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ABSTRACT 
 

The escalation of bacterial resistance to existing antibiotics has accelerated alarmingly. This 

trend is further compounded by the misuse of antibiotics, leading to an intensified global 

challenge. Identifying novel alternatives to antibiotics to curtail the rise in resistance has led to 

the discovery of several alternatives, including phage-derived lytic proteins. This study 

investigates a solution to the urgent need for antibiotic alternatives amidst rising antibiotic 

resistance. It highlights the untapped potential of phage-derived lytic proteins as antibacterial 

agents. Sequence-based screening was used to mine an online phage database for novel 

putative sequences encoding lytic proteins focussing on sequences from University of Kwa-

Zulu Natal (UKZN). Four open reading frames (ORFs) displaying domains typical of phage-

lytic proteins were selected and synthesised. Phage lytic proteins are derivatives of phage and 

degrade the peptidoglycan component of the bacterial cell wall and have since gained interest 

as antimicrobials. Their sizes were 396 bp for Holin, 1341 bp LysA, 1374 bp LysB and 1383 

bp Lysin, each with no signal peptide for cytosolic expression. Using PCR, they were 

subsequently sub-cloned into the pEAQ-HT for expression in Nicotiana benthamiana. The 

genes were also sub-cloned into pET-30b(+) vector for expression in E. coli bacteria as His6 

tagged recombinants with the tag fused to the N- or C-terminal of the proteins. While 

challenges were experienced with purification, the bacterial system outperformed the plant-

based system in recombinant protein production of all four target proteins. Transient 

expression in N. benthamiana yielded a truncated version of three proteins and no detectable 

expression of the holin (SM31) protein. Lysin (SM07) was selected for detailed 

characterisation due to its ancestral lineage to the other proteins and the presence of the 

potential catalytic domains and catalytic residues for lytic proteins. Lysin (SM07) was purified 

successfully using IMAC with the His6 tag on the N-terminal. The enzyme demonstrated 

promising antimicrobial activity against P. aeruginosa with a minimum inhibitory concentration 

of 0.004 µg/µl with no significant toxicity observed against Vero kidney cells. In a prototype, a 

surface disinfectant was formulated using SM07 as the sole active ingredient. The spray 

showed a reduced P. aeruginosa bacterial count of approximately 98.7%. Additionally, a 3D 

structure was modelled using AlphaFold revealing a cell wall binding domain (CBD), and a 

catalytic/enzymatic domain possessing a typical catalytic dyad (Glu228 and Glu237). Finding 

a CBD is unusual in Gram-negative active endolysins, raising intriguing possibilities for future 

antimicrobial research. This discovery will contribute to combatting nosocomial infections 

resulting from P. aeruginosa.  
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1 CHAPTER ONE: BACKGROUND 

1.1 Introduction 

During antiquity in Greece and Egypt, moulds and plant extracts were used to treat infections 

and diseases (Aminov, 2010; Dias et al., 2012; Gould, 2016). This was before the 

accidental discovery of penicillin by Alexander Fleming in 1928, when the age of antibiotics 

began. Penicillin came from the mould Penicillium notatum, which had contaminated the 

culture plate and caused the lysis of Staphylococcal colonies. Since their discovery, antibiotics 

have saved millions of lives and transformed modern medicine. In the last 20 years, bacterial 

resistance to existing antibiotics has grown at an alarming rate. The first case of resistance 

was detected shortly after the release of penicillin in the 1950s (Ventola, 2015). Antibiotic 

resistance is becoming increasingly prevalent in bacteria, and fungal pathogens in the general 

population and hospital settings.  

The rise of antibiotic resistance is attributed to overuse, inappropriate prescribing, extensive 

agricultural use, limited availability of new antibiotics, and regulatory barriers (Ventola, 2015; 

Aslam et al., 2018a). Multidrug-resistance (MDR) results from various biochemical factors and 

poses a significant challenge in combatting infectious diseases (Aslam et al., 2018a). 

