proteins that are between ~150 to ~200 amino acids in length, with 

no other domains present. PHASTER predicts the majority of these proteins as 

unknown proteins, but some are identified as; ribosomal protein, DNA topoisomerase 

medium subunit and toxin-antitoxin system. There is more protein size and domain 

coverage variation then the previous peptidase domains but it appears that the 

domains cover the majority of the protein. Peptidase M78 is summarised as a IrrE N-

terminal-like domain, JACKHMMER (200) of one of the peptidase M78 proteins 

produces a majority of uncharacterized proteins, with the majority of the results 

having originated from different staphylococcus phage.  

 

Peptidase M78 domain family contains a metallopeptidase which contains a zinc-

binding motif (HEXXH). This domain has been identified in a conjugative transposon 

protein called ImmA (214), suggesting that the peptidase M78 identified in this 

bioinformatic search could play a role in mobile gene element organization instead of 

muralytic activity. 
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Peptidase_S24 Domain 

 

The Peptidase_S24 (Pfam: PF00717) domain was another commonly appearing 

protein domain (>50 in each search), in most cases accompanied by an N terminal 

helix-turn-helix (HTH_3 or HTH_19). Majority of the proteins containing these 

domains had a protein size of ~200 amino acids which were often predicted as 

unknown, putative repressors and cI repressor like proteins. The peptidase domain in 

all the protein hits is located at the C terminal with the proteins containing the HTH_3 

domains located at the N terminus. Peptidase S24 also known as peptidase S24-like 

is part of the Peptidase_SF (Pfam: CL0299) clan which only contains two more 

members, with S24 being not well studied (215). It is noted that the S24 domains all 

contain a C terminal helix-turn-helix domain which is predicted to be important for 

DNA binding (216). It is more probable that these proteins are involved in DNA 

regulation of some kind due to the presence of the C terminal helix-turn-helix domain, 

known for being important for DNA binding (217). 

 

Peptidase_S49_N Domain and Peptidase_S41 

 

Both Peptidase_S49_N (Pfam: PF08496) and Peptidase_S41 (Pfam: PF03572) 

belong to the same clan, ClpP_crotonase (Pfam: CL0127). Peptidase_S49_N (Pfam: 

PF08496) appears regularly in both searches while Peptidase_S41 (Pfam: PF03572) 

only appear once in the CP search. Peptidase_S49_N appears regularly in both 

searches, 30 hits in the BHI search and 43 in the CF search. While this domain 

commonly appears in both searches, it is present in a range of predicted prophage 

genomes from incomplete, questionable and intact prophage.  

 

The majority of the proteins are listed as unknown proteins, with three proteins being 

predicted as phi PVL ORF 17 homologue in the BHI search. While appearing multiple 

times there are also only three different sequences in each search, showing that the 

protein sequence is most likely tightly conserved. The protein sequences are either 

99 or 98 amino acids long, with only the Peptidase_S49_N domain present covering 

the entire protein sequence. The only Peptidase_S41 (Pfam: PF03572) detected is 

much larger at about 500 amino acids in length and also contains a C terminal 

PG_binding_1 domain (Pfam: PF01471). This PG binding domain is a member of the 

PGBD (Pfam: CL0244) clan which contains two more PG binding domains, 2 and 3. 

PG_binding_1 was found to act as a CWB domain for a Streptomyces phage 
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endolysin (218). While the single protein containing a Peptidase_S41 domain also 

carries a PG_binding_1 domain which suggests it could potentially have muralytic 

activity. The protein is only discovered once and in a prophage genome that is 

classified as incomplete. Peptidase_S49_N is more likely involved in the maturation 

of the pro-head of the phage and acts as a phage pro-head protease gene (219).  

 

Trypsin and Trypsin_2 Domain 

 

A set of serine proteases that were detected in both searches was Trypsin (Pfam: 

PF00089) and Trypsin_2 (Pfam: PF13365), both belonging to the Peptidase_PA 

(Pfam: CL0124) clan. Serine proteases cleave peptide bonds using a Serine residue 

which functions as a nucleophilic amino acid at the protein’s active site (220). The 

majority of the proteins detected are predicted to function as a exfoliative toxin A. 

Exfoliative toxin are extracellular protein commonly found in S. aureus which it can 

gain from bacteriophage by horizontal gene transfer (221). The toxins are released 

during bacterial cell lysis causing Staphylococcal scalded skin syndrome (SSSS). 

Clinical features of SSSS range from localised to severe blistering, largely affecting 

neonates and young children (222). Exfoliative toxins are major pathogenic features 

that can originate from bacteriophage and makes treatment of the bacterial infection 

difficult.  

 

CLP_protease  

 

Another serine peptidase domain detected in both of the searches was 

CLP_protease (PF00574) which belongs to the Clp_crotonase (Pfam: CL0127) clan. 

The average protein length between both searches is between 200 and 250 amino 

acids with the domain covering the majority of the protein. No other domains are 

present on the protein. The PHASTER prediction produced a number of different 

predictions for the proteins carrying this domain, including; unknown, pro-head 

protease, putative Clp protease, protease/scaffold protein and S14 family 

endopeptidase ClpP. The JACKHMMER (200) search for one of the proteins 

produces a large list of significant matches with the first forty-five matches for 

phage/virus genes, top results for S. aureus phage.  

 

Comparing the UniPro (223) entries for a large number of the matches show that all 

the proteins are classified as unreviewed with protein function inferred from 
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homology, with their molecular function predicted as “ATP-dependent peptidase 

activity” and “serine-type endopeptidase activity”. A protein that belongs to the CLP 

peptidases family is ClpP, a CLP peptidases protein found in E. coli. These Clp 

proteases are constructed of two components: a number of regulatory ATPase 

component and a proteolytic component (224). Clp proteins in E. coli as well as Lon 

proteins account for approximately 80% of protein degradation (225). This family of 

proteins is believed to participate in protein quality control in the cell, due to the Clp 

ATPase components participation in protein degradation, as well as folding and 

remodelling.  

 

Comparing the function in E. coli it is likely that the proteins containing a 

CLP_protease domain do not have a catalytic function against its bacterial host. 

However, due to the novelty of the protein it could still be investigated, since it could 

potentially have a role in the quality control of phage proteins or degradation of host 

protein. Bacteria do evolve ways to inhibit phage infection that the phage must 

develop methods to get around.  

 

Glucosaminidase 

 

There are two types of catalytic domains that will target glycosidic bonds between the 

N-acetylglucosamine and the N-acetylmuramic acid in the PG layer. Both cleaved the 

glycosidic bonds using hydrolase activity, each cleaving either the left or the right 

side of the N-acetylmuramic acid. Glucosaminidase (Pfam: PF01832) are well-

studied catalytic domains which target the left side of the N-acetylmuramic acid, part 

of the Lysozyme (Pfam: CL0037) clan, belonging to the Glycoside hydrolase family 

73, this domain cleaves the β (1-4) linkage between the glycans using glycoside 

hydrolases. The Glucosaminidase (Pfam: PF01832) domain was detected in both 

searches over twenty times, all in addition to an N terminal CHAP domain (except for 

one protein).  

 

While this bioinformatics domain search was able to detect the Glucosaminidase 

domain, the PHASTER BLAST search prediction produced a number of results. 

Many names included “tail tip” or “tail-associated” as well as “cell wall hydrolase”. All 

the proteins are about 600 amino acids in length, with an N terminal CHAP domain 

and the C-terminal Glucosaminidase domain. The most likely function of these 

proteins are phage structural proteins located on the tail tip area, which is in line with 
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the PHASTER BLAST predictions. Glucosaminidase (Pfam: PF01832) belongs to the 

glycoside hydrolase family 73, a large family of enzymes that hydrolyse a glycosidic 

bond between either two or more carbohydrates, or between a carbohydrate and a 

non-carbohydrate moiety (226).  

 

Glucosaminidase domains are a known catalytic domain they appear less frequently 

in staphylococcus-like endolysins (124), and are more likely to be found in structural 

proteins. Some examples of previous studies of this domain involve it’s use as a lytic 

enzyme (227), or its function as a structural component (228). Estrella and Quinones 

article (228) on S. aureus phage virulence showed that some of the phage 

investigated required β-N-acetyl glucosamine modification of cell wall teichoic acids 

for host cell infection. This is significant since it has been observed that modification 

of cell wall teichoic acid can remove MRSA resistance to β-lactam as well as other 

antibiotics (229). 

 

Cell Wall Binding Domain  

 

This bioinformatics was originally designed for phage endolysin discovery, but since 

has been increased to cover different catalytic domains. CWB domains were not the 

focus of the bioinformatics search, but a few domain key words like “SH3” and 

“PG_Binding” were still included in the search. The second bioinformatics search on 

the protein list generated from the CF bacterial genomes included a number of 

additional CWB domains. Unfortunately, apart from one PG_binding_1 domain 

(Pfam: PF01471) none of the other CWB domains search for were detected. This is 

not unexpected since phage that target S. aureus strains more commonly contain 

SH3 CWB domains in their endolysin, as previously mentioned (99,113). 

 

The Src Homology-3 (SH3) CWB domain is a commonly found CWB domain in S. 

aureus phage endolysins and autolysins, belonging to either the SH3_3, SH3_5 and 

SH3b type (124). The SH3 (CL0010) clan of proteins can be found in a number of 

other organisms, from prokaryotic to eukaryotic (119). The general secondary 

structure for SH3 domains, previously described in the Introduction SH3 domain, are 

made up of five to seven β-strands that are organised as antiparallel β-strands, 

connected by linkers (120).  

 

These domains are known to favour binding to sequences that are proline rich (230). 

One of the first characterised SH3 domains was a lysostaphin SH3b domain present 
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on a ALE-1, a lysostaphin isolated from a Staphylococcus capitis EPK1 bacteria 

(231). Two types of SH3 domains were detected in both searches, SH3_5 (Pfam: 

PF08460) and SH3_3 (Pfam: PF08239), SH3_3 only being detected twice in the BHI 

search. It is believed that the SH3 domain binding target is in the majority cases 

located in the glycine-rich bridges which is one of the reasons they are commonly 

observed in Staphylococcal phage (232). PG_Binding domains were included since 

proteins that are capable of binding to the PG layer of the bacterial cell would be of 

interest. The section on the PG_Binding domain detected was investigated above 

due to its presence on a protein containing a Peptidase_S49_N (Pfam: PF08496) 

domain. 

 

Potential Domain of Interest 

 

An additional column was added to the table to indicate any domains found in 

proteins containing domains of interest. While these domains may not be of interest 

directly as antimicrobial proteins, they can potentially shed some light on the overall 

function that the protein has.  

 

Prophage_tail and PhageMin_Tail  

 

Two phage tail domains were detected in both searches. Prophage_tail (Pfam: 

PF06605) and PhageMin_Tail (PF10145), each located at the N terminal of a protein. 

Prophage_tail (Pfam: PF06605) is actually classified as a peptidase, belonging to the 

Phage_barrel (CL0504) clan which consists of a variety of bacteriophage structural 

proteins that consist of beta barrels. A JACKHMMER (200) search produced a large 

list of significant matches for phage genes. Of the top 80 matches viewed, all are 

only predicted proteins with no experimental evidence of their function.  

 

In both searches, the proteins that contained the Prophage_tail (Pfam: PF06605) 

also contained a Lipase_GDSL_2 (Pfam: PF13472) domain. This domain is located 

at the C terminal domain and belongs to the SGNH_hydrolase (CL0264) clan. This 

domain belongs to the GDSL-like Lipase/Acylhydrolase family and the domain is 

predicted to act as a lipase.  

 

GDSL lipases have been found to be abundant in other microbes and plant species. 

These lipases contain a GDLS motif GxSxxxxG, containing a Ser active site near the 

N terminus of the domain (233). With reports that GDSL lipases found in Arabidopsis 
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possesses anti-microbial activity, expressed in responses to abiotic, biotic stress and 

defence against pathogens (234). 

 

The second phage tail domain discovered was a PhageMin_Tail (Pfam: PF10145), a 

phage-related minor tail protein. This domain is less defined than the Prophage_tail 

(Pfam: PF06605) domain since it does not even belong to a clan. All the proteins 

detected in both searches that contained a PhageMin_Tail (Pfam: PF10145) also 

contained a C Terminal Peptidase_M23 (Pfam: PF01551) domain. A JACKHMMER 

(Potter et al., 2018) search for the protein containing this domain produces a large list 

of significant matches for phage genes like PhageMin_Tail (Pfam: PF10145). Also 

like PhageMin_Tail (Pfam: PF10145) all of the hits are of only predicted proteins 

without evidence of the function. One protein hit for a Lysostaphin protein found in S. 

aureus (UniProtKB: A0A380EA25) is predicted to have hydrolysis activity that targets 

the -Gly-|-Gly- bond found in a pentaglycine inter-peptide link in the Staphylococcal 

PG layer. This hydrolysis activity would be performed by the Peptidase_M23 (Pfam: 

PF01551) domain. In addition to the Peptidase_M23 (Pfam: PF01551) domain, a 

third domain was detected in about half the proteins discovered; SLT (Pfam: 

PF01464). SLT (Pfam: PF01464) belongs to the Transglycosylase SLT domain 

family as part of the Lysozyme (CL0037) clan. The Lysozyme (CL0037) clan is a 

large clan of proteins found in a large number of organisms including phage, fungi 

and animals. All proteins found in the clan have a polysaccharides hydrolysing 

function (235). The amino acid sequence can share little homology but all share a 

conserved core structure that consists of two helices and a three-stranded beta-

sheet, forming the substrate-binding and catalytic cleft (235). As stated above in the 

Peptidase_M23 section the SLT domain has been shown to demonstrate 

muramidase activity, digesting the linkage between NAG and NAM (212). 

 

Domain GPW_gp25 (Pfam: PF04965) was detected only once in the BHI search. It 

was included in the results although it has a very high E value. A JACKHMMER (200) 

search of the protein displays a list of unknown proteins, all originating from S. 

aureus phage. The domain detected is predicted to belong to the baseplate wedge 

protein family, with no known clan. Another gp25 protein belonging to the same 

family is the T4 phage gp25 protein which is structural protein part of the type VI 

secretion system. It is one of the many components that construct the wedge, an 

inner section of the baseplate (236). This protein likely has no catalytic activity since 

it likely a portion of the baseplate, important for sheath assembly and contraction of 
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the tail for attachment and host cell penetration. It was detected in the search 

because it shared the highest homology with, “Gene 25-like lysozyme”. This protein 

was still included in the table due to its value of being an important structural protein. 

The T4 phage is a Gram-negative E. coli virus and the JACKHMMER (200) produced 

many proteins that were un-identified. Studying and identifying this protein could 

provide important structural information for baseplate formation in S. aureus phage. 

 

A single domain that appeared in the CP search is a Lysozyme_like (Pfam: 

PF13702) domain that appears on a protein carrying a NLPC_P60 (Pfam: PF00877) 

domain. The Lysozyme_like (Pfam: PF13702) domain belongs to the large 

Lysozyme-like superfamily (Lysozyme, Pfam: CL0037). While a number of the 

protein families belonging to the Lysozyme-like superfamily have been thoroughly 

investigated it also contains a number of emerging families of proteins that have only 

recently been discovered. The Lysozyme_like (Pfam: PF13702) domain is one of 

these. At least one of the proteins belonging to this family has been crystallised, 

4HPE (237), a putative cell wall hydrolase from Clostridioides difficile a Gram-positive 

bacteria. The domain attached to the Lysozyme_like domain is NLPC_P60 (Pfam: 

PF00877), belonging to the Peptidase_CA (CL0125) clan, a family of catalytic 

domains that target membrane-associated lipoprotein NlpC in E. coli (238). 

 

Another protein that only appears once in the CP search is a protein containing two 

of the same domain, Stap_Strp_tox_C (Pfam: PF02876), belonging to the Ant-

toxin_C (CL0386) clan of toxins. This is a small clan containing two members, 

Stap_Strp_tox_C and the MAP domain family. This domain is predicted to function as 

bacterial super-antigen toxins found in S. aureus. Like exfoliative toxin A listed above 

this protein was included in the table due to its pathogenic ability. One of the domains 

recorded was PDZ_2 (Pfam: PF13180) which belongs to a family of peptide binding 

site domains. This domain was only found in the CP search on two individual 

proteins, in one protein it appeared twice. On one protein it was located directly 

before the Peptidase_S41 (Pfam: PF03572) domain and the PG_binding_1 domain 

(Pfam: PF01471). On the other protein it is located at the C terminal of the protein 

after Trypsin_2 (Pfam: PF13365) domain.  