Mechanisms of drug resistance include mutation or enzymatic alteration, enzymatic 

degradation, bypassing inhibited mechanisms, drug target overexpression, and hindrance of 

drug penetration, often occurring through multiple mechanisms in microbes (Pachori et al., 

2019). The bacterial cell wall provides structure and protection and is a common target for 

antimicrobial treatments. Gram-positive bacteria have a thick peptidoglycan (PG) layer, while 

Gram-negative bacteria feature an envelope structure with a thinner PG layer between two 

membranes (Mai-Prochnow et al., 2016a). Peptidoglycan is a major structural component and 

attachment platform for proteins and polymers (Vollmer and Seligman, 2010a). Exploring new 

antibiotic strategies includes repurposing existing drugs, developing analogues, and 

innovating biologics like antibodies, antimicrobial peptides, bacteriophages, and lytic proteins 

(Hancock and Sahl, 2006; Boyd et al., 2021) 

Viruses infect and replicate within cells and are the most abundant entities on Earth. Their 

origin and evolution history remain uncertain, but they are distinguished by the encapsulation 

of their DNA/RNA in a protein capsid (Wasik and Turner, 2010). Viral structures can range 

from simple to complex, classified based on DNA/RNA composition (single or double-

stranded, linear or circular). Their diverse structures include tailed, polyhedral, filamentous, 

and pleomorphic forms (Urayama et al., 2015). Bacteriophages, viruses that infect bacteria, 



16 

 

were first discovered in 1915 and have been isolated from various bacterial communities 

(Nasser et al., 2002; Kimura et al., 2008; Clokie et al., 2011). Bacteriophages sourced from 

different environments have been explored for treating antibiotic-resistant bacterial strains, 

countering the threat posed by pathogens resistant to multiple drugs (Fenton et al., 2010; 

Nelson et al., 2012; Lin et al., 2017). Lysins, particularly endolysins, have gained attention as 

potential antimicrobial agents due to their ability to target bacterial PG and thereby eradicate 

organisms (Burrowes et al., 2011; Lin et al., 2017; Fischetti, 2018). Countries like Georgia 

have spearheaded bacteriophage research and application for treating various diseases. 

Finding endolysins to combat drug-resistant infections is crucial, as these proteins can access 

the PG and kill organisms (Vollmer et al., 2008; Haddad Kashani et al., 2017).  

Recombinant DNA technology offers a lot of promising avenues and can be utilised to improve 

stability of recombinant lytic proteins. Random mutation can be done, and genes expressed 

in a system that favours stability thus increasing chances of resistance against degradation or 

aggregation (Wang et al., 2022). To increase folding and stability, site-directed mutagenesis 

can be used to add specific elements to the protein sequence, such as disulfide bridges or 

altered surface residues (Arnold and Georgiou, 2003). In addition, with recombinant DNA 

technology a fusion of lytic protein to a stable protein can produce chimeric proteins with 

improved properties(Arnold and Georgiou, 2003). By using recombinant DNA technology, 

recombinant lytic proteins can be optimized for higher efficiency and stability, thereby making 

them more attractive for therapeutic and industrial applications. 

Plant-based expression systems offer a promising approach for producing lytic proteins. They 

present advantages such as cost-effectiveness and safety compared to bacterial systems, 

which face challenges in expressing cell-wall-degrading bacteriolytic proteins (Oey et al., 

2009). Transient expression techniques using recombinant plant viral vectors, like 

Agrobacterium-mediated delivery and virus expression machinery, have been developed for 

vaccines and monoclonal antibodies (Komarova et al., 2010; Tsekoa   et al., 2020). Transgenic 

tobacco and its relatives are popular hosts due to their well-established regulatory elements 

and robust transformation procedures, enabling rapid expression screening, optimization, and 

scale-up (Fischer et al., 2004; Singh et al., 2021). Plant systems also ensure safety by 

avoiding common pathogens shared between plants and animals (Mardanova et al., 2017). 

Expression of phage lytic proteins will not disrupt expression in transient expression systems 

or be toxic to host organism because the proteins are highly specific, and they target PG found 

in bacterial cell walls. 

Recent advancements in sequencing technologies have enabled the exploration of complex 

microbial environmental samples, including the study of viral components (Segobola et al., 
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2018). Unlike prokaryotes, understanding the diversity of viral species is not straightforward 

(Adriaenssens et al., 2016). In the past, studying virus-associated bacteria relied on culture-

dependent methods. However, bioinformatic tools have made it relatively easy to study and 

analyse biological data without culturing. Bioinformatics is a multidisciplinary field that 

develops methods and software tools for understanding biological data (Aamer Mehmood, 

2014). Over the years, several bioinformatics tools have become available. One of the most 

frequently used tools of bioinformatics is sequence analysis, but their application spans over 

various fields. Apart from sequence analysis, their applications include drug design, molecular 

dynamic simulations, phylogenetic analysis, protein sequence analysis and molecular 

interaction and modelling (Aamer Mehmood, 2014; Diniz and Canduri, 2017).  Their simplicity 

and capacity to generate a wealth of knowledge about a gene of interest without having to 

conduct expensive and time-consuming experiments have led to an increase in the use of 

allowed bioinformatic tools.  

Sequencing techniques available have made it possible to sequence hundreds of viral and 

bacterial genomes at a cost-effective means per year (Klumpp et al., 2012).  Sequence-based 

approaches rely on algorithms and databases to infer gene functions, facilitated by the 

availability of sequencing technologies that allow cost-effective analysis of numerous 

genomes (Klumpp et al., 2012; Ngara and Zhang, 2018). However, the accuracy of these 

techniques is dependent on accurate genome annotation and data completeness. Next-

generation sequencing (NGS) technology has, however, changed this field, with platforms like 

Roche/454, Illumina, SOLID, Helicos, and PacBio RS II offering substantial nucleotide yields 

in a single run (Voelkerding et al., 2009; Liu et al., 2012). 

The challenge posed by antibiotic threatens the efficacy of treatments that have saved 

countless lives since the discovery of antibiotics. The global rise is fuelled by numerous factors 

and has resulted in formidable multidrug-resistant bacteria. This crisis has severe global health 

implications, including increased morbidity, mortality, and economic costs. To address this, 

alternative therapeutic strategies such as improving existing drugs, developing new 

analogues, and innovating biologics e.g., antimicrobial peptides, bacteriophages, and lytic 

proteins is critical.  

1.2 Scope of the Research  

The global antibiotic resistance crisis has been looming for decades, and concern about the 

threat this poses to human health and well-being has been growing (Neu, 1992). The global 

antibiotic resistance crisis developed due to, amongst other things, misuse of antibiotics, 

evolving bacterial strains and slow progress in developing new antibiotics (Ventola, 2015; 
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Aslam et al., 2018a). Today, numerous cases of drug-resistant and multidrug-resistant 

microorganisms exist in hospitals and clinics. The World Health Organisation (WHO) has 

drawn up a priority list of clinically relevant microorganisms resistant to antibiotics on behalf of 

member states (Tacconelli et al., 2018). The effect of antibiotic resistance on the economy 

worldwide is substantial. In the US alone, economic losses are approximately $20 billion, while 

losses due to loss of productivity are roughly $35 billion annually (Aslam et al., 2018a). The 

objective of the current study was to explore and develop alternatives. 

1.3 Research Aims and Objectives 

1.3.1 Aim  

The primary aim was to screen an online phage database 

(https://phagesdb.org/institutions/KRIT/) with special focus on University of KwaZulu-Natal 

(UZKN) sequences for novel phage lytic proteins using sequence-based techniques and 

characterise them for their antimicrobial potential. The sequence data is from phage genomes 

functionally screened from environmental samples. 

1.3.2 Objectives  

The following specific objectives were pursued:  

o To use a sequenced-based approach to identify phage-derived proteins from a public 

online phage database.   

o To recombinantly express these proteins in Nicotiana benthamiana and Escherichia 

coli expression systems.   

o To characterise the antimicrobial activity of the expressed and purified protein(s).   

o To characterise the protein(s) utilising mass spectrometry.  

o To characterise the mammalian cell cytotoxicity of the purified protein(s). 

o To demonstrate the application of the purified protein in a prototype disinfectant spray.  

o To model the 3D structure of the protein using a computational approach. 

1.4 Thesis Organisation 

The thesis can be divided into seven chapters as below. 

Chapter One: Background. 

This chapter contains introduction, aims, and objectives as well as the thesis organization. 

Chapter Two: Literature review. 
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Chapter Three: Sequence-based screening for the identification and analysis of phage-

derived proteins. 

Chapter Four: Recombinant Protein Production of phage-derived proteins for antimicrobial 

activity. 

Chapter Five: Antimicrobial activity screening of SM07 against ESKAPE pathogens and 

demonstrating its application. 

Chapter Six: In silico modelling of SM07 to elucidate its function. 