 

A domain that was only found on proteins containing Peptidase_S24 (Pfam: 

PF00717) was the helix-turn-helix domain HTH_3 (Pfam: PF01381), which belongs 

to a large family of a diverse range of mostly DNA-binding domains. This could 
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suggest that the proteins containing the Peptidase_S24 (Pfam: PF00717) domains 

are actually involved in genome regulation due to the HTH_3 (Pfam: PF01381) 

domain. In addition to HTH_3 (Pfam: PF01381), HTH_19 (Pfam: PF12844) was also 

detected. Like HTH_3, HTH_19 also belongs to the same super family of DNA-

binding domains but is found in a family the contains antitoxins from bacterial toxin-

antitoxin systems which are predicted to be DNA binding (239). 

 

Summarising, bioinformatics tools are excellent resources for identifying specific 

types of proteins. From 13,737 putative phage proteins in this bioinformatic pipeline, 

the pipeline was able to filter the list down to 1,058 potential antimicrobial proteins. 

This number can be further reduced by removing proteins that have high sequence 

homology to each other. These data sets (Table 6, Table 7) will be used as a source 

of putative antimicrobial phage proteins for testing in the PHEARLESS assay system. 

With the additional information about the predicted domains provided in the data 

sets, informed decisions can be made when choosing proteins for investigation. 

Allowing us the choice to excuse proteins that could require additional proteins to 

assemble and function or choosing a unique protein that contains domains with low 

identification scores (Domain E-values scores). 

 

From the combined protein results for both bioinformatic searches, four proteins were 

chosen and investigated for antimicrobial activity. The four proteins were selected 

using the criteria of each protein showing medium to low homology with one another, 

since many of the proteins identified in both searches shared high homology. In-

depth literature searches were also performed on each to eliminate proteins that 

have a high homology to identified phage proteins that have already had functional 

studies performed.   
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Chapter 6: Selected Proteins Tested for Antimicrobial Activity 

 

6.a Proteins Investigated using the PHEARLESS System 
 

After completing the optimised versions of the PHEARLESS V1 expression strain 

(Chapter 3: Design and construction of the PHEARLESS system) and PHEARLESS 

V2 expression strains (Chapter 4: PHEARLESS V2 Assay) for testing antimicrobial 

proteins for activity, a small selection of putative proteins were chosen for testing. 

Seven proteins were chosen from the bioinformatics results presented in Chapter 5: 

Bioinformatic Pipeline for Putative Antimicrobial Phage Protein Discovery and a third 

bioinformatics search performed by Oliveira and Sampaio (232). The bioinformatics 

search aimed to provide insight into the evolutionary relationship and genomic 

diversity between different phage genomes in a library of 200 Staphylococcal phage. 

In addition to providing a better evolutionary understanding of phage genomes, a 

dataset of endolysin genes was generated. The broad criteria for selection was that 

the protein is likely to be derived from a phage, and contains at least one catalytic 

domain, meaning that phage structural proteins may be included. 

 

A literature search was performed to determine if any of the protein candidates had 

been studied in terms of catalytic activity. Each of the significant matches above 50% 

similarity were investigated for evidence of catalytic activity and each of the UniProt 

(223) hits were investigated for links to functional studies. In many cases the 

annotation score of the protein was classified as “protein predicted”, as part of a 

genome annotation article. The molecular function of theses unknown genes are in 

some cases predicted using the Gene Ontology: tool for the unification of biology 

(GO) (240,241). The protein name as well as the phage names for each of the 

protein were investigated. 

 

6.a.i Proteins Discovered in Bioinformatics Searches 
 

Three of the seven protein candidates were chosen from the BHI bioinformatics 

search (Chapter 5.c S. aureus Genomes Collected from Patients with Chronic 

Rhinosinusitis Provided by Basil Hetzel Institute ENT Surgery Group). One of the 

proteins (P1) was predicted to function as an endolysin protein due to the presences 

of CHAP, Amidase and SH3 binding domains, in that order. The second protein (P2) 
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contained a single CHAP domain at the N terminal with no domain detected at the C 

terminal. The third protein (P3) is predicted to act as a structural protein, located in 

the tail region due to the presence of a CHAP domain and glucosaminidase domain. 

 

Putative Phage Protein with Predicted Antimicrobial Activity: PE_BHI_P1 
 

The first protein was from the BHI bioinformatics search (Chapter 5.c S. aureus 

Genomes Collected from Patients with Chronic Rhinosinusitis Provided by Basil 

Hetzel Institute ENT Surgery Group) labelled as PE_BHI_P1 (P1) (Figure 49) (53.86 

kDa) was found in an intact predicted phage region (PHASTER score 150) in strain 

BLAC_32, contig 17. The phage is predicted to be 29.7 Kb in length. The predicted 

annotated ORFs in this phage all corresponded to known phage genes, with 24/42 

found in Staphylococcus phage JB (NCBI Reference Sequence: NC_028669.1). 

 

HMMSCAN results (Figure 49. A) show three different domains that are commonly 

found in endolysins: An N-terminal CHAP domain with domain boundaries from 

amino acids 20 to 113, a second Amidase_3 (N-acetylmuramoyl-L-alanine amidase) 

domain, predicted to start at residue 181 and end at the amino acid 364, and a final 

domain at the C terminal, predicted to be a CWB domain, SH3_5 (Src homology-3 

domain), from amino acids 399 to 465. 
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Figure 49: Putative phage protein with predicted antimicrobial activity against S. aureus, 

PE_BHI_P1, chosen from the BHI bioinformatics search. A) Shows figure adapted from HMMER: 

Biosequence analysis using profile hidden Markov Models online web tool (200). HMMER identifies 

three domains; N terminal CHAP domain (20 – 113 amino acids), Amidase_3 (181 – 364 amino acids) 

and a C terminal SH3_5 (399 – 465 amino acids). B) Shows figure adapted respectively from PSIPRED 

protein structure prediction online tool (242). PSIPRED predicts that the CHAP domain contains one α 

helix followed by five β sheets (α β β β β β), the Amidase_3 follows an β α β α α β β α β β α α 
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architecture and the SH3_5 contains five predicted β sheets (β β β β β). PSIPRED also includes a 

legend with further information about the predicated secondary sequence. 

 

Matches from the JACKHMMER (200) search show hits for proteins identified as 

amidases from different species of S. aureus phage, with the top thirty hits for 

proteins with an identical % similarity. One of the proteins from the list of top thirty 

hits have been investigated experimentally.  

 

The P1 protein hit that was investigated was probable autolysin PH (UniProt: 

PH_STAA8) which was isolated from S. aureus NCTC 8325 (NCBI: txid71366). 

Unlike peptidoglycan hydrolase (UniProt: Q2FYD8 · PH_STAA8) this study was able 

to purify full length protein, but the protein showed no activity against the S. aureus 

strain it was tested against (SA113) (243). However, a chimeric endolysin protein 

constructed using the CHAP domain from probable autolysin PH with the CBD from 

LytM, was constructed and was capable of lysing S. aureus.  

 

The problems encountered with protein aggregation at high expression levels are 

less likely to occur in the PHEARLESS system because expression levels are 

considerably lower. In addition, since the putative proteins originated from strains 

sequenced by our collaborators, it is possible to test for activity against the original 

isolates, in addition to our standard test strain (RN4220). This putative endolysin (P1) 

was also found in three other putative phage identified in different isolates in the BHI 

strain; BROCK_27, COUG_54 and FRAN_8. 

 

Putative Phage Protein with Predicted Antimicrobial Activity: PE_BHI_P2 
 

The second protein from the BHI bioinformatics search (Chapter 5.c S. aureus 

Genomes Collected from Patients with Chronic Rhinosinusitis Provided by Basil 

Hetzel Institute ENT Surgery Group) was labelled PE_BHI_P2 (P2) (Figure 50) 

(29.06 kDa), this protein is predicted to have catalytic activity due to the presence of 

the CHAP domain. Whether it acts as a endolysin or a structural protein is unknown. 

P2 was discovered in an intact predicted phage (PHASTER score 130) found in the 

ARC1 bacterial strain, contig 10. The predicted phage genome is 51. Kb in length, 

containing 64 predicted genes, 63 were predicted as phage genes. Half of the genes 

detected were found in Staphylococcus phage tp310-3 (NCBI: txid445517). A gene 

from this phage was also detected with 100% identity in the JACKHMMER (200) 

search for the P2 protein. 
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HMMSCAN results (Figure 50. A) only detects the presence of a CHAP domain 

located at the N terminal of the gene. Lowering the significance bit scores for the 

HMMSCAN search to the lowest values available (Sequence: 7, Hit: 5) does not 

produces any additional domains (Figure 50. A). The C terminal annotated in Figure 

50. B is a confirmed CWB domain identified in a protein that has high homology, 

explained further bellow Figure 50. The secondary structural predictions (Figure 50. 

B) for this protein by PSIPRED (244) predict that the CHAP domain contains two 

helix structure followed by four β stand structures.  

 

 

 

Figure 50: Putative phage protein with predicted antimicrobial activity against S. aureus, 

PE_BHI_P2, chosen from the BHI bioinformatics search. A) Shows figure adapted from HMMER: 

Biosequence analysis using profile hidden Markov Models online web tool (200). HMMER identifies 

only identified one domain, a CHAP domain located at the N terminal (20 - 109). PE_BHI_P2 has a C 

terminal, a SH3 domain, which was not detected by HMMER. This SH3 domain is a novel SH3 CWB 

domain that was identified in an S. aureus phage NM3 (245). B) Shows figure adapted respectively 

from PSIPRED protein structure prediction online tool (242). 
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The JACKHMMER (200) search of this protein produced a large list of matches, forty 

with above 50% identity that were searched for in the literature. All these proteins are 

identified as S. aureus phage genes with less than half of them with a predicted GO 

function on UniProt. The proteins that possess a predicted molecular function by GO 

(240,241) are all predicted have N-acetylmuramoyl-L-alanine amidase activity. As 

stated above, while classified as an endopeptidase, CHAP can also function as an 

amidase (63). Structural phage proteins involved in the tail structure region can 

contain catalytic domains (246), but for P2 there is a possibility that it functions as an 

endolysin.  

 

HMMSCAN was unable to detect a domain at the C terminal domain, but a study 

done on generating a chimeric endolysin using a protein that is identical to P2 

suggested there is an SH3 domain. A protein classified as Amidase (UniProtKB: 

A0EX11_9CAUD) found in Staphylococcus phage NM3 (NCBI:txid387909) was 

identified and predicted to carry a novel CBD.  

 

P2 CWB domain has been investigated in an article by Daniel and Euler (245). This 

article had three aims; 1) making a chimeric endolysin using the P2 CWB domain, 2) 

identification of a unique CWB domain in Staphylococcus lysins, and 3) testing 

whether the chimeric endolysin would act synergistically with antibiotics against 

MSRA. The article hypothesised that the novel CWB domain, instead of binding to 

the peptide cross bridges, would bind to alternative epitopes like the cell wall-

associated carbohydrates (245). It was predicted that this modification to the binding 

site would reduce the possibility of the host strain becoming resistant to binding. This 

was confirmed to be a novel CBD which shares no known homology with any known 

CWB in the GeneBank database. This makes P2 of particular interest as a candidate 

for testing in the PHEARLESS system since the CWB is still considered to be novel. 

Identical genes were also found in a large number of other predicted phage 

genomes, well over half in the BHI collection. 

 

Putative Phage Protein with Predicted Antimicrobial Activity: PE_BHI_P3 

 

The third protein selected from the BHI bioinformatics search (Chapter 5.c S. aureus 

Genomes Collected from Patients with Chronic Rhinosinusitis Provided by Basil 

Hetzel Institute ENT Surgery Group) was labelled PE_BHI_P3 (P3) (Figure 51) (72 

kDa). This protein is not a predicted endolysin protein but likely a structural protein 
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located in the tail region, involved in PG layer degradation due to the CHAP domain 

and glucosaminidase domain. This protein comes from a predicted intact phage 

region (PHASTER Score 150) in the KUD_41 bacterial strain, contig 11. The 

KUD_41 strain is also the carries the only phage containing this exact protein 

sequence. This phage genome is 34.2 Kb in length containing 46 predicted genes. 

This phage has 16 genes in common with Staphylococcus phage 53 (NCBI: 

NC_007049.1). This phage appears in the JACKHMMER (200) search of this protein 

with 100% identity. 

 

HMMSCAN results (Figure 51. A) also suggest that the protein contains two domains 

as well as a potential third domain. The first domain, CHAP, is located at the N 

terminus, with a glucosaminidase domain located at the C terminal. There is a 

possible third domain detected, a transglycosylase SLT domain, but this is 

questionable. 
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Figure 51: Putative phage protein (P3) with predicted antimicrobial activity against S. aureus, 

PE_BHI_P3, chosen from the BHI bioinformatics search. A) Shows figure adapted from HMMER: 

Biosequence analysis using profile hidden Markov Models online web tool (200). HMMER identifies 

two domains, a N terminal CHAP domain (32 – 123 amino acids) and a C terminal Glucosaminidase 

(493 – 620 amino acids). There is a third domain detected, SLT_2 domains, but this domain is located 

within the Glucosaminidase domain which has a higher E-Value then the SLT_2 domains. B) Shows 

figure adapted respectively from PSIPRED protein structure prediction online tool (242). 

 

The first fifteen hits in the JACKHMMER (200) search have >90% identity with P3. 

This includes a hit for the BLAST protein results found in the PHASTER results, 

Endo-Beta-N-acetylglucosaminidase found in Staphylococcus phage SA12 (NCBI: 

txid1347760).  

 

The JACKHMMER (200) search produced a number of proteins (~800) with many of 

the top forty labelled cell wall hydrolase. Twenty of the top forty proteins are 

predicted to have a Glucosaminidase (Pfam: PF01832) molecular function using the 

GO prediction tool (240,241). Of the top forty hits with above 50% identity none show 

any further investigation or characterization apart from protein predictions. 

 

Two proteins which have 99% and 59% identity have originated from studies that 

have investigated the phage’s infection capability. The first protein (99% Identity) is 

predicted to function as a putative tail-associated cell wall hydrolase protein 

(UniProtKB - B2ZZ02_BPMR2) originating form Staphylococcus phage phiMR25 

(247). The second protein (59% Identity) is also a predicted tail tip protein (UniProtKB 

- A7VMY9_BPMR1) that originates from Staphylococcus phage phiMR11 (248) 

which is morphologically similar to phiMR25. Both of these phage have the 

advantage of having a wide host range and carrying no known genes for antibiotic 

resistance or toxins, making them potentially suitable for phage therapy. 

 

Putative Phage Protein with Predicted Antimicrobial Activity: PE_GDT_P4  

 

PE_GDT_P4 (P4) was not found in either the bioinformatics searches performed in 

Chapter 5: Bioinformatic Pipeline for Putative Antimicrobial Phage Protein Discovery. 

This protein as well as PE_GDT_P5 (P5) and PE_GDT_P6 (P6) were sourced by a 

separate bioinformatics search. Oliveria and Sampaio (232) investigated evolutionary 

relationships between different phage clusters. In addition, this study also 
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investigated the evolutionary relationship between the predicted endolysin genes, 

producing a list categorized into different clusters. 

 

P4 is a single gene found in S. aureus phage vB_SauS_IMEP5. belongs to the B 

cluster phage. Cluster B was found to be the most diverse and largest cluster (232). 

P4 is predicted to contain a N-terminal CHAP domain, an Amidase_3 domains and a 

C terminal SH3_5 domains. These domains were detected using HMMSCAN, but to 

detect the SH3_5 domain the sensitivity need to be lowered with a significance bit 

scores (Sequence score: 15.0, Hit: 10.0) (Figure 52). 
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Figure 52: Putative phage protein with predicted antimicrobial activity against S. aureus, 

PE_GDT_P4, chosen from a separate bioinformatics search by Oliveria and Sampaio (3). A) Shows 

figure adapted from HMMER: Biosequence analysis using profile hidden Markov Models online web 

tool (1). HMMER identifies identified three possible domains, a N terminal CHAP (22 – 113 amino 
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acids), Amidase_3 domains (169 – 349 amino acids) and a predicted C terminal SH3_5 (366 – 432 

amino acids). The C terminal predicted SH3_5 domains is not present in the diagram due to the low E-

Value. B) Shows figure adapted respectively from PSIPRED protein structure prediction online tool (2). 