Chapter Seven: General Discussion, Conclusion and Future Studies on The Discovery of 

Novel Phage-Derived Lytic Proteins. 

This chapter provides a general overview of the major findings and discusses the possibilities 

of future studies. 
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2 CHAPTER TWO: LITERATURE REVIEW 

2.1 Introduction 

2.1.1 Bacterial Cell Wall 

The bacterial cell envelope is a complex multi-layered structure that serves as the first and 

major line of defence against threats from unpredictable and often hostile environments.  The 

cell wall provides structure to the cells, maintains homeostasis and also provides protection 

from extreme conditions from outside environments. Bacterial cell envelope components 

minimally consist of a cytoplasmic membrane (CM) and a cell wall (CW); however, Gram-

negative bacteria have an addition of an outer membrane, which is outer the PG layer. On the 

outer membrane, Gram-negative bacteria have lipopolysaccharide (LPS) molecules that 

protect bacteria from harmful substances in their environment. Between the two membranes 

of lipopolysaccharide (LPS) molecules of phospholipid in the cell envelope of Gram-negative 

bacteria lays a thin layer of peptidoglycan (PG) Figure 2.1.The major component targeted in 

the cell wall is the peptidoglycan. PG is the major structural component of the bacterial cell 

wall (Schmelcher et al., 2012). It serves as a platform for attaching proteins, polysaccharides 

and ribitol-phosphate polymers (Vollmer and Seligman, 2010). The thickness of crossed-

linked PG ranges between 20 – 80 nm for Gram-positive bacteria, while the thickness in Gram-

negative is lean (<10 nm) (Mai-Prochnow et al., 2016b). For antimicrobial/antibiotic 

treatments, often the cell wall is targeted. Strategies to increase the pipeline of new antibiotic 

drugs include repurposing existing drugs and the development of analogues or entirely new 

chemistries. Novel alternatives to these predominantly small molecule-based strategies 

include the development of biological drugs like antibodies, antimicrobial peptides, 

bacteriophages and lytic proteins (including phage lytic proteins like endolysins or so-called 

enzybiotics) as new-generation antibiotics that could disrupt the field (Parisien et al., 2008; 

Wittebole et al., 2014). 
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Figure 2.1 Structure of the mycobacterium cell envelope with a graphic elucidation of the biological / mode of action. 

LysA, which acts on the PG cell wall and hydrolyses the glycoside bonds. LysB disrupts the bonds between 

mycolic acids and the arabinogalactan layer. Holin attaches to the cell wall and the resultant pores are observed. 

 

2.2  Current antibiotic resistance crisis  

The current antibiotic resistance crisis poses a significant global threat to public health. The 

emergence of antibiotic resistance is due to but not limited to i) overuse, ii) inappropriate 

prescribing, iii) extensive agricultural use, and iv) few availabilities of new antibiotics/drugs. 

These factors have rendered many conventional antibiotics ineffective against infections. The 

spread of MDR is caused by a contribution of multiple biochemical factors and is presenting a 

serious challenge in fighting infectious diseases. Drug resistance is achieved in a number of 

ways, but the five major ones are: i) mutation or enzymatic alteration, ii) inactivated by 

enzymatic degradation and modifications, iii) bypass of the inhibited mechanism, iv) 

overexpression of drug target & v) drug penetration can be slowed down or inhibited by certain 

group of proteins and cell walls. Moreover, microbes may employ more than one mechanism, 

making it even more challenging to combat multidrug resistance. 
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The growing resistance against antibiotics is alarming as it limits treatment options, prolongs 

illnesses, increases healthcare costs, and escalates mortality rates. The urgency to find new 

antimicrobials stems from the decreasing efficacy of existing treatments. Infections that were 

once easily treatable are now becoming life-threatening due to antibiotic resistance. If left 

unchecked, this trend could lead to a future where common infections and routine medical 

procedures become perilous. Developing novel antimicrobials, such as endolysins, becomes 

crucial to combat this crisis. Endolysins offer a promising solution by targeting specific 

bacterial pathogens while potentially evading existing resistance mechanisms. Their ability to 

disrupt bacterial cell walls presents a unique approach that might help overcome the 

challenges posed by antibiotic resistance. Addressing this crisis demands immediate action 

in researching and developing alternative antimicrobial strategies, like endolysins, to ensure 

continued effectiveness in combating infections and safeguarding public health. 

2.3 Bacteriophages and their derivatives 

Bacteria-infecting viruses are known as bacteriophages (phages) and are found widely in 

nature. In their lytic life cycle, they kill their hosts. Over the years, this function has sparked 

massive interest in using them as antimicrobial agents to combat the increase in antibiotic-

resistant bacteria (Rodríguez-Rubio et al., 2013; Yang et al., 2014). Their application can be 

used for numerous functions (Figure 2.2), i.e., but not limited to (i) detecting pathogens in the 

environment or food (O’Flaherty et al., 2009), (ii) disinfection of medical apparatuses and 

devices, (iii) prevention of bacterial biofilm formation on industrial surfaces (O’Flaherty et al., 

2009; Fenton et al., 2013; Zhang et al., 2018); or (iv) vehicles for drug delivery (Rodríguez-

Rubio et al., 2013; Domingo-Calap et al., 2016).  

 

Figure 2.2:Schematic summary of potential applications of phage-derived protein.  
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Bacteriophage peptidoglycan (PG) degrading enzymes (endolysins) or phage-derived 

proteins are increasingly being investigated as antibacterial agents, with several products for 

topical use against Gram-positive infections already on the market (Tiberi et al., 2018; Pontali 

et al., 2019), They are classified into three groups: endolysins, holins and virion-associated 

peptidoglycan hydrolases (VAPGHs). This classification is based on mode of action (Gordillo 

Altamirano and Barr, 2019) which differs in some steps of infection cycles (Rodríguez-Rubio 

et al., 2013). The term endolysins came after comprehending the enzymes capabilities and 

biochemical characteristics. These particular enzymes are synthesised and sequestered 

within the cell’s cytoplasm, assembling phage particles (Fischetti, 2018). They pose a viable 

alternative to conventional antibiotics by being specific and highly effective, and the potential 

for the development of resistance to lysins is low (Pastagia et al., 2011). 

Endolysins are proposed that when administered as recombinant proteins for antibacterial 

function should be called enzybiotics (Rodríguez et al., 2011; Gerstmans et al., 2018; 

Heselpoth et al., 2018). Given the promise of cell wall degrading enzymes in treating Gram-

positive and Gram-negative infections, they have gained interest as next generation 

antimicrobial (van Schie et al., 2021). Novel and practical options for treating drug resistant 

bacteria are required, as drug resistance continues to grow and is crippling the economy 

globally. The field of phage lytic enzymes has drastically expanded, first for Gram-positive 

pathogens, and later also for Gram-negative pathogens through protein engineering (Briers, 

2019). While growing focus has been on lytic enzymes that target Gram-positive bacteria, 

there is a pressing requirement to address Gram-negative infections, where the outer 

membrane presents a recurring obstacle. Currently, several strategies have been developed 

to break the barriers posed by the outer membranes of Gram-negative bacteria to endolysins. 

Physical and chemical permeabilizers to permeabilize the outer membrane resulting in 

increased efficacy of endolysins(Briers et al., 2009; Yang et al., 2015)  

2.3.1 Endolysins – Peptidoglycan Degrading Enzymes 

Endolysins, also known as peptidoglycan hydrolases, are a class of bacteriophage-encoded 

enzymes that degrade the cell wall of bacterial (Lai et al., 2015; Gondil et al., 2020). These 

enzymes can also cleave the bacterial peptidoglycan (PG) from within the bacterial cell, 

leading to the lysis of the bacteria (Grabowski et al., 2021). Bacteriophage endolysins, also 

known as lysins, represent a novel group of antimicrobial agents that are increasingly gaining 

recognition as alternative options for preventing and treating bacterial infections. Lysins 

consist of a catalytic component responsible for breaking specific bonds in bacterial 

peptidoglycan, and they share a classification with hydrolases (Pastagia et al., 2011). The 

binding domain allows each lysin to target a specific substrate in the bacterial cell wall (usually 
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carbohydrate), offering some species specificity (Pastagia et al., 2011). When they are applied 

exogenously to Gram-positive bacteria, purified native or recombinant lysins are able to 

degrade the cell wall of susceptible bacteria and cause log fold cell lysis within seconds to 

minutes (Pastagia et al., 2011). Lysins typically lack signal sequences, which means they may 

rely on holin to access the PG (Fenton et al., 2010).  