 

The first hit for this protein in JACKHMMER (200) produced an entry for a lysin gene 

from the original host phage vB_SauS_IMEP5 (NCBI Taxonomic identifier: 1852565). 

This phage was identified and characterised as a novel virulent phage collected from 

a dairy farm in Shihezi, Xinjiang, China (249). The top forty hits produced proteins 

that were predicted to contain N-acetylmuramoyl-L-alanine amidase activity by GO 

prediction tool, involved in the peptidoglycan breakdown process. None of the top 

forty hits which contained an above 50% identity have any functional studies 

performed, with the exception of one. The only protein that has had antimicrobial 

activity investigations performed is the only protein present in the list that is not a 

phage protein. Probable autolysin PH (UniProt: PH_STAA8) is an autolysin found in 

a S. aureus genome called S. aureus subsp. aureus NCTC 8325 (NCBI: txid93061). 

Functional studies were performed on this protein, the full length protein did not show 

any detectible activity (243). However, a chimeric endolysin created in the same 

studies using the catalytic domains of Probable autolysin PH did contain activity.  

 

Putative Phage Protein with Predicted Antimicrobial Activity: PE_GDT_P5  

 

PE_GDT_P5 (P5) was the second protein chosen from the separate bioinformatics 

search performed by Oliveira and Sampaio (232). P5 was also found in cluster B, 

originating from S. aureus 2638A (250). This endolysin is unique compared to the 

other endolysins contained in this list because it contains a secondary translation 

start site located in the gene. It is not revealed if the secondary translation site was 

detected using a feature of the bioinformatics search pipeline (232). It was likely 

discovered while investigating the proteins identified in the pipeline. The secondary 

translation site of the phage 2638A endolysin gene was discovered during protein 

purification (250). The bioinformatics results in this study did not detect any 

overlapping protein sequences. The full length protein produces a endolysin 

containing a N terminal peptidase domain (Peptidase_M23), a central amidase 

domain (Amidase_2) and a C terminal CWB domain. The truncated protein consists 

of a N terminal amidase domain and C terminal CWB domain (SH3_5) (Figure 53. A). 

 

What makes this endolysin unique compared to the other typical endolysins found in 

all three bioinformatics searches is that the N terminal catalytic domain is a 
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Peptidase_M23. For S. aureus phage, CHAP_Amidase_SH3 is the common domain 

order observed (246). Peptidase_M23 was detected in other proteins in both 

bioinformatics studies performed in this project (Chapter 5.e Domains Detected in the 

Bioinformatics), but in those cases the domain was found in combination with a 

PhageMin_Tail domain, and in most cases an SLT domain. This suggests that the 

Peptidase_M23 proteins identified in Chapter 5 are most likely structural tail tip 

proteins, unlike P5 which has a domain layout more similar to an endolysin protein.  
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Figure 53: Putative phage protein with predicted antimicrobial activity against S. aureus, 

PE_GDT_P5, chosen from a bioinformatics search by Oliveria and Sampaio (3). A) Shows figure 

adapted from HMMER: Biosequence analysis using profile hidden Markov Models online web tool 

(200). HMMER identifies a N Terminal Peptidase_M23 domain (47 – 148 amino acids), Amidase_2 
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domains (196 – 325 amino acids) and a C terminal SH3_5 domains (401 - 468). B) Shows figure 

adapted from PSIPRED protein structure prediction online tool (242). 

 

 

Putative Phage Protein with Predicted Antimicrobial Activity: PE_GDT_P6  

 

PE_GDT_P6 (P6) was the last protein chosen from the separate bioinformatics 

search performed by Oliveira and Sampaio (232). Cluster D consists of two lytic 

phages, P6 originated from S. aureus phage vB_StaM_SA2. vB_StaM_SA2 is 

predicted to act as a lytic phage, but it does contain a tyrosine recombinase gene. It 

is also noted that vB_StaM_SA2 has a 10% higher G+C content then other S. aureus 

phage (232). P6 is strongly predicted to act as a endolysin gene due to its common 

endolysin domain architecture, N terminal CHAP domain followed by an Amidase_2 

and a C terminal SH3_5 domain (Figure 54. A). 

 

The secondary structure (Figure 54. B) of the CHAP domain contains one α helix 

structure and four β stands, similar to the secondary structures present in the 

previous CHAP domain containing proteins listed above (P1, P2, P3 and P4). The 

Amidase_2 domain contains a similar secondary structure to the Amidase_3 domains 

that is present in P1 and P4.  

 

Both P1 and P4 organization shows an initial short single β sheet followed by a single 

long α helix followed a single short β sheet. After containing two to three short α helix 

followed by two small β sheets, finally one long α helix then two short β sheets 

ending in a final long α helix. P6 is classified as an Amidase_2 domains, it shows a 

similar organization compared to Amidase_3 but is much shorter. Containing an 

initial β sheet followed by a small α helix, two small β sheets, one long α helix ending 

in a short β sheet. SH3_5 has the same secondary structural organization in present 

in the previous proteins (P1, P2, P4 and P5) that contained a SH3 domain, with it 

consisting of five to seven β sheets. 
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Figure 54: Putative phage protein with predicted antimicrobial activity against S. aureus, 

PE_GDT_P6, chosen from a separate bioinformatics search by Oliveria and Sampaio (3). A) Shows 

figure adapted from HMMER: Biosequence analysis using profile hidden Markov Models online web 

tool (200). HMMER identifies a N terminal CHAP domain (17 – 114 amino acids), Amidase_2 domains 
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(193 – 323 amino acids) and a C terminal SH3_5 domains (394 - 459). B) Shows figure adapted from 

PSIPRED protein structure prediction online tool (242). 

 

A literature search for homologs of protein P6 investigated the top thirty hits detected 

in JACKHMMER (200) which had a >56% identify and 70% similarity. The top thirty 

hits contain a number of different descriptions for the proteins detected including; 

endolysin, ORF##number, N-acetylmuramoyl-L-alanine amidase, putative cell wall 

hydrolase, Lysin, Amidase, autolysin and CHAP domain protein, with all of the hits 

originating from S. aureus phage. 

 

Out of the top thirty protein hits by JACKHMMER, only one hit had been investigated 

for lytic activity, with experimental evidence performed at the protein level. Probable 

autolysin LytO (UniProtKB: LYTO_STAA8) was the first hit with the highest identity 

(65%) and similarity (76%). Probable autolysin LytO is a chimeric protein generated 

from an autolysin present in a S. aureus strain which was fused to an SH3 domain 

(243). This chimera was created with the aim of improving the activity of the 

autolysin. The wild type LytO gene, containing CHAP and Amidase_3 domains was 

discovered in a S. aureus strain (S. aureus strain NCTC 8325) (NCBI: txid93061). 

Autolysins present in bacteria have a critical function in growing and maintaining the 

bacterial cell wall, while also functioning in recycling of cell wall components (251). 

LytO did show lytic activity against S. aureus, but it was found to be weaker than 

other chimeric protein constructed (243). 

 

Putative Phage Protein with Predicted Antimicrobial Activity: PE_ CFLI_P7 

 

The last protein in the list was discovered in the CF bioinformatics study (5.d S. 

aureus Genomes Collected from Patients with Fibrosis Lung Infections). 

PE_CFLI_P7 (P7) was found in an intact predicted phage detected in S. aureus 

strain CFBR_EB_Sa105. The phage has the top score for completeness (150) with 

sixty-one predicted phage proteins present. This phage appears to be novel with its 

closest relative, PHAGE_Staphy_SA97 (NC_029010) only containing twenty-five 

shared genes.  

 

P7 is predicted to act as an endolysin protein due to its common endolysin domain 

architecture, CHAP-Amidase-SH3. HMMSCAN results (Figure 55. A) detects an N- 

terminal CHAP domain followed by an Amidase_3 domains. A SH3_5 domain was 

also detected at the C terminal, but the significance bit scores need to be lowered 
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significantly to detect it (Sequence score: 15.0, Hit: 10.0) (Figure 55. A). Even with 

lowering the sensitivity the SH3 domain match was still considered insignificant, 

falling below the database’s curated model specific threshold used in HMMSCAN. 

The secondary structure (Figure 55. B) shows that the CHAP domain and Amidase_3 

domain show a similar secondary structure present in previous CHAP and amidase 

domain. The CHAP domain following the same large α helix structure followed by 

four to five β stands. The amidase domain in P7 is an Amidase_3 domains, it follows 

the same α β pattern as P1 and P4 which also contain Amidase_3 domains. P7 is 

predicted to contain a C terminal SH3_5 domains, however, it was detected well 

below the detection threshold used by HMMSCAN. Therefore, it could be a false 

match or more likely given the protein’s other domains, a novel SH3 domain/novel 

CWB domain. The weak SH3_5 domain predicted has a different predicted 

secondary structure compared to previous SH3 domains, as it contains two large α 

helices. SH3 domains are more commonly recognized by being organized with 

multiple β stands, seen in each of the SH3 domains (P1, P2, P4, P5 and P6) listed 

above. 
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Figure 55: Putative phage protein with predicted antimicrobial activity against S. aureus, PE_ 

CFLI_P7, chosen from the CF bioinformatics search. A) Shows figure adapted r from HMMER: 

Biosequence analysis using profile hidden Markov Models online web tool (200). HMMER identifies a 

N terminal CHAP domain (22 – 113 amino acids), Amidase_2 domains (171 – 359 amino acids) and a 
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C terminal SH3_5 domains (375 - 439). While the C terminal domain has been identified as a SH3 

domain, it has very low E value, suggesting that it is a new novel SH3 type domain or a novel domain 

type that shares homology with the SH3 family. B) Shows figure adapted from PSIPRED protein 

structure prediction online tool (242). 

 

While P7 was chosen from the CF bioinformatics search, the protein was also 

present in a bioinformatics search performed by Oliveira and Sampaio (232). In the 

Oliveira and Sampaio study, P7 originated from S. aureus phage SA97, the same 

phage that PHASTER detected as the closest relative.  

 

A literature search for P7 using JACKHMMER (200) shows that P7 is quite 

uncommon with only twenty hits having identify above 50%. The first hit in the 

JACKHMMER (200) results is the endolysin gene for the S. aureus phage SA97 

(NCBI: txid1498171) (252). SA97 was shown to be capable of infecting RN4220 

therefore it must have an active endolysin (252). 

 

6.a.ii Testing selected proteins for activity using PHEARLESS version 2.2 

 

Each of the seven proteins described in Chapter 6.a.i Proteins Discovered in 

Bioinformatics Searches were tested for lytic activity against the laboratory S. aureus 

strains, using the PHEARLESS V2.2 expression strain (Chapter 4.g PHEARLESS 

V2.2; Improved Version of the Expression Strain) with the PHEARLESS Protein 

Screening Protocols (Chapter 2.h PHEARLESS Protein Screening Protocols). The 

pIT4 integration plasmid carrying the cos+ sequence was integrated into the cos 

186 prophage, in the cumate inducible tum72-based expression strain. The pIT4 

plasmids carrying one of the seven putative proteins were generated using Gibson 

assembly (Chapter 2.c Cloning Strategy). After the integration, PCR was performed 

to confirm that the pIT4 plasmids had been integrated at the correct site (Appendix 

Fig. 5). PCR fragments of the integrated proteins were amplified and sent for Sanger 

sequencing. 

 

 

The DNA sequences for proteins of interest were codon optimised and ordered from 

Twist Biosciences (https://www.twistbioscience.com/). Sequences were provided 

pTwist Cm, a high copy number expression plasmid. The plasmid contains a pUC 

origin of replication that has a copy number between 150 – 200 and a 

https://www.twistbioscience.com/
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chloramphenicol resistance gene (Figure 56). These plasmids were initially tested as 

a possible expression plasmid to use in the PHEARLESS V1 expression strain 

(Chapter 3: Design and construction of the PHEARLESS system) since in addition to 

the protein of interest the designed sequences also carried the 186pJ promoter. 

However, the high copy number origin of replication (pUC) was found to make the 

expression strain very unstable, with difficulty in transformation, growth and retention 

of the plasmid even under selection. Due these issues, the genes were amplified 

from these plasmids and assembled into the pIT4 integration plasmids. The 

PHEARLESS V2.2 expression strain was chosen over the PHEARLESS V1 

expression strain for these reasons; (1) The pIT4 system genes act as a single copy 

until expression, this is an advantage in cases where leaky protein expression is 

toxic. (2) The pIT4 system is integrated into the expression strain so there is a lower 

chance of losing the protein expression and removes the need for antibiotic selection. 
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Figure 56: Twist Biosciences pTwist Cm High copy number Expression Plasmid Containing the 

PE_GDT_P5 gene controlled by the 186pJ promoter. pTwist Cm plasmid map as an example of the 

plasmid organisation. The plasmid contains a Cm antibiotic resistance gene and a pUC origin of 

replication producing 150 to 200 plasmid copies per cell. Figure was generated using SnapGene DNA 

maps. 

 

Since the proteins are only being tested initially for antimicrobial activity, the 

protocols follow the PHEARLESS Protein Screening assay (Chapter 2.h 

PHEARLESS Protein Screening Protocols) All seven proteins were tested against 

two laboratory S. aureus strains, RN4220 and HER1049. The plates also included 

the propagation strain, QC024, to take advantage of phage propagation to increase 

protein production. All strains were grown to OD600 0.6 and plated at a 50:1 target 

strain to propagation strain ratio. Expressions strain were diluted in a 10 fold dilution 

series up to 10-3. Plates were divided into three sections for the two control strains 

(ClyF and empty) and the expression strain testing the putative proteins. 10 µL of 

sample were spotted onto the plates, plates were then incubated at 37°C overnight 

and observed the next day for activity. 
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The positive control expression strain containing ClyF (HB189) protein expression 

shows cell lysis occurring at each dilution. With the propagation strain advantage and 

the antimicrobial strength of ClyF, even the largest dilution (1/1000) was capable of 

producing enough protein to completely clear RN4220.  

 

The negative control expression strain had the pIT4_attP2_LoxP_S_186pJ_cos+ 

integrated into the expression strain (HB253). This strain contains all the components 

of the positive control strain including the 186pJ promoter but lacking the ClyF gene. 

This control is important, since simply spotting samples onto the lawn can slightly 

disrupt lawn growth. The negative control samples on all the plates (Figure 57) show 

little disruption on the lawn strain and no clearing. There is a slight physical 

appearance difference where the samples have been added, helping to indicate 

where the samples were added. This is likely due to the physical difference between 

S. aureus (target strain) and E. coli (propagation stain). In the lawn mixture, the E. 

coli which is at a much lower concentration than S. aureus provided a “speckled” 

effect to the lawn. When the samples are spotted, the phage released kill the vast 

majority of the propagation stain, leaving the target strain to grown in across the 

small gaps created. This provides contrast to the “speckled” effect that the 

propagation strain gives.  

 

Initial results for each of the putative proteins; P1 (HB243), P2 (HB245), P3 (HB250), 

P4 (HB239), P5 (HB241), P6 (HB247) and P7 (HB237), showed no lytic activity 

against the two laboratory S. aureus strains, RN4220 (Figure 57) and HER1049 

Figure 58). Each protein shows the same result as the negative control strain for 

each of the plates. At least four of the proteins (P1, P2, P3 and P4) came from 

clinical S. aureus isolates, and so target strain specificity could be responsible for 

lack of activity. 
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Figure 57: PHEARLESS Protein Screening Assay using the PHEARLESS V2.2 Expression Strain, Testing 

Seven Putative Proteins for Antimicrobial Activity Against S. aureus Strain RN4220. Each plate 

contains a Target strain (RN4220) to Propagation strain (QC024) ratio of 50: 1, and 120 µM cumate. 

Each plate was spotted with a positive ClyF expression strain control (HB189, ClyF) which produce 

target cell lysis in each of the samples added to every plate (left series of spots). The negative control 

expression strain (HB253, Empty) which shows no target cell lysis in any samples on each plate (spots 

on the right of each plate. A-G) figures show results for proteins 1 to 7 (centre spots). U= undiluted, 

followed by serial 10 fold dilutions. 
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Figure 58: PHEARLESS Protein Screening Assay using the PHEARLESS V2.2 Expression Strain, Testing 

Seven Putative Proteins for Antimicrobial Activity Against S. aureus Strain HER1049. Each plate 

contains a Target strain (HER1049) to Propagation strain (QC024) ratio of 50: 1, and 120 µM cumate. 