2.3.2 Holins – Cytoplasmic Membrane Degrading Enzymes 

Holins are small phage-encoded small transmembrane proteins that perforate the bacterial 

cytoplasmic membrane (Wang et al., 2000; Cahill and Young, 2019). This process allows 

phage-encoded peptidoglycan hydrolases to act on the cell wall, resulting in host cell lysis and 

phage release (Kim et al., 2018). Holin's synergistic role thus involves making holes in the 

membrane making the membrane permeable and susceptible to other lytic proteins (Wang et 

al., 2000). Their function results in pore within the outer membrane, in turn creating pore 

through which endolysins use and reach the peptidoglycan (PG). Holins exhibit significant 

diversity, often displaying unique amino acid sequences. Generally, they are compact 

proteins, usually containing fewer than 150 amino acids, and are characterized by at least one 

anticipated transmembrane domain (TMD). Additionally, holins typically possess a hydrophilic 

and heavily charged C-terminal region (Catalão et al., 2013). Holins are categorized into three 

classes I, II and III, and this is classification is based on their mechanism of action (number of 

TMDs the gene has) (Wang et al., 2000). Class I holins are small membrane proteins that 

create a single hole in the bacterial cell membrane, resulting in the sudden and simultaneous 

release of phage progeny. In contrast, Class II holins, which are larger, form multiple holes in 

the membrane, leading to a more gradual and slower release of phage progeny. Class III 

holins are distinct from Classes I and II, as they employ a unique dual-start mechanism that 

allows them to release phage progeny without causing complete cell lysis. Each class of holin 

plays a crucial role in the successful in the bacteria cell lysis and in also aiding in the function 

of endolysins to reaching the PG.  

2.3.3 VAPGH –Virion-Associated Peptidoglycan Hydrolases 

VAPGHs act in the first phase of the lytic cycle, while endolysins act in the late phase of gene 

expression in the lytic cycle (Rodríguez-Rubio et al., 2013). These phage lytic proteins can 

target Gram-positive and Gram-negative bacteria (Gordillo Altamirano and Barr, 2019), 

making them good candidates for combating drug-resistant bacterial-causing agents. The 

primary purpose of VAPGHs is to assist in the release of newly formed phage progeny from 

the host bacterial cell by degrading the bacterial cell wall, which is composed of peptidoglycan. 

Their action is part of a coordinated process that involves other phage-encoded proteins such 

as holins and endolysins and unlike endolysins (Rodríguez-Rubio et al., 2016; Gordillo 
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Altamirano and Barr, 2019). VAPGH do not possess any cell-wall binding domains (CBD), but 

they have highly conserved domains (Aslam et al., 2021).  

2.4 Structure and mode of action of endolysins 

Endolysin typically exhibit distinct structural differences; they can either be globular or modular 

and this is based on whether they target Gram-negative or Gram-positive bacteria. These 

differences reflect the difference between the cell wall compositions of these bacterial groups. 

The role of endolysins is to perform both substrate recognition and enzymatic hydrolysis 

(Loessner, 2005). Endolysins are usually composed of two functional domains, the enzymatic 

domain and the cell wall binding domain (CBD) (Loessner, 2005), however not all endolysins 

harbour CBD (Schmelcher et al., 2012).  Gram-positive infecting endolysins have a modular 

structure with cell wall binding domain on the C-terminal with the catalytic domain on the N-

terminal (Rodríguez-Rubio et al., 2016; Gerstmans et al., 2018). These endolysin can have 

one or two catalytic domains separated by a linker sequence. Endolysins that infect Gram-

negative have an inverted molecular orientation compared to the Gram-positive infecting 

endolysins. They have a globular organisation with one catalytic domain (Gerstmans et al., 

2018); however, there are reports that show modular Gram-negative endolysins. The modular 

organisation has one or two cell wall binding domain on the N-terminal and one catalytic 

domain on the C-terminal (Gerstmans et al., 2018). The catalytic domain is responsible for the 

hydrolytic cleavage of highly conserved bonds in the peptidoglycan (Rodríguez-Rubio et al., 

2016; Briers, 2019). 