Each plate was spotted with a positive ClyF expression strain control (HB189, ClyF) which produce 

target cell lysis in each of the samples added to every plate (series of spots on right of plate). The 

negative control expression strain (HB253, Empty) which shows no target cell lysis in any samples on 

each plate (spots on the left of each plate. A-G) figures show results for proteins 1 to 7 (centre spots). 

U= undiluted, followed by serial 10 fold dilutions. None of the proteins showed activity. 

 

None of the proteins initially showed any antimicrobial activity against either 

laboratory S. aureus strain, RN4220 and HER1049. After completing the assay, 

plates were stored at 4°C, so they could be re-examined at a later time points. The 
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reasoning was two-fold. First, that enzyme activity may be weak, and take time to 

become obvious to the naked eye. Second, that because not all of the expression 

cells will lyse, un-lysed cells may be able to persist on the plates, with a portion of the 

cells lysing to releasing more enzyme. One of the advantages of endolysins and 

chimeric endolysins are that they will continue to diffuse and retain activity until 

degraded. This is consistent with the observation that the lysis spots that were 

created using strains containing ClyF would continue to expand over time (Figure 

59). 

 

When re-examining the proteins tested using the pIT4 integration plasmids in the 

PHEARLESS V2.2 expression strain, plates with P5 expression showed some 

evidence of activity and were periodically photographed. After the initial test to 

observe antimicrobial activity after a one-night incubation at 37°C, the plates were 

wrapped in cling wrap and stored at 4°C. Photographs of the plates were taken at 

three-to-four-day periods for up to one month. Photos taken on day one (Figure 59, 

Day One shows samples containing P5 expression appeared to be indistinguishable 

from the results produced by the empty control. The empty control samples do not 

change between day one and day thirty, with no killing formation over that time. At 

the thirty-day point, faint clearing had appeared in each of the P5 samples (Figure 

59), suggesting some weak activity had appeared after one month. 

 

After testing for antimicrobial function, it was discovered that the homologous protein 

discovered in JACKHMMER was current with the most recent publication. In addition, 

there was a second phage identified as 2638A, its endolysin protein also shared 

homology but had yet to be functionally tested (UniPro: Q4ZD58_BP263). P5 has 

had previous functional test performed (250), which also identified during purification 

that phage 2638A endolysin contained a secondary start codon, leading to the 

expression of a truncated endolysin protein during cell lysis. 

 

 P5 was tested against multiple S. aureus strains, including MRSA strains (CSA 

#175, SRCAMB collection). This study purified P5 using His tag chromatography, 

and lytic activity was assessed using plate and turbidity assays. Plate cell lysis 

results showed lytic activity for the full-length protein, producing a “very broad, ill-

defined region of clearing that grows with time” (250). 

 

Although P5 antimicrobial activity has already been confirmed, the original strains 

tested included MRSA strains. Due to albeit slow activity against our non-clinical 
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RN4220 strain, it could indicate a broad host range, making it a good candidate for 

both mutant library screening and chimeric endolysin design to increase antimicrobial 

activity.  

 

 

Figure 59: Times Lapse of PHEARLESS Protein Screening Assay using the PHEARLESS V2.2 Expression 

Strain, Testing PE_GDT_P5 for Antimicrobial Activity Against S. aureus Strain RN4220. Plate 

contains a Target strain (RN4220) to Propagation strain (QC024) at a 50: 1 ratio with 120 µM cumate. 

Control strains include the positive control ClyF expression strain (HB189, ClyF) which produces target 

cell lysis. The negative control expression strain (HB253, Empty) shows no target cell lysis against 

target strain. Day One photo taken on day one following overnight incubation. Plates were stored at 

4°C and the second photo, Day Thirty, was taken thirty days later. White box indicates where cell lysis 

of the target strain has begun to appear. This effect is not observed for the empty expression stain. 

 

6.b Putative Endolysin Genes Provided by the Basil Hetzel Institute  

 

A collaborative project between the ENT surgery group at the Basil Hetzel Institute, 

Adelaide and the Shearwin Laboratory identified two unusual endolysin proteins. A 

set of studies were performed by Dr. Sha Liu in the ENT surgery group, testing S. 

aureus killing using a combination therapy of phage and antibiotics. Bacteriophage 

insensitive mutants (BIMs) of S. aureus were found to be re-sensitized to phage 

infection by the presence of ½ minimal inhibitory concentration (MIC) of clindamycin. 

The phage that were produced following infection in the presence of ½ MIC 

clindamycin (exit phage) were sequenced, and found to differ from the original phage 

(entry phage) only in their endolysin gene (253).  
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Two exit phages selected from the combination therapy were found to behave 

differently, with the exit phage now capable of infecting the same host without the 

need for ½ MIC clindamycin treatment. The entry phage endolysin contains a 

common domain structure, that is, an N-terminal CHAP domain, a central amidase 

domain and a C-terminal SH3 CWB domain (Figure 60, A). The parent endolysin 

protein is identical to an endolysin protein found in Staphylococcus phage K (phage 

K), identified as ORF30/ORF32 (LysK) (254) (NCBI - GenBank: AAO47477.2) 

(Figure 60, E) (254). 

 

The protein is identified as ORF30/32, this dual assignment of open reading frames 

being due to the presence of a homing endonucleases domain, HNH endonucleases, 

located within the amidase domain. Adjacent to the HNH endonucleases domain is a 

DNA-binding motif identified as a NUMOD4 motif. This type of DNA-binding motif is 

commonly found in putative HNH endonucleases in bacteriophage (255). 

 

Aligning the nucleotide sequence for the entry phage endolysin protein and the 

phage K ORF30/32, including the sequence between the ORF30 and ORF32, 

produces an identical sequence. Earlier studies have shown that when the endolysin 

gene (LysK) is expressed, the HNH endonuclease/NUMOD4 motif is removed via a 

splicing mechanism, forming a final protein with a functional amidase domain (254). 

The architecture for the final protein for ORF30/32 is an N terminal CHAP domain, 

Amidase domain and a C terminal SH3 domain, 495 amino acids in length. Homing 

endonucleases are enzymes that facilitate horizontal transfer of genetic elements, via 

cleavage of a recognition sequence (12-44bp). In phage, the HNH homing 

endonucleases enzymes are often found encoded within group I intron mobile 

elements, and can also be involved in DNA packaging (256,257). Group I introns are 

more commonly found within structural RNA genes, but when inserted within a 

protein-coding gene, it is evidence that the gene may be selected against (256). 

Insertion of the HNH endonuclease into the LysK related endolysin gene results in 

the generation of multiple stop codons within the endolysin reading frame (Figure 60, 

A). 

 

There are also identical versions of this endolysin protein in the Genbank database 

that do not contain the HNH homing endonucleases. One example of this is an 

endolysin gene phiSA012_ORF51 that originates from a Lys-phiSA012 phage. This 

protein (phiSA012_ORF51) is identical to the protein sequence for the final 
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ORF30/ORF32 protein except for a single amino acid (83 amino acids). 

phiSA012_ORF51 (Figure 60, E) has demonstrated a broad host range with strong 

lytic activity (258). 

 

The two exit phages recovered in the experiments described above, which have lost 

the HNH insertion, are likely to be a result of selection for an active endolysin. 

Instead of retaining the amidase domain that is reformed in splicing of the wild type 

parent phage endolysin, Clinda_3 (Figure 60, C) and Clinda_8 (Figure 60, D) both 

have the amidase domain completely removed when the NUMOD4 motif is lost, 

producing an endolysin that only contains a N-terminal CHAP domain and a C-

terminal SH3 CWB domain. It has been noted in some studies that removal of the 

amidase domain results in an increase in lytic activity of the enzyme (108,112,199). 

 

To test the enzymatic activity of the new endolysins produced from the modified 

phage, the proteins were tested in the PHEARLESS V1 expression strain, using the 

PHEARLESS Protein Screening protocols. The protein variants tested included the 

two mutant progeny endolysins Clinda_3 (Figure 60, C), Clinda_8 (Figure 60, D). 

Three variants of the original phage endolysin were also tested. (i) A first translation 

product (truncated by a stop codon generated by the presence of the HNH module) 

(Figure 60, B) which includes only the CHAP domain and a small section of the 

amidase domain up to the first noted stop codon, (ii) a LysK(HNH-H77A) mutant 

which targets the catalytic center of a HNH homing endonuclease (Figure 60, F) , 

and (iii) the full parental LysK (Figure 60, E) that lacked the NUMOD4 motif. 

 

The HNH H77A mutation was chosen based on both sequence alignments and alpha 

fold structural predictions of the HNH protein. This LysK mutant was generated by Dr 

Nan Hao and was assembled into the protein expression plasmid, pZS(^)45 186pJ. 

Notably, while generation of the H77A variant was straightforward, the endolysin 

carrying the wild type HNH insertion could not be cloned. Only a few colonies were 

observed and when sequenced, each clone carried additional mutations. This 

strongly suggests that the HNH insert is active and in some unknown manner leads 

to E. coli cell death when expressed. PHEARLESS V1 expression strain was chosen 

over PHEARLESS V2.2 expression strain for initial testing due to ease of cloning and 

testing.  
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Figure 60: Domain Maps for Endolysin Proteins Discovered by the ENT surgery group at the Basil 

Hetzel Institute. Progeny (exit) phage were isolated that had gained the ability to infect a 

bacteriophage-insensitive mutant (BIM) of S. aureus. A) The parental (entry) phage can only infect the 

BIM in the presence of ½ MIC of specific antibiotics (clindamycin in this case). The entry phage 

endolysin gene contains a CHAP domain, SH3_5 (SH3) domain and a central Amidase_2 (Amidase) 

domain containing an HNH endonuclease domain and NUMOD4 motif. B) A version of the first 

translation of the parent gene A) up until the first stop codon. This protein will contain a CHAP 

domain and a truncated Amidase_2 (Amidase Truncated). C) Clinda_3, novel endolysin gene identified 

in one of the two exit phage. The gene has had the Amidase_2 domain removed, and had rejoined the 

linker regions in frame. E) CLinda_8, novel endolysin gene identified in the second example of an exit 

phage. Like Clinda_3, Clinda_8 also has had the Amidase_2 domain removed but carries six amino 

acid differences at the junction point. E) A “wild type” LysK endolysin gene that contains the CHAP, 

Amidase_2 (Amidase) and SH3_5 (SH3) domains without the NUMOD4 motif was also generated. F) 

The final version of the entry phage endolysin gene created, containing the CHAP domain, SH3_5 

(SH3) domain and an Amidase_2 (Amidase) domain with an inserted HNH endonuclease domain and 

NUMOD4 motif, where the HNH endonuclease domain had been mutated (His to Ala mutation at the 

77th amino acid) to inactivate HNH activity. Figure was generated using SnapGene DNA maps. 

 

The six protein sequences inserted into the pZS(^)45 186pJ expression plasmid and 

expressed in the PHEARLESS V1 expression strain (HB70). For cloning purposes, 

gene fragments were ordered from IDT and assembled with the pZS(^)45 186pJ 

plasmid, using Gibson assembly.  



202 
 

 

6.b.i Testing Putative Endolysins Provided by the Basil Hetzel Institute using PHEARLESS assay 

 

The five proteins; First Translation (Figure 60, B) (HB301), Clinda_3 (Figure 60, C) 

(HB298), Clinda_8 (Figure 60, D) (HB294), LysK (Figure 60, E) (HB296) and 

LysK(H77A) (HB306) (Figure 60, F) were tested against S. aureus six strains, C319, 

C244, C330, C43, C259 and ATCC 25923. Strains C319 (MSSA), C244 (MRSA), 

C330 (MRSA), C43 (MSSA), C259 (MRSA) are clinical isolates originally harvested 

from the nasal cavity of patients suffering from chronic rhinosinusitis. Samples were 

collected between 2011 and 2015 from patients in Adelaide, South Australia. ATCC 

25923 (MRSA) (S. aureus subsp. aureus Rosenbach), a clinical isolate isolated in 

Settle 1945, was purchased from ATCC (American Type Culture Collection). 

 

These assays were performed using protocols detailed in Chapter 2.h PHEARLESS 

Protein Screening Protocols, with minor modifications. Two to three biological 

replicates were performed for each protein on each target strain. Target strains were 

streaked out on LB agar plates and incubated overnight at 37°C. A single colony was 

picked and resuspended in 3 mL of LB agar, incubated overnight shaking at 180 rpm. 

After the overnight incubation, 600 µL of overnight culture was added to initiate a 

fresh 50 mL culture (LB plus spectinomycin 50 μg/mL) for the PHEARLESS assay.  

 

Plates contained 120 µM cumate and three expression strains were tested on each 

plate, two proteins of interest and one control strain. Control strains were either a 

negative control, being the empty control strain (HB302) or a positive control, being 

the expression strain producing ClyF (HB305). Initially, it was unknown whether ClyF 

would be effective against any of the clinical S. aureus strains. The C319 lawn strain 

was the strain from which each exit phage (Clinda_3 and Clinda_8) was isolated, 

with the parent (entry) phage unable to infect without the presence of clindamycin. 

 

The Empty control strain produced no killing against any of the target strains tested, 

confirming that the expression strain cell lysis and release of 186 phages has no 

effect on the target S. aureus strains. There was the lawn disruption effect in some of 

the undiluted (U) samples for the empty control strain but this effect was not seen 

beyond the undiluted sample. The positive control, ClyF, was found to be effective 

against each clinical S. aureus strains tested here; C319 (Figure 61), ATCC 25923 

(Figure 62), C43 (Figure 63), 259 (Figure 64), C330 (Figure 65) and C244 (Figure 
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66). ClyF produced clear zones up to the third dilution (3) for all strains, identical to 

the clearing seen against laboratory strain RN4220 (Figure 16). 

 

Both Clinda_3 (Figure 60, C) and Clinda_8 (Figure 60, D), showed activity against 

each of the clinical samples they was tested against; C319 (Figure 61, C), ATCC 

25923 (Figure 62, C), C43 (Figure 63, C), 259 (Figure 64, C), C330 (Figure 65, C) 

and C244 (Figure 66, C). In all cases, these variants were not as effective at clearing 

the target strain as ClyF, but they did produce obvious killing in the undiluted (U), first 

dilution (1) and second dilutions (2). Identical results were observed in each 

biological replicate (minimum 3 each target strain) for Clinda_3 and Clinda_8. 

 

LysK (Figure 60, E) and LysK(H77A) (Figure 60, F) was predicted to have little or no 

activity against any of the phage resistant S. aureus strains, with perhaps the 

exception of ATCC 25923 (Figure 62), given the parent phage is capable of infecting 

this strain. FT (Figure 60, B) is the first translation product of the LysK protein, from 

the ATG up until the first stop codon present in the parent protein as a result of the 

HNH insertion. The FT protein contains the CHAP domain and section of the 

truncated amidase. By testing FT, it can be determined if this truncated protein has 

any catalytic activity. 

 

Against strains C319 (Figure 61, A, B), 259 (Figure 64, A, B), C330 (Figure 65, A, B) 

and C244 (Figure 66, A, B), LysK, LysK(H77A) and FT showed no evidence of any 

lytic activity, producing results identical to the empty control. ATCC 25923 (Figure 62, 

A, B) and C43 (Figure 63, A, B) produced inconclusive results for LysK, LysK(H77A) 

and FT. 

 

Against target strain C43 (Figure 63, A, B) and ATCC 25923 (Figure 62, A, B), LysK, 

LysK(H77A) and FT appear to show some faint killing activity. This appears to be real 

killing rather than the lawn disruption effect because there are faint indications in the 

first dilution spots for each strain. The lawn disruption effect can be observed in the 

Empty control strain on the ATCC 25923 lawn containing the Clinda_3 and Clinda_8 

expression strain (Figure 62, C), an effect that is not present in the first dilution. What 

makes these results inconclusive are biological replicates which do not exhibit the 

sample faint killing in the first dilution (1) sample. Variations of the assays where the 

expression strain is concentrated 10x before making dilutions were performed to try 

and determine activity but those results were also not conclusive, in that there were 
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indication of where the samples where added for the 10x concentrated undiluted 

samples and first dilutions, but they were still very faint.  

 

Thus, the Lysk, LysK(H77A) and FT proteins may have some very weak activity 

against C43 (Figure 63, A, B) and ATCC 25923 (Figure 62, A, B), however it is so 

weak that the PHEARLESS V1 assay system is not sensitive enough to detect this 

reliably. Consistent with the phage infection data, the Clinda_3 and Clinda_8 results 

clearly show that, following HNH removal (irrespective of the mechanisms 

responsible for removal), the resulting CHAP-SH3 endolysins have enzymatic activity 

against the target strains.  

 

Some possible solutions to improve the sensitivity of the assay would be place the 

genes in the PHEARLESS V2.2 expression strain, so that the propagation strain 

could be used to increase the amount of protein expressed. Long periods of 

incubation like performed when testing P5 could also be used to test for activity but 

that would also be dependent on the half-life of the protein. If these proteins have a 

short half-life, the proteins would degrade before enough target cell death occurs for 

observation. A final option could a liquid version of the assay system. Using liquid 

culture and following cell growth via optical density could potentially provide a more 

sensitive assay, with the advantage of providing data on the kinetics of enzyme 

activity. Experiments would be performed in a similar manner to the growth rate 

experiment protocols found in Chapter 2.b.vii Optical Density Reading of 186 Tum 

Variants in Liquid Cultures, with mixtures of target lawn to expression strain. This 

liquid culture assay is being pursued by other members of the Shearwin laboratory, 

following a recent successful bid to fund a specialised, temperature-controlled plate 

reader. 
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Figure 61: PHEARLESS Assay for Antimicrobial Activity of Selected Proteins Against S. aureus Strain 

C319. Each plate contains the target strain MSSA S. aureus Strain C319, 120 µM cumate. Plates are 

divided into three section with either the empty control strain (HB302) or the ClyF expression strain 

(HB305), as labelled. Expression strains were grown to OD600 0.6 and a series of one in ten dilutions 

were made. Samples for each expression strain includes the undiluted sample (U), first (1/10) dilution 

(1) sample, second (1/100) dilution sample (2) and the final third (1/1000) dilution sample (3). A) 

Shows the plating results for the First Translation (FT) (HB301) expression strain and LysK (HB296) 

expression strain compared against the ClyF expression strain (ClyF) (HB305). ClyF shows killing in 

each of the samples added to the plate. Both FT and LysK show no killing in any of the samples. LysK 

does however show the lawn disruption effect in the undiluted sample, no disruption or cell death are 

observed in any of the dilution samples. B) Shows the plating results for the LysK(H77A) (HB306) 

mutant compared against another biological replicate of LysK (HB296). Plate also includes the empty 

(Empty) expression control strain which demonstrates the lawn disruption effect in the undiluted 

sample. This effect is not seen in the additional dilution samples. Both LysK and LysK(H77A) show no 

killing in any of the samples added to the plate. C) Shows the plating results for the Clinda_3 (HB298) 

and Clinda_8 (HB294) expression strains compared to the ClyF expression strain. ClyF reproduces the 

same killing seen in A), in each of the undiluted and dilution samples. Both Clinda_3 and Clinda_8 

produces killing in the undiluted samples (U), up to the second dilution (1/100) samples (2). 
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Figure 62: PHEARLESS Assay for Antimicrobial Activity of Selected Proteins Against S. aureus Strain 

ATCC 25923. Each plate contains the target strain MRSA S. aureus Strain ATCC 25923, 120 µM 

cumate. Plates are divided into three section with either the empty control strain (HB302) or the ClyF 

expression strain (HB305), as labelled. Expression strains were grown to OD600 0.6 and a series of one 

in ten dilutions were made. Samples for each expression strain includes the undiluted sample (U), first 

(1/10) dilution (1) sample, second (1/100) dilution sample (2) and the final third (1/1000) dilution 

sample (3). A) Shows the plating results for the First Translation (FT) (HB301) expression strain and 

LysK (HB296) expression strain compared against the ClyF expression strain (HB305). LysK and FT 

results appear to be inconclusive, appearing to show a small amount of plaque formation. But, the 

killing observed in the first dilution (1) is so faint that it is not conclusive that LysK has activity against 

ATCC 25923. It is so faint that visual effects like lens glare, which can occur when taking photos, can 

distort the images. B) Shows the plating results for the LysK(H77A) (HB306) mutant compared against 

another biological replicate of LysK (HB296). Both LysK and LysK(H77A) show the same appearance of 

killing up to the first dilution (1). However, like the previous plate, the killing in the first dilution (1) is 

so faint it is not conclusive, and its appearance could be due to lens glare. ClyF shows killing up until 

the third dilution (3). C) Shows the plating results for the Clinda_3 (HB298) and Clinda_8 (HB294) 

expression strains also compared to the Empty control strain. Both Clinda_3 and Clinda_8 produce 

clear killing in the undiluted samples (U) up to the second dilution (1/100) samples (2). 
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Figure 63: PHEARLESS Assay for Antimicrobial Activity of Selected Proteins Against S. aureus Strain 

C43. Each plate contains the target strain MSSA S. aureus Strain C43, 120 µM cumate. Plates are 

divided into three section with either the empty control strain (HB302) or the ClyF expression strain 

(HB305), as labelled. Expression strains were grown to OD600 0.6 and a series of one in ten dilutions 

were made. Samples for each expression strain includes the undiluted sample (U), first (1/10) dilution 

(1) sample, second (1/100) dilution sample (2) and the final third (1/1000) dilution sample (3). A) 

Shows the plating results for the First Translation (FT) (HB301) expression strain and LysK (HB296) 

expression strain compared against the ClyF expression strain (HB305). LysK and FT shows identical 

results, with faint killing in the undiluted (U) and the first dilution (1/10) sample (1). ClyF expression 

samples produced killing up until the third (1/1000) dilution (3). B) Shows the plating results for the 

LysK(H77A) (HB306) mutant compared against another biological replicate of LysK (HB296). Both the 

LysK and LysK(H77A) results show similar results to the previous LysK results (A). The empty control 

strain shows the lawn disruption effect in the undiluted sample, which does not occur in any dilution 

samples. The LysK and LysK(H77A) both show faint killing in the undiluted samples (U), which also 

occurs in the first dilution (1/10) (1), although it is fainter than the previous results. C) Shows the 

plating results for the Clinda_3 (HB298) and Clinda_8 (HB294) expression strains compared to the 

ClyF expression strain. Both Clinda_3 and Clinda_8 produces killing in the undiluted samples (U) up to 

the second dilution (1/100) samples (2). 
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Figure 64: PHEARLESS Assay for Antimicrobial Activity of Selected Proteins Against S. aureus Strain 

259. Each plate contains the target strain MRSA S. aureus Strain 259, 120 µM cumate. Plates are 

divided into three section with either the empty control strain (HB302) or the ClyF expression strain 

(HB305), as labelled. Expression strains were grown to OD600 0.6 and a series of one in ten dilutions 

were made. Samples for each expression strain includes the undiluted sample (U), first (1/10) dilution 

(1) sample, second (1/100) dilution sample (2) and the final third (1/1000) dilution sample (3). A) 

Shows the plating results for the First Translation (FT) (HB301) expression strain and LysK (HB296) 

expression strain compared against the ClyF expression strain (HB305). LysK is the only expression 

strain on the plate that shows any lawn disruption in the undiluted sample (U). LysK shows no further 

killing in any of the dilution samples. FT shows no killing in any sample and only a small amount of 

lawn disruption in the undiluted sample. B) Shows the plating results for the LysK(H77A) (HB306) 

mutant compared against another biological replicate of LysK (HB296). Both the LysK results show the 

same results to the previous LysK results(A). The empty control strain shows a very faint lawn 

disruption effect in the undiluted sample, which does not occur in any dilution samples. The LysK and 

LysK(H77A) both show no killing in any sample, and both show no lawn disruption effect in the 

undiluted samples. C) Shows the plating results for the Clinda_3 (HB298) and Clinda_8 (HB294) 

expression strains compared to the ClyF expression strain. Both Clinda_3 and Clinda_8 produces 

killing in the undiluted samples (U) up to the second dilution (1/100) samples (2). 
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Figure 65: PHEARLESS Assay for Antimicrobial Activity of Selected Proteins Against S. aureus Strain 

C330. Each plate contains the target strain MRSA S. aureus Strain C330, 120 µM cumate. Plates are 

divided into three section with either the empty control strain (HB302) or the ClyF expression strain 

(HB305), as labelled. Expression strains were grown to OD600 0.6 and a series of one in ten dilutions 

were made. Samples for each expression strain includes the undiluted sample (U), first (1/10) dilution 

(1) sample, second (1/100) dilution sample (2) and the final third (1/1000) dilution sample (3). A) 

Shows the plating results for the First Translation (FT) (HB301) expression strain and LysK (HB296) 

expression strain compared against the empty (Empty) expression strain (HB302). Plating results for 

the First Translation (FT) (HB301) expression strain and LysK (HB296) expression strain compared 

against the ClyF expression strain (HB305). LysK shows lawn disruption in the undiluted sample (U) 

with no further killing in any of the dilution samples. FT shows no killing in any sample and only a 

small amount of lawn disruption in the undiluted sample. B) Shows the plating results for the 

LysK(H77A) (HB306) mutant compared against another biological replicate of LysK (HB296). The LysK 

results are the same as the previous LysK results(A). The LysK and LysK(H77A) both have the lawn 

disruption effect in the undiluted samples, but no killing is present in any dilution samples. C) Shows 

the plating results for the Clinda_3 (HB298) and Clinda_8 (HB294) expression strains compared to the 

ClyF expression strain. Both Clinda_3 and Clinda_8 produces killing in the undiluted samples (U) up to 

the second dilution (1/100) samples (2). 
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Figure 66: PHEARLESS Assay for Antimicrobial Activity of Selected Proteins Against S. aureus Strain 

C244. Each plate contains the target strain MRSA S. aureus Strain C244, 120 µM cumate. Plates are 

divided into three section with either the empty control strain (HB302) or the ClyF expression strain 

(HB305), as labelled. Expression strains were grown to OD600 0.6 and a series of one in ten dilutions 

were made. Samples for each expression strain includes the undiluted sample (U), first (1/10) dilution 

(1) sample, second (1/100) dilution sample (2) and the final third (1/1000) dilution sample (3). A) 

Shows the plating results for the First Translation (FT) (HB301) expression strain and LysK (HB296) 

expression strain compared against the empty (Empty) expression strain (HB302). Plating results for 

the First Translation (FT) (HB301) expression strain and LysK (HB296) expression strain compared 

against the ClyF expression strain (HB305). LysK shows lawn disruption in the undiluted sample (U) 

with no further killing in any of the dilution samples. FT shows no killing in any sample and only a 

small amount of lawn disruption in the undiluted sample. B) Shows the plating results for the 

LysK(H77A) (HB306) mutant compared against another biological replicate of LysK (HB296). Both the 

LysK results show the same results to the previous LysK results(A). The LysK and LysK(H77A) both 

show no killing in any sample, and both show no lawn disruption effect in the undiluted samples. C) 

Shows the plating results for the Clinda_3 (HB298) and Clinda_8 (HB294) expression strains compared 

to the ClyF expression strain. Both Clinda_3 and Clinda_8 produces killing in the undiluted samples (U) 

up to the second dilution (1/100) samples (2). 

 

6.c Testing of chimeric endolysins 

 

6.c.i Construction of chimeric endolysin genes comprising the catalytic domains from putative 

endolysin P5 and the cell wall binding domain of ClyF 

 

The previous chapter (Chapter 6.a.ii) described the results of assays testing for 

antimicrobial activity of putative endolysin P5 (PE_GDT_P5). Subsequent literature 

searches found a study describing the antimicrobial activity of a protein identical in 

sequence to P5 against a methicillin-resistant S. aureus strain (MRSA) (250). While 

disappointing that P5 was not a novel antimicrobial protein, we wondered whether its 

relatively weak activity could be improved through protein engineering. P5 was tested 

in our hands against a non-clinical hosts (RN4220, HER1049), suggesting that while 

activity is reduced compared to activity against clinical isolates, P5 may have a broad 

host range. Additionally, with lytic activity beginning to appear only after thirty days, it 

is likely that P5 has a long half-life. Both these features make P5 a good candidate 

for optimisation of muralytic activity. 

 



217 
 

Following P5 expression in the PHEARLESS assay format, target strain clearing 

became apparent over a long time period (>30 days), and the size of the bacteriolytic 

halo extended well beyond the location of the applied P5 droplet, suggesting that P5 

is able to disperse faster than the positive control ClyF. We posited that P5 disperses 

faster than ClyF due to the P5 CWB domain (SH3) being unable to bind strongly to 

the bacterial cell wall. Therefore, we hypothesised that swapping the P5 SH3 CWB 

domain for the equivalent domain from ClyF (SH3_5) would improve P5 binding to 

the bacteria cell wall, thereby increasing lytic activity. 

 

To test this, three versions of a chimeric endolysin containing the two catalytic 

domains of P5 and the CWB domain of ClyF were designed and synthesised (Figure 

67). The SH3 domain used to construct the chimeric ClyF protein originated from 

lysin PlySs2, also referred to as CF-301 (130). The wild type PlySs2 lysin has been 

characterised to have weak lytic activity, but strong cell wall binding affinity for both 

streptococci and certain staphylococci (130). 

 

As more artificial chimeric endolysins are generated and different protein linkers are 

used, it appears that the linkers many have an important role in the interaction 

between the domains (111,259), with some linkers shown to either contribute to the 

function of the domains or be critical for activity (111,260). Taking this into 

consideration, three chimeric endolysins were created using the P5 catalytic domains 

and the ClyF CWB (SH3) domain. Each chimera was created using a different 

chimeric junction within the linker region; Chimeric endolysin version 1 (CV1), P5(1-

401)-P5(linker)-pLysS2(SH3), used the full P5 linker between the amidase and the 

ClyF CWB domain (Figure 67, A). Chimeric endolysin version 2 (CV2), P5(1-389)-

P5/ClyF(linker)-pLysS2(SH3), used a combination of both P5 and ClyF linker (Figure 

67, B) and Chimeric endolysin version 3 (CV3), P5(134)-ClyF(linker)- pLysS2(SH3) 

was a variant that used the majority of the ClyF linker between the CHAP domain 

and the SH3_5 domain (Figure 67, C). A fourth control version (CV4), was created 

which was truncated from the full length P5 construct, comprising the two P5 catalytic 

domains alone. This control construct was used to determine if P5 catalytic domains 

could retain their activity without requiring a CWB domain. 
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Figure 67: Chimeric Endolysin Protein Maps. Shows the general architecture of the three chimeric 

endolysin genes and the truncated P5 protein control which only contains the catalytic domains. 

Figure also includes the two parent protein architecture. A) P5(1-401)-P5(linker)-pLysS2(SH3) – 

Chimeric V1 (CV1) is 484 amino acids long, containing the catalytic domains from P5 and the entire P5 

linker sequence connecting it directly to the predicted SH3 domain from ClyF. B) P5(1-389)-

P5/ClyF(linker)-pLysS2(SH3) – Chimeric V2 (CV2) is 488 amino acids long, containing the catalytic 

domains from P5 and a section of the P7 linker connected to a section of the linker from the SH3 

domain on ClyF. C) P5(134)-ClyF(linker)- pLysS2(SH3) – Chimeric V3(CV3) is 460 amino acids, it 

contains a small portion of the P5 linker and the entire ClyF linker. Catalytic Domain Test – Catalytic 

Test V4 (CV4) contains only the catalytic domains of the P5 protein to test if the retain catalytic 

activity missing a CWB domain. E) PE_GDT_P5 is 486 amino acids long, containing the two catalytic 

domains, N terminalPeptidase_M23 and Aimidase_2 domains and the CWB domain for P5, SH3_5. F) 

ClyF is only 244 amino acids long, it contains a sing catalytic domain, a N terminal CHAP domain and 

a C terminal SH3_5 domain. Figure was generated using SnapGene DNA maps. 

 

Structures of individual P5 domains have been determined from the study of an 

identical endolysin protein from S. aureus phage 2638A (261) (Figure 68). Both the 

N-terminal domain, Peptidase_M23, and the C-terminal domain, SH3, have been 

crystallized (separately) and structures were published on UniProtKB in 2020 

(262,263). The Peptidase_M23 N-terminal catalytic domain, which is uncommon in S. 
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aureus phage endolysins has a characteristic Peptidase_M23 family zinc ligand 

binding site, consisting of His49, Sap53 and His135, located within a nine beta-sheet 

structure (Figure 68, A). The SH3 (SH3_5) domain the typical structure of six beta-

sheets, represented as green arrows (Figure 68, B).  

 

The P5 linker (75 amino acids) (Figure 69, A) is twice as long as the linker in ClyF 

(43 amino acids) (Figure 69, B), and is predicted to form different secondary structure 

elements, suggesting they do not act as traditional unstructured linkers. Secondary 

structure predictions were performed using the online prediction tool PSIPRED (242) 

on the both parent proteins and chimeric endolysins, using the PSIPRED 4.0 (Predict 

Secondary Structure) analysis option. PSIPRED predicted that the P5 linker forms 

two alpha-helices, while the ClyF linker has two beta-strands. P5 domain boundaries 

were predicted using HMMSCAN, with ten amino acids added to the amidase domain 

boundary in case the domain boundary exceeded what HMMSCAN predicted. 

 

 

Figure 68: Crystal Structures and Secondary Structure Predictions of Staphylococcal phage 2638A 

endolysin Peptidase_M23 and SH3 domains. A) Figure reprinted and adapted from RCSB Protein 

Data Bank (RCSB PDB), Protein ID 6YJ1 (264). The crystal structure of the Peptidase_M23 domain 

located at the N-terminus of the P5 endolysin protein (RCSB PDB: 6YJ1), Alpha helices identified in 

purple and Beta sheets identified as light green arrows. B) Figure reprinted and adapted from RCSB 

Protein Data Bank (RCSB PDB), Protein ID 7AQH (265). The crystal structure of the SH3 cell wall 

binding domain located at the C-terminus of the protein, Beta sheets identified as light green arrows. 

Crystal structure also includes 4-(2-Hydrocyethyl)-1-Piperazine Ethane Sulfonic Acid, located top left 
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of the picture. Both crystal structure links can be found on UniProt: Q4ZD58 · Q4ZD58_9CAUD. C) 

Shows the HMMSCAN predicted domain boundaries (black) and the crystal structure regions (grey) 

and metal binds sites (Zn) (red). Secondary structure predictions are shown below, colour coded to 

match the crystal structure images. Figure was generated using SnapGene DNA maps. 

 

CV1 (Figure 67, A) was designed with a fusion point based on an alignment 

generated with Clustal Omega (186), using the majority of the P5 linker with the ClyF 

CWB domain at its C-terminus. The predicted secondary structure of the P5 linker 

incorporated into CV1 comprises three predicted alpha helices and one potential 

beta-strand (Figure 69, C). This fusion point was chosen based on the HMM 

boundaries, with the fusion point starting at ClyF SH3 region S-YR-ETGTMTV which 

shares a similar region of amino acid type and charge with P5 (YKAEHASFTV) 

located just before P5 SH3 domain boundary. CV2 (Figure 67, B) was designed at an 

intermediate point, incorporating an N-terminal portion of the P5 linker and a portion 

of the ClyF linker at the C-terminus. The ClyF linker region of CV2 was chosen as 

this originated from the PlySs2 lysin from which the ClyF SH3 domain was derived. 

The third chimeric protein, CV3 (Figure 67, C), included ten amino acids at the C-

terminus of the P5 catalytic domains and the entire linker region of ClyF. The 

predicted secondary structure of both CV2 (Figure 69, D) and CV3 (Figure 69, E) 

shows three alpha helices. 
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Figure 69: Secondary Structural predictions for the Linker Sequences of the Parent Proteins and 

Chimeric Protein. Shows figure adapted from PSIPRED protein structure prediction online tool (242). 

A) Linker region for one of the parent proteins, P5, containing two predicted α helix. B) Linker region 

for one of the parent proteins, ClyF, containing two predicted β sheets. C) CV1 which contains the 

entire P5 linker connected immediately to the SH3 domain from ClyF contains three smaller α helix 

followed by a short β sheets. D) CV2 which contains a combination of the P5 and ClyF linker shows 

three predicted β sheets. E) CV3 which contains a small portion of the P5 linker and the entire ClyF 

linker shows three predicted β sheets in different positions relative to CV2.  

 

6.c.ii Chimeric Endolysin genes PHEARLESS Results 

 

The PHEARLESS V2.2 system was deployed to test the chimeric endolysins (Figure 

67, A, B, C) and the catalytic domain (Figure 67, D). PHEARLESS V2.2 expression 
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strains were used to ensure protein expression was maximised. Protocols follow the 

same methods previously used; all strains were grown to OD600 0.6 in LB media, 100 

µL and 2 µL of the target (RN4220) and propagation (QC024) strains, were plated on 

LB agar plates containing 240 µM cumate, then left to dry for a minimum of 1 hour.  

 

New cultures were inoculated from the overnight expression strain cultures. Since the 

protein is being expressed from a plasmid integrated into the 186 prophage genome, 

cultures do not require antibiotic selection. This in turn removes the need to pellet 

and re-suspend the expression strain in antibiotic free media after reaching OD600 

0.6. Strains used were the empty strain (HB253), P5 (HB241), CV1 (HB278), CV2 

(HB281), CV3 (HB279) and CV4 (HB280). Since P5 was demonstrated to have low 

endolytic activity, only showing bacterial lysis after about thirty days, these protocols 

used a method designed to increase the amount of enzyme expressed in an effort to 

show lytic activity more rapidly, in addition to the advantage gained via phage 

replication and propagation. After growing the expression strains to OD600 0.6, 10 mL 

of the cultures were pelleted and resuspended in 1 mL of media, concentrating the 

undiluted sample tenfold; a one in ten dilution series were created using this 

concentrated culture and 10 µL spotted onto the lawns. Plates were left to dry at 

room temperature, then placed at 37°C overnight, and monitored for antimicrobial 

activity the day after, and sporadically thereafter. Each expression strain was tested 

on three different cumate concentration plates; 40 µM, 120 µM and 240 µM. 

Following incubation overnight, the chimeric endolysins and the isolated catalytic 

domains expression strains all showed identical results to the empty control (Figure 

70), indicating they had no antimicrobial activity against the target strain. 

 

Since the “undiluted” sample was 10x the usual concentration of cells, there is a 

somewhat irregular pattern of growth of the lawn where the undiluted samples were 

spotted. This irregular growth pattern was observed for each strain on each plate 

(Figure 70, A, B, C, D). for the undiluted samples. 
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Figure 70: PHEARLESS Protein Screening Assay using the PHEARLESS V2.2 Expression Strain, Testing 

the Chimeric Endolysins and Catalytic Domains for Antimicrobial Activity Against S. aureus Strain 

RN4220. Each plate contains the target strain (RN4220) and a propagation strain (QC024) at a 50:1 

ratio respectively. Controls include the negative (Empty) expression strain (HB253), with the P5 

expression strain used as the positive control (HB241). A) Contains the initial plating results for CV1 

(HB278), which show no clearing. B) Contains the initial plating results for CV2 (HB281), which show 

no clearing. The undiluted (U) samples for the each of the plates show a slightly different appearance, 

likely due to the large quantity of expression cells plate. This appearance disappeared in the first 

(1/10) dilution (1) which would be the undiluted sample if concentrated protocols were not used. 

Sample after the undiluted sample (U) show little indication of where they were plated. This lawn 

disruption can be slightly observed in each of the other plates undiluted samples, but it appears the 

strongest in B). C) Contains the initial plating results for CV3 (HB279), which show no initial plaque 
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formation. D) Contains the initial plating results for and CV4 (HB280). All the samples on these plates 

show no obvious killing after overnight incubation. 

 

Since no initial activity was observed following overnight incubation of all strains 

(Figure 70) plates were stored at 4°C and reimaged later. Plates treated with 40 µM 

cumate were chosen for the time lapse photos since this concentration was observed 

to produce the highest antimicrobial activity following long incubation periods in past 

assays. Photos were taken of the plates over the period of one month, since 

muralytic activity of chimeras appeared at this timescale for wild type P5. 

 

The 40 µM cumate plates (Figure 71, A, C, E, F) show identical results to the 240 µM 

and 120 µM cumate plates (Figure 70) after overnight incubation. The empty controls 

for the 40 µM cumate plates (Figure 71, A, C, E, F) also show identical results, 

lacking target strain RN4220 cell lysis. 

 

Photos taken on the 48th day after preparation of the 40 µM cumate plates show that 

after incubation at 4°C for this period, RN4220 cell lysis is observed for some of the 

expression strains. The positive control used in this set of plates was wild type P5 

where P5 activity appeared after approximately 30 days (6.a.ii Testing selected 

proteins for activity using PHEARLESS version 2.2). Here the plates were left for an 

extra 18 days (48 days total) to produce more obvious RN4220 cell lysis. Wild type 

P5 samples on each plate show similar killing and halo formation as had been seen 

before, with the strongest clearing occurring in the undiluted samples (Figure 71, B, 

D, F, H). For plates containing P5 CV1 (Figure 71, B), P5 CV3 (Figure 71, F) and P5 

CV4 (Figure 71, H), the undiluted and first dilution (1) samples do appear to have a 

distinct clearing on day 48 compared to the day 1, however the second (2) and third 

(3) dilutions do not demonstrate any noticeable clearing. CV2 (Figure 71, B) gives the 

largest and clearest killing out of all the plates, similar to wild type P5. 

 

CV4, which expresses the two P5 catalytic domains and lacks a CWB domain, was 

tested to determine if the catalytic domains would be active in isolation. CV4 plate 

images (Figure 71, G, H) show that after 48 days the dilution series appears identical 

to the empty control samples, suggesting the loss of the CWBD eliminates catalytic 

activity (Figure 71, G, H). None of the chimeric endolysins, nor the isolated catalytic 

domains showed improved activity compared to the P5 samples, clearly showing that 

adding the CWB domain of ClyF to P5 did not increase activity 
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Figure 71: PHEARLESS Protein Screening Assay using the PHEARLESS V2.2 Expression Strain, Testing 

the Chimeric Endolysins and Catalytic Domains for Antimicrobial Activity Against S. aureus Strain 

RN4220. Photos of the same plates were taken after overnight A), C), E), and G) or 48 days B), D), F) 

and H) later. Plates were kept at 4°C wrapped in cling wrap in the interim. Plate images A), C), E), and 

G) are This set of plates used 40 uM cumate and were prepared using the same cultures that were 

used to create the 240 µM cumate plates in Figure 70. Each plates contain the target strain (RN4220) 

and a propagation strain (QC024) at a 50:1 ratio respectively. PHEARLESS Protein Screening Assay 

protocols used were the concentrated expression culture version. Controls include the negative 

(Empty) expression strain (HB253), with the P5 expression strain used as the positive control (HB241). 

The Empty control strain shows no plaque formation after the forty-eight-day incubation, lawn have 

further recovered from the expression strain being added. Strongest recovery effect appears to have 

happen in the undiluted sample (U) on plate A)/B) and G)/H). P5 (HB241) on each plate shows strong 

plaque formation after the forty-eight-day incubation with plaques forming in the undiluted samples 

(U) and each dilution sample plated. A)/B) shows the long term incubation of CV1 (HB278), CV1 does 

not show clear indication the plaques have formed in the undiluted sample. The undiluted samples 

appear almost identical to photo taken of the sample at day one. There appear to be a slight lawn 

thinning in the undiluted sample at forty-eight-day incubation, this is not observed in any of the 

dilutions. There is also no lawn recovery effect in any of the CV1 samples. C)/D) shows the long term 

incubation of CV2 (HB281), CV2 produces identical results to P5 after the forty-eight-day incubation. 

With plaques appearing in the undiluted sample (U) and each of the dilutions. E)/F) shows the long 

term incubation of CV3 (HB279), CV3 produced identical results to the Empty control strain. no 

plaques form in any of the CV3 samples plate, there also appears to be a slight recovery effect for the 

CV3 samples. G)/H) shows the long term incubation of CV4 (HB280), CV4 was the version that only 

contained catalytic domains. CV4 produced identical results to the empty control strain with a 

recovery effect on the lawn also occurring. 

 

Summarising Chapter 6, seven proteins were chosen from bioinformatics searches, 

four from the bioinformatic searches performed in Chapter 5 and 3 from a separate 

bioinformatics study. Only one protein (P5) (Figure 59) showed any lytic activity after 

one month of incubation at 4°C degrees. P5's two catalytic domains were combined 

with the CWB domain of ClyF to engineer three chimeric endolysins, aiming to 

improve lytic activity. Of the three chimeric endolysins, only one chimeric endolysin 

(CV2) showed lytic activity (Figure 71), but the activity was not increased compared 

to the P5 parent endolysin. Five protein sequences were tested in collaboration with 

the BHI. Visible lytic activity was overserved for two proteins (Clinda_3 and Clinda_8) 

(Figure 60, Figure 61, Figure 62, Figure 63, Figure 64, Figure 65, Figure 66) against 
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multiple bacterial strains, and results were inconclusive for two proteins (LysK and 

LysK(H77A)) (Figure 62, Figure 63).  
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Chapter 7: Experimental Summary and Conclusions 

 

7.a Discussion and Conclusion of the generation of PHEARLESS V1 expression strain 

and the Generation PHEARLESS Protein Screening Assay  

 

In Chapter 3, each PHEARLESS V1 system component was tested and optimized, 

aiming for endolysin protein expression from a plasmid. Two interconnected cell lysis 

modules were successfully developed - a cumate-controlled 186tum induction 

module and an engineered 186 prophage capable of efficient cell lysis, both 

integrated into the E. coli genome (Figure 8).  

 

By removing the tum gene from the 186 prophage, 186 cannot enter the lytic life 

cycle without the expression of Tum from the cumate-controlled Tum expression 

module (Figure 10, Figure 11, Figure 12). A positive control endolysin protein (ClyF) 

was expressed from the protein expression plasmid (pZS(^)45) (Figure 13) under the 

control of a 186 late promoter, which enabled endolysin expression to be controlled 

by lytic cycle activation upon addition of cumate. Two components of the expression 

plasmid were tested for optimal protein expression (Table 4); the plasmid origin of 

replication (high (~70/cell) and low (~3/cell)), and the 186 promoter used (186pR, 

186pJ). In addition to the expression plasmid variants, two Tum switches were tested 

in this system: wild type Tum and the more active Tum72 variant. 

 

Testing the different combinations showed that for the PHEARLESS V1 expression 

system, the Tum wild type cumate switch with the high copy expression plasmid 

carrying the 186pJ promoter produced the best results (Table 4, Figure 16). In 

comparison, while Tum72 activated cell lysis more efficiently than the Tum wild type 

(Figure 11, Figure 12). Tum72 mediated lysis was perhaps too efficient (Figure 15, 

Figure 17), resulting in lysis before sufficient protein could be produced. 

 

Initially, 186pR appeared to be better than 186pJ in the low copy number plasmid, 

but after increasing the plasmid copy number from ~3 to ~70, 186pR proved 

problematic. The high copy 186pR expression plasmid was challenging to assemble, 

with most of the isolates found to contain mutations. From the range of cumate 

concentrations tested for antimicrobial activity, 120 µM was found to be the best 

concentration for observing strong lytic activity using overnight incubation. A lower 

cumate concentration of 40 µM used for observing weaker endolysin activity, which 

requires more time to produce viable target cell killing. 40 µM cumate concentration 



229 
 

was also the best concentration for long-term assays that are kept at 4°C for a long 

period of time. 

 

After testing with ClyF expression and activity in the expression strain variations, the 

expression strains were tested for phage production. Previous work performed in 

Shearwin Laboratory indicated that 186 prophages can produce functioning phage 

particles even if the native tum gene had been removed but supplied from an 

alternative source in the cell (145). 

 

Production of phage particles was shown to be dependent on the presence of an 

intact cos sequence within the prophage module. Expression strains with a cos+ 

prophage and carrying the Tum72 (HB106) and Tum wild type (HB104) produced 

plaques following addition of cumate, while strains with a cos 186 prophage 

produced no active phage. Whether active phage are produced or not, the system 

design is able to bring about coordinated protein-of-interest expression and 

prophage-mediated cell lysis, in response to the simple addition of a small molecule 

(cumate) to the culture (Figure 7).  

 

7.b Discussion and Conclusion – Chapter 4. Generation of PHEARLESS Version 2.2 

Expression Strain and its Application in Library Screening  

 

While the plasmid based protein expression system was successful in being capable 

of demonstrating endolysin activity, there are difficulties associated with retrieving the 

gene of interest when the bacteria carrying that plasmid have been killed. A second 

approach, optimised for screening of libraries of endolysin mutants, was desirable. 

This a modified version of the PHEARLESS system was designed, whereby the gene 

of interest is protected by incorporation into the genome of a bacteriophage, allowing 

the phage to be propagated, retrieved and analysed. 

 

The first aim of Chapter 4 was to confirm whether integration on the endolysin 

expression plasmid into the 186 prophage genome would still (1) be capable of 

expression strain cell lysis, (2) produce functional phage particles and (3) produce 

sufficient ClyF expression. After integrating the pIT4 integration plasmid carrying 

either 186pJ or 186pR into either the Tum wild type lysis strain or the Tum72 lysis 

strain, phage production was tested. Induced and un-induced phage samples were 

tested against a host strain, which confirmed that the redesigned strain could lyse 
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upon addition for the chemical inducer, and that the phage particles produced were 

functional (Figure 25). 

 

After confirming (1) and (2), the same expression strains were tested using ClyF 

expression (Figure 25, Figure 26) using the same protocol used to test the plasmid-

based version in Chapter 3. The 186pJ promoter was again the optimal promoter for 

ClyF expression; expression between the Tum72 and Tum wild type results were 

similar but in reverse 

 

After confirming aims (1), (2), and (3), the final and most important activity of the 

system was to test if the progeny phage released could infect a new host, added as a 

separate E. coli propagation strain, to continue the cycle of expression. Five different 

ratios of target strain to propagation strain were tested to find the correct balance 

between the two strains (Figure 24). where there was a sufficient amount of 

propagation strain for good 186 propagation but not enough E. coli to out-compete 

the target strain. The ratio of 50:1, target strain to propagation strain, was chosen as 

the final ratio concentration.  

 

The 186pJ promoter driving expression of the endolysin, in the Tum72 mediated lysis 

strain was determined to be the best design. After confirming that the new lysis and 

expression components were functioning as expected, protocols for screening of a 

mutant library were developed (PHEARLESS Protein Library Screening). A proof of 

principle assay was developed using a ClyF mutant which had been engineered for 

loss of activity. Error-prone PCR was used to generate a library likely to include a 

ClyF revertant mutation, and the system was able to select these from the library. 

 

The sensitivity and optimization of the library screening system for the PHEARLESS 

V2 system showed several potential limitations of the system that required 

optimization. An efficient screening system needs to be able to screen as many 

clones as possible while identifying target cell lysis against a large background of 

inactive clones. Sensitivity was tested by counting the number of visible plaques on 

plates with increasing numbers of cells carrying inactive clones. Combining both 

results (Figure 32, Figure 33), the optimal cell concentration per plate for positive 

colony observation and maximum number of clones per plate is ~50,000 to ~75,000 

cells per plate. Plates that increased above 100,000 negative clones showed an 

apparent decrease in the number of visible, active clones. A second limitation to 
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investigate was the transformation efficiency and efficiency of pIT4 plasmid 

integration into the att2 site in the 186 prophage. 

 

Initially, an antibiotic selection step was used after transforming the pIT4 Gibson 

assembly reaction into the expression strain, to select for pIT4 integrants. The 

individual colonies were collected the following day, diluted, and plated with the 

target and propagation strains, in the presence of cumate, for visualisation of 

antimicrobial activity. A design optimization was developed to remove the 

requirement for this time consuming and inefficient antibiotic selection step. 

 

The 186 cos sequence was included on the pIT4 integration plasmid, and a (∆cos) 

prophage used in the expression strain. Thus, only prophage which carry an 

integrated pIT4 (cos+) plasmid should be packaged into phage particles (Figure 34. 

C). This expectation was confirmed experimentally (Figure 35). While cells which did 

not carry a non-pIT4 integrant could lyse upon addition of cumate, they could not 

produce functional phage. This optimization removes the need for a selection step, 

allowing Gibson assembly mixture to be directly added to the target cell/propagation 

strain screening plates 

 

The final limitation of the system is the 186 genome size which in turn limits the size 

of the gene of interest. Increasing the 186 genome size by more than 10% (3,000bp) 

impairs genome packaging, resulting in unstable or non-functional phage particles. In 

the final strain, the expression strain plus the pIT4 plasmid without an expression 

gene, the 186 genome is net + 1,388 bp. With the addition of the ClyF gene, the 

genome size increases by + 2,120 bp. ClyF only contains a single catalytic domain, 

unlike common S. aureus endolysins, which carry two. Adding a second catalytic 

domain and linkers would increase the genome size by another 500 to 700bp.  

 

A solution for testing proteins or gene fragments that increase the 186 genome size 

past the +3.1 Kb threshold would be to remove more non-essential sections of the 

186 genome. An analysis of genes known to be non-essential for 186 prophage 

maintenance or phage production shows that 1219 bp could be removed (266,267). 

Alternatively, the system could be reconfigured to be based on a larger temperate 

phage, such as lambda (52kbp), though a different induction system would be 

required.  
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A Proof of Principle test for the PHEARLESS Protein Library Screening assay was to 

recover a loss of function ClyF gene using error-prone PCR. The library of error-

prone fragments were assembled into the pIT4 plasmid using Gibson assembly and 

integrated into the PHEARLESS V2.2 expression strain (E4643 [pIT4-KT-cymR-

pCym-Tum72]21 [186(∆tum, att2, ∆Cm)]) (HB186). The transformation sample was 

divided and plated onto a mixed ratio lawn of target strain and propagation strain. 

 

The first screen isolated a revertant mutation (G36C), while a second screen  

also isolated an active phage carrying the revertant mutation (G36C), in addition to a 

silent mutation (A175A) and a missense mutation (K153R).  

 

In the conclusion of Chapter 4, proof of principle mutant library assays demonstrate 

that the PHEARLESS Protein Library Screening assay system functions correctly. 

The protein of interest can be integrated into the 186 prophage, which can then be 

used as a vector for continuous expression of the protein of interest using a host 

strain. The final expression strain chosen for this assay is the HB186 expression 

strain, E4643 [pIT4-KT-cymR-pCym-Tum72] 21 [186(∆tum, att2, ∆Cm)]. HB186 was 

generated for the HB61 lineage, which cannot produce functional phage particles due 

to loss of native cos. Functional phage production was rescued by re-integrating 

the cos sequence using the new pIT4 backbone 

(pIT4_attP2_LoxP_S_186pJ_ClyF_cos+, pIT4_attP2_LoxP_S_186pJ_cos+). This 

optimization was key in removing a selection step from the protocols. 

 

Many of the different components of the system were evaluated and optimized, 

including the lawn strain, pIT4 integration and ClyF expression, assay sensitivity and 

186 genome size limitations. While the PHEARLESS V2.2 assay can potentially be 

used to look at improved activity, depending on the wild type activity of the protein 

being investigated, it may be challenging to determine if a particular mutant has 

modest improvements in activity. The size of the killing zones size could be 

potentially be measured using imaging software and used as a proxy for 

improvement in activity. 

 

7.c Discussion and Conclusion Chapter 5 - Bioinformatics Search and Screening of 

Putative Lytic Proteins in the PHEARLESS Assay System 

 

7.c.i Bioinformatics Search  
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In Chapter 5: Bioinformatic Pipeline for Putative Antimicrobial Phage Protein 

Discovery, two large data sets were generated from a bioinformatics search aiming to 

identify phage proteins predicted to be present in several antibiotic-resistant S. 

aureus strains. One set was provided by the ENT surgery group at the Basil Hetzel 

Institute of S. aureus genomes collected from patients with chronic rhinosinusitis 

(189). The second data set consisted of S. aureus genomes isolated from patients 

with cystic fibrosis (BioProject accession number PRJNA480016). These bacterial 

genomes were searched for prophage sequences using an online tool, PHASTER. 

The resulting hits were analysed for domains of interest, discovered using an online 

tool, HMMSCAN, which searches using profile hidden Markov Models. From both 

lists, almost 14,000 prophage related proteins were identified, and the number of 

proteins predicted to have a potential antimicrobial function was filtered down to 

1,058 individual proteins (Table 6, Table 7). At the conclusion of Chapter 5, two data 

sets were generated that contained a list of predicted phage proteins that could 

contain antimicrobial activity—providing a database of potential proteins of interest 

that can be investigated for antimicrobial activity. 

 

7.c.ii Discussion and Conclusion Chapter 6 PHEARLESS Assay of Proteins Selected from 

Bioinformatics Search 

 

In Chapter 6, four proteins discovered in the bioinformatics searchs (Chapter 5) were 

investigated for lytic activity, in addition to three other proteins from a published 

bioinformatics study (232), which investigate Staphylococcal phage evolutionary 

relationships and genomic diversity. Proteins were reviewed for previous functional 

and characterization studies performed on identical proteins or proteins with high 

homology. After performing the PHEARLESS Protein Screening assay, one of these 

proteins was discovered to have been previously tested for lytic activity (P5). Out of 

the seven proteins tested, P1 to P7, P5 was the only protein that showed lytic activity 

against one (RN4220) of the two laboratory S. aureus strains, RN4220 and HER0149 

tested (Figure 57, Figure 58). While P5 showed lytic activity against RN4220, the 

activity was very weak, only observed on the plate after 30 days (Figure 59), with the 

most evident activity observed on plates that had been stored and sealed at 4°C for 

48 days (Figure 71).  

 

Once P5 activity appeared, it did not clear the target bacteria completely like the 

positive control ClyF, but did noticeably reduce the density of target cells in that 
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location, compared to the rest of the lawn. A second noticeable difference between 

ClyF and P5 was that P5 appeared to diffuse further through the plate (Figure 59, 

Figure 71).  

 

The most likely reason that none of the other tested proteins showed activity is strain 

specificity. Most of the phage these proteins originated from were clinical, antibiotic-

resistant S. aureus strains. Therefore, it is most likely that the two S. aureus strains 

used in the assays are outside these protein’s target range.  

 

Between P1 and P3, P1 is the only predicted protein with the architecture of an 

endolysin protein: N terminal CHAP, Amidase_3 and a C terminal SH3_5 domains. 

Five of the seven proteins contain a typical endolysin architecture (N-terminal CHAP, 

Amidase_3 and a C-terminal SH3_5 domains): P1, P4, P5, P6 and P7. Nevertheless, 

given that these proteins are from predicted prophage genomes, it is possible that 

they are not functional and have lost the ability to lysis the host cell. P2 and P3 do 

not present typical endolysin architecture and are more likely to function as structural 

proteins, such as tail-associated cell wall hydrolases and could therefore require 

additional phage genes to aid assembly and activate the lytic function. 

 

The last protein, P7, did not show any activity against the laboratory strain, RN4220, 

either initially or after thirty days. However, previous studies demonstrated that a 

homolog of this protein originates from a phage (SA97) capable of infecting RN4220 

(252). There are a few possible reasons why our results do not match those 

observed in the previous studies. One possibility is that the RN4220 strain used in 

this study has been misidentified. Some laboratories may receive their bacterial 

strain from another laboratory that got there through another laboratory, and so on. 

Receiving a new RN4220 clone or the RN4220 clone used in the 2015 study could 

be performed to re-test our protein. Sequencing could be performed on our RN4220 

strain, but that would be costly and time-consuming. It could also be possible that our 

RN4220 stain has evolved into a strain of RN4220 that is resistant to the endolysin 

now. 

 

7.c.iii PHEARLESS Assay Results and Discussion for Proteins Tested in Collaboration with the 

Basil Hetzel Institute 

 

The PHEARLESS Protein Screening system was also used in a collaborative project 

with the ENT group at the Basil Hetzel Institute (BHI), using the PHEARLESS V1 
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expression system. The main proteins of interest being tested were discovered from 

a phage species that was unable to infect a clinical S. aureus strain, but was found to 

be capable of infection if the host cell was treated with antibiotics. The progeny (exit) 

phage were then shown to be capable of infection of the original host strain without 

the use of antibiotics. Genome sequencing of the exit phage showed a single 

mutation in the endolysin gene, compared to the parent (entry phage) genome. This 

mutation indicated removal a section from the endolysin gene, the entire amidase 

domain located in the middle. The detailed mechanism of this phage-antibiotic 

synergy in under investigation, but my interest was in assessing the activity of the 

endolysin variants. 

 

Five pZS(^)45 expression plasmids were constructed; one contained a truncated 

version of the parental LysK endolysin (FT), translated up until the first premature 

stop codon in the amidase domain (Figure 60, B). Two full length LysK proteins were 

tested, one identical to the initially identified phage parental endolysin, containing an 

HNH endonuclease mutation (Figure 60, A, F). In this study, the phage parent 

endolysin containing an endonuclease domain assembled with a mutation in the 

HNH endonuclease (H77A), because the active HNH endolysin variant could not be 

cloned. The second LysK (Figure 60, E) was another wild type endolysin containing 

the final protein architecture lacking the endonuclease that also exists naturally in 

nature (258). The final two expression plasmids created were the progeny phage 

endolysins, which both have had the HNH endonuclease domain and NUMOD4 motif 

and entire amidase domain removed to regenerate a CHAP-SH3 architecture. Both 

proteins are identical except for six nucleotides (2 amino acids) where the domain 

fragments are fused (Figure 60, C, D) (Clinda_3 and Clinda_8).  

 

All five proteins were tested against six clinical isolates S. aureus strains. An empty 

control strain acted as the negative control, while ClyF was a positive control which 

showed strong activity against all target strains (Figure 61, Figure 62, Figure 63, 

Figure 64, Figure 65, Figure 66). The exit phage endolysin proteins, Clinda_3 and 

Clinda_8, each showed consistent activity against all strains tested, whereas the 

entry phage variants of LysK had no activity. 

 

Modification of the assay to use 10-fold higher density of expression cells did not 

indicate any endolysin activity for the entry phage variants. There is the possibility 

that even this concentrated version of the assay is not sensitive enough to detect 
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weak activity over a short (overnight) time frame. One possible way to increase 

sensitivity would be to re-develop the PHEARLESS assay system for liquid cultures, 

optimizing the assay for that setting. The advantage of this adaptation would be the 

ability to monitor OD600 over time, and hence follow the kinetics of endolysin activity. 

This will be a project for another member of the Shearwin lab in the future, and initial 

results look promising. 

 

7.c.iv PHEARLESS Assay Results and Discussion for Proteins for Chimeric Endolysins 

 

In Chapter 6.c, the aim was improving P5 antimicrobial activity against RN4220 by 

protein engineering. Chimeric endolysins were generated using an SH3 domain from 

ClyF, which has strong activity against RN4220. The hypothesis was that the P5 

CWB (SH3) domain does not bind to the RN4220 cell wall efficiently, and that 

replacing the P5 CWB domain with the SH3 from ClyF would increase lytic activity. 

Given the very weak activity of P5, improved activity should have been 

straightforward to identify.  

 

Controls showed that the P5 catalytic domain alone is non-functional (Figure 70, D). 

A small number of variants were generated, varying in the position of the linker 

between the domains. Only one of the variants showed lytic activity against RN4220, 

producing the same lytic activity as P5 wild type, taking the same time to appear on 

the plate. Thus, the aim of improving the lytic activity of P5 by adding a different CWB 

domain was not achieved. In the future, a more extensive array of chimeras could be 

generated, perhaps based on the VERSATILE approach to variant production (144), 

and tested in a higher throughput manner using a liquid culture based PHEARLESS 

assay. 

 

In conclusion of this thesis, the PHEARLESS assay system was successfully 

constructed as a novel assay system for both antimicrobial protein screening and 

library screening. It is an innovative system that utilises the properties of a prophage 

in a significantly novel way, contributing to the current knowledge of how phage can 

be used in synthetic biology. The system's advantages include; low cost in setting-up 

and running, fast testing, parallel protein testing, protein solubility is not a limiting 

factor, high throughput library screening and positive clone genotypes can be easily 

retrieved and re-tested. The limitations of the system, is its capability to screen 

protein with medium to weak lytic activity. After generating and validating both assay 
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systems, the second area of study for this thesis was addressed. The bioinformatics 

pipeline, was completed and able to filter 13,737 putative prophage proteins down to 

1,058 proteins that were predicted to have antimicrobial activity. Four of the proteins 

discovered in the bioinformatics search were tested in the PHEARLESS assay 

system, as well as twelve other proteins. Antimicrobial activity was confirmed for five 

proteins, four of which were novel proteins with no previous functional studies 

performed on them. For The one protein that was found later not to be novel (P5), 

new avenues of research were started, including aiming to improve the antimicrobial 

activity of P5 by using it to construct a chimeric endolysin, which were screened for 

improved activity in the PHEARLESS assay. The work performed in this thesis has 

contributed to several areas of current scientific knowledge in molecular biology, 

microbiology biology, synthetic biology, assay development, bioinformatics and 

antimicrobial resistance mitigation.  
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Chapter 8: Future Directions 

 

8.a.i Adapting the PHEARLESS Assay System for Liquid Culture Screening. 
 

In the development of the PHEARLESS assay, it was observed that although it was 

sufficient for showing antimicrobial activity for strong proteins, proteins with medium 

to weak strength were more challenging to detect. This weak activity can be 

inconsistent and appear similar to the batch-to-batch variation observed in the 

negative controls due to growing and lysing the expression strain in the same 

location as the target species. 

 

All PHEARLESS experiments have been performed on solid media (agar plates) 

except for growth curve assays performed in Chapter 3. Solid media was chosen to 

allow simple visualisation of differences between the expression strain spot and 

background where no expression strain is added.  

 

An optimised version of the assay using liquid media is proposed to improve the 

sensitivity of the PHEALESS assay for proteins with weak activity. Using a liquid 

media, with shaking in a temperature controlled environment in microtiter plates (e.g. 

96 wells), could improve the lysis and dispersion of the protein of interest, and allow 

kinetic monitoring of lysis in a relatively high throughput manner. 

 

Certain modifications would be required to move the assay to a liquid-based platform, 

depending on whether it was based on PHEARLESS version 1 or 2. Version 2 has 

the advantage of being able to harvest phage carrying the gene of interest from the 

wells at the conclusion of the assay. The final liquid cultures testing protein activity 

would contain a mixture of expression cells and target bacterial cells, plus phage 

propagation strain, if based on version 2.  

 

Given the reduced volumes (~150 µL) and different availability of oxygen in the 

microtiter format, the choice of Tum- or Tum72-based lysis would need to be tested, 

as would the most appropriate concentration of cumate required to initiate lysis. The 

plate assay would be set up to use normalisation of growth curves based on negative 

control samples, which would contain the expression strain alone, or target strain 

alone. Controls with and without cumate induction would also be included. With an 

appropriate plate reader, it should be possible to separately follow growth of target 
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and expression cells, if strains were each labelled with a fluorophore, such as 

expressing a different fluorescent protein. 

 

8.a.ii Adapting the PHEARLESS Assay System for Environmental Library Screening  

 

Microorganisms are the most abundant source of genetic diversity on the planet, 

making them a rich source of novel proteins and enzymes with various metabolic 

functions, binding structures and physiological properties. Therefore, they are a 

significant resource for potential pharmaceutical molecules—several challenges 

affect our ability to find these unique and desirable proteins. One is their abundance. 

Identifying and testing them one by one would be impossible. 

 

A second major challenge when searching for these novel proteins is whether the 

bacteria they originated from can even be cultured. It is predicted that for the current 

in vitro growth of bacteria, only to 1-2% of the bacteria species found on Earth can be 

cultured (268,269).  

 

An issue that can increase the difficulty of identifying desired proteins is that no other 

proteins with high homology have been functionally investigated. Metagenomics 

library screening is a tool to accelerate the discovery of novel proteins for different 

catabolic processes using high throughput screening. Metagenomics libraries are 

genomic libraries generated from all microorganisms in an environmental sample. 

The environmental samples are taken directly from the environmental source, 

including all the microorganism species (bacteria, viruses, fungi). These samples are 

taken directly from the source and do not undergo culturing, producing a library that 

includes genomes from microorganism species that are currently ‘uncultivable’ using 

current culturing methods. 

 

Metagenomics library screening is accomplished using three key steps (270). The 

first step involves isolating and purifying DNA found in the environmental samples. 

DNA collected needs to be purified, removing any co-purified polyphenolic 

compounds during DNA purification. The second step follows the construction of the 

DNA library into a cloning vector and host strain. Methods for this step differ 

depending on the size of the final DNA fragments. The third step for metagenomics 

library screening is either a sequenced-based analysis or a functional analysis. 
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The functional analysis pathway can be difficult to perform since the active genome 

needs to be retrieved from the expression host. This can restrict the type of genes 

being screened. For example, antibiotic resistance genes are more readily screened 

for, with successful clones being capable of growing on antibiotic medium. Single 

colonies of a successful clone could be retrieved from the media and further cultured. 

Functional tests that require expression and release would require individual copies 

of the colonies kept and stored so the genomes can be retrieved after testing. This 

significantly reduces the high throughput testing, requiring individual selection and 

growth of each clone. This can be achieved with the use of colony or plaque picking 

using automated robotics. The PHEARLESS assay, particularly version 2, where the 

gene of interest is packaged and protected within a functional phage particle, is 

designed to be adaptable to high throughput library screening. 

 

While phage-derived proteins have been shown to be highly effective against specific 

bacterial species, they have advantages and disadvantages. One advantage is being 

capable of targeting a specific disease-causing bacterial species while leaving the 

bacterial fauna unaffected. The disadvantage is that the target of disease-causing 

bacteria would need to be determined, and there could be more than one species or 

strain which causes the infection. Determining the pathogenic bacteria would 

increase the waiting time before treatment, causing risk to the patient’s life. A solution 

to this problem would be using cocktails of protein based drugs, with multiple proteins 

that target different species, aiming for species overlap. This could also reduce the 

rate of resistance development by bacteria against the treatment. To achieve this, the 

discovery and optimization of many antibacterial phage proteins to cover a broad 

host range is needed, and ideally the PHEARLESS system described here may play 

a role. 
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Chapter 9: Appendix Data 

 

Appendix Fig. 1: G-Block version 1, 186 recombineering fragment. 

 

CCATATCATGTACATACAGTGTATTTAACTGTGATTTTTTTCGGCGTGGCGGGGAAAGCATT 

   186 Sequence Overlap    186 cos End 

GCGTTTGTAAAGGAGACTGATAATGGCATGTACAACTATACTCGTCGGTAAAAAGGCATCTT 

          attB3 Sequence 

ATATTCCCCGAATCCGGTTTAAACCGGAGGACGGCGCAGAAGGGGAGTAGCTCTTCGCCGGA 

          attB2 Sequence 

CCGTCGACATACTGCTCAGCTCGTCCGGATATAAGTAATTCCTCGTAAGTTACCGTTCGTAT 

           LoxP RE 

AATGTATGCTATACGAAGTTATGATATCTGGCGAAAATGAGACGTTGATCGGCACGTAAGAG

      Chloramphenicol Resistance Gene 

GTTCCAACTTTCACCATAATGAAATAAGATCACTACCGGGCGTATTTTTTGAGTTATCGAGA 

TTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATTACTGGGTATACAACCGTAGACAT 

TTCGCAGTGGCACCGCAAGGAACATTTTGAAGCGTTCCAGTCGGTGGCGCAATGCACATATA 

ACCAAACTGTCCAATTGGACATTACTGCGTTTTTGAAGACTGTCAAGAAAAATAAACACAAG 

TTCTACCCTGCGTTTATTCATATCCTGGCTCGTCTGATGAATGCACACCCTGAGTTCCGCAT 

GGCCATGAAGGACGGCGAATTGGTTATCTGGGACAGCGTTCATCCCTGCTACACTGTGTTTC 

ACGAGCAGACTGAAACATTCTCCTCACTTTGGTCAGAGTACCATGACGACTTTCGCCAATTC 

TTACATATTTATTCGCAGGACGTAGCCTGTTATGGAGAGAATCTTGCGTATTTTCCGAAGGG 

GTTCATCGAGAACATGTTTTTTGTGAGTGCGAACCCTTGGGTGTCATTTACGTCGTTTGATC 

TGAACGTGGCCAATATGGATAACTTCTTTGCCCCTGTGTTCACTATGGGCAAGTACTACACT 

CAAGGAGACAAAGTTCTGATGCCTCTTGCTATCCAAGTACACCACGCAGTCTGTGATGGCTT 

CCACGTTGGGCGTATGTTGAATGAACTGCAACAGTACTGCGATGAATGGCAGGGCGGGGCTT 

AATAAGAATTAGGAAGATAACTTCGTATAATGTATGCTATACGAACGGTACGTGTGGCGCGT 

     LoxP LE 

CTGAGACGTGATGGTGGCGGGGTATGAA 

 186 Overlap Sequence  
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First G-Block designed to delete p95-Tum-orf97-t97, insert two Voigt att sites (att2B 

and att3B) (peach) and loxP sites (pink) flanked chloramphenicol resistance gene 

cassette (yellow). Codon optimises the chloramphenicol resistance gene to remove 

commonly used restriction sites. The start and end of the G-Block have an overlap 

section (underline), which matches the 186 genomes. The section directly after the 

first 186 overlap sequence matches the end of the 186 cos region (green). All strains 

originating from the HB61 lineage contain this G-Block. 
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Appendix Fig. 2: G-Block version 2, 186 recombineering fragment. 

 

CCATATCATGTACATACAGTGTATTTAACTGTGATTTTTTTcGTTTGTAAAGGAGACTGATAATGGCA 

  186 Sequence Overlap 

TGTACAACTATACTCGTCGGTAAAAAGGCATCTTATattccccgaatccggtttAaAccggaGGACGG 

   attB3 Sequence 

CGCAGAAGGGGAGTAGCTCTTCGCCGGACCGTCGACATACTGCTCAGCTCGTCcggatataagtaatt 

   attB2 Sequence 

cctcgtaagttaccgTTCGTATAATGTATGCTATACGAAGTTATGATATCTGGCGAAAATGAGACGTT 

  LoxP RE    Chloramphenicol Resistance Gene 

GATCGGCACGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGATCACTACCGGGCGTATTTTTTGA 

GTTATCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATTACTGGGTATACAACCGTAG 

ACATTTCGCAGTGGCACCGCAAGGAACATTTTGAAGCGTTCCAGTCGGTGGCGCAATGCACATATAAC 

CAAACTGTCCAATTGGACATTACTGCGTTTTTGAAGACTGTCAAGAAAAATAAACACAAGTTCTACCC 

TGCGTTTATTCATATCCTGGCTCGTCTGATGAATGCACACCCTGAGTTCCGCATGGCCATGAAGGACG 

GCGAATTGGTTATCTGGGACAGCGTTCATCCCTGCTACACTGTGTTTCACGAGCAGACTGAAACATTC 

TCCTCACTTTGGTCAGAGTACCATGACGACTTTCGCCAATTCTTACATATTTATTCGCAGGACGTAGC 

CTGTTATGGAGAGAATCTTGCGTATTTTCCGAAGGGGTTCATCGAGAACATGTTTTTTGTGAGTGCGA 

ACCCTTGGGTGTCATTTACGTCGTTTGATCTGAACGTGGCCAATATGGATAACTTCTTTGCCCCTGTG 

TTCACTATGGGCAAGTACTACACTCAAGGAGACAAAGTTCTGATGCCTCTTGCTATCCAAGTACACCA 

CGCAGTCTGTGATGGCTTCCACGTTGGGCGTATGTTGAATGAACTGCAACAGTACTGCGATGAATGGC 

AGGGCGGGGCTTAATAAGAATTAGGAAGATAACTTCGTATAATGTATGCTATACGAAcggtaATGCCA 

      LoxP LE 

CTTTTCCACGAATTTCCCGTTTTTTTAGCCGTGC 

186 Overlap Sequence 

 

Second G-Block designed to delete p95-Tum-orf97-t97, insert two Voigt att sites 

(attB2 and attB3) (peach) and loxP sites (pink) flanked chloramphenicol resistance 

gene cassette (yellow). Codon optimises the chloramphenicol resistance gene to 

remove commonly used restriction sites. The start and end of the G-Block have an 

overlap section (underline), which matches the 186 genomes. The second version, 

G-Block, is located on the left side of the 186 cos sequence, leaving the entire native 

cos sequence. All strains originating from the HB93 lineage contain this G-Block.  
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Appendix Fig. 3: Results for the PCR amplification of correct recombineering 

fragment present in the 186 genome, strain HB61.  

 

After recombineering, individual clones were isolated and tested by PCR to amplify 

the left and right insertion sites (i.e. using primers 186 genome-Recombineering 

Fragment, Recombineering Fragment-186 genome) as well as the whole 

recombineering fragment (186 genome-Recombineering Fragment-186 genome). 

E4643 [186(∆tum ∆cos, att2, Cm)] (HB61) produced the correct band sizes for the 

left insertion site (0.6 Kb) and for the right insertion site (1.3 Kb). HB61 also produced 

the correct band size for the whole fragment (1.9 Kb). The whole fragment sample 

was sequenced (AGRF) to confirm the correct nucleotide sequence. E4643(186) 

(HB60) was used as the wild type control. This strain should not produce any 

amplification for the left or right insertion site primers. For the whole fragment 

amplification, it amplified the native tum and cp97 genes, producing the expected 

band size of 2.0 Kb. The white line between the HB61 and HB60 PCR samples 

shows where the gel was cut to remove additional samples from other PCR results. 
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Appendix Fig. 4: Results for the PCR amplification of correct pIT4 plasmid 

integration into the 186 genome, for expression strains HB143, HB149 and 

HB152. 

To 

confirm the correct integration of the pIT4 integration plasmid into the att2 site of the 
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modified 186 lysogen, multiplex PCR, using four primers per PCR reaction, was 

used. One pair of primers (Primer 1 and Primer 4)  bind to the ∆186 prophage. The 

second pair of primers (Primer 2 and Primer 3) will only anneal with the pIT4 

integration plasmid. The top diagram shows the band pattern produced for integration 

of the pIT4 plasmid; primers 1 and 2 amplify the attL site, and primers 3 and 4 

amplify the attR site, producing two bands. If there is no pIT4 integration in the ∆186 

prophage, primers 1 and 4 will amplify a single band at the attB site. If unintegrated 

pIT4 plasmid is present, primers 2 and 3 will amplify a single band at the attP site. 

From the gel results (Gel 1 and Gel 2), it was concluded that all of the expression 

strains (HB143, HB149 and HB152) have an integrated pIT4 plasmid. All produced 

the expected band sizes 1,692 bp (186pR) / 1,661 bp (186pJ) for the attL site and 

586 bp for the attR site. Each gel also shows the fragments produced from two 

control PCRs -  one control for the attB site using an expression strain control and a 

second control for attP using pIT4 plasmid. Each control produced the expected band 

sizes; attB produced a 944 bp band, and pIT4 attP control produced a 1,249 bp 

band. The white line in between PCR samples represent where PCR results were 

removed from the gel since they were unrelated PCR samples. The HB141 strain 

was also PCR screened for integration; however, the image could not be shown due 

to an issue with the gel. HB141 has been PCR screened for integration using four 

primer amplification and PCR screening for the entire length of the pIT4 integration 

plasmid present in the expression strain. 
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Appendix Fig. 5: Results of the PCR amplification of pIT4 plasmid integration 

into the 186 genome, for each of the putative proteins investigated in Chapter 

6.a.  

 

To confirm the correct integration of the pIT4 integration plasmid into the att2 site of 

the modified 186 lysogen, multiplex PCR, using four primers per PCR reaction, was 

used. The left and right attachment sites that are created after integration 

(attL and attR) are amplified in the same PCR tube using four primers. 

The attL bands differ in length between proteins since the reaction covers the entire 

protein sequence. Each protein (P1 to P7) produced the expected band pattern, with 

the exception of an additional 450 bp band present in all the integration samples at 

various intensities. This band was likely caused by non-specific amplification due to 

the cycling settings. Integration sample results were observed over two gels, each 

also containing two control PCR reactions. Each gel contained two control PCR 

samples for the un-integrated expression strain control (attB) and a pIT4 plasmid 

control (pIT4 attP). These controls produced the expected band sizes; attB produced 
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a 680 bp band, and pIT4 attP control produced a 1,624 bp band. Fragments covering 

the protein sequences were purified and sent for Sanger sequencing to confirm the 

absence of mutations. The white line in between PCR samples represent where PCR 

results were removed from the gel since they were additional PCR samples.  
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