The cell wall binding domain function is to bind to the peptidoglycan, which is needed for 

efficient cleavage of the bacterial cell wall (Shrivastava et al., 2019) and it is usually found on 

the 3’ of the gene. It is critical for the mode of action of endolysins and also plays a significant 

role in their specificity.  Unlike the EAD, the CBD amino acid sequence is short and several of 

those amino acids are responsible for interacting with certain components of the peptidoglycan 

(Schmelcher et al., 2012). Different endolysins have different CBDs that bind to specific 

peptidoglycan structures. While endolysin specificity usually targets a single species (Fenton 

et al., 2010), two lysins isolated from a Pseudomonas phages (KZ144 and EL188) are 

exceptions with their CBD on the N-terminus and an EAD at the C-terminus (Gondil et al., 

2020). And they exhibit strong affinity for Pseudomonas aeruginosa cell walls, however, one 

of them (KZ144) can also identify peptidoglycan (PG) in other Gram-negative bacteria. 

The EAD of endolysins is typically modular, meaning that it is made up of several different 

domains that work together to catalyze the hydrolysis reaction (Nelson et al., 2012b; 

Schmelcher et al., 2012). The enzymatic active domain of endolysins is responsible for 

breaking down the peptidoglycan layer of bacterial cell walls, leading to bacterial cell lysis. 
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Peptidoglycan is a polymer made up of sugar and amino acid chains that forms the rigid outer 

layer of bacterial cells. The domain comprises of enzymes such as peptidases or glycosidases 

which target specific components within the PG structure weakening the cell wall and 

ultimately causing the bacterial cell to burst. Based on the target of the component of the PG, 

EAD can be categorized into five groups targeting certain peptide bonds within the 

peptidoglycan structure (i) N-acetylmuramidases (ii) lytic transglycosylases (iii) N-acetyl-β-D-

glucosaminidases, (iv) N-acetyl-β-d-glucosaminidases and endopeptidases (Fenton et al., 

2010; Gerstmans et al., 2018; Heselpoth et al., 2018). N-acetylmuramidases, and lytic 

transglycosylases both cleave the N-acetylmuramoyl-β-1,4-N-acetylglucosamine bond, which 

is one of the two alternating glycosidic bonds of the sugar strand,  N-acetyl-β-D-

glucosaminidases cut the other glycosidic bond (N-acetylglucosaminyl-β-1,4-N-

acetylmuramine) in the sugar strand, N-acetylmuramoyl-L-ala- nine amidases- hydrolyze the 

amide bond between MurNAc and the first amino acid of the stem peptide (L- alanine) and the 

Endopeptidases- These enzymes cleave within the peptides making up the interconnecting 

stem portion of the peptidoglycan units 

2.5 Applications of Phage Lytic Proteins  

Endolysin have several potential applications in various field is this can be attributed to their 

mechanisms of action and gene arrangement. The specificity of applications of endolysins 

varies on the enzyme's characteristics, target bacteria, and the intended use. Their ability to 

kill target bacteria makes them potential alternatives to antibiotics and also alternatives to the 

disruption of biofilms (Table 2.1). They can also be applied for control and contamination in 

the food industry as well as in the agricultural space. The binding domain of the endolysins 

can be used in diagnostic tests to detect the presence of specific bacterial pathogens. They 

have use in cosmetic for topical application to combat problems arising from bacterial 

infections. 
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mathematical models of phage and bacteria interactions propose cooperation of the immune 

system for successful treatment using phage therapy (Chatain-ly, 2014; Viertel et al., 2014). 

Phage therapy for medical products has been withheld in some countries due to the demand 

for a high level of clinical evidence regardless of the intrinsic efforts of academia, regulators 

and biotech companies. One of the responses to high doses in phage treatment may be 

inflammation, triggered by the release of endotoxins. Due to the nature of phages, they 

stimulate an adaptive immune response. Their effects are typically caused by the toxicity of 

contaminants (i.e. LPS) from the preparation of the phages (Krut and Bekeredjian-Ding, 2018). 

For immunocompromised patients, phage therapy may offer little benefit in targeting 

nosocomial infections. Notably, the amounts of LPS do not exceed that of antibiotic treatment 

(Krut and Bekeredjian-Ding, 2018; Luong et al., 2020). CBDs of endolysins have also been 

explored as potential therapeutic agents. CBDs can be used to target and bind to specific 

bacterial cells, without harming human cells. This makes them a promising new approach for 

the treatment of bacterial infections. They can also be used in combination therapy to enhance 

the efficiency of the standard drug administered or reduce the dosage required for effective 

treatment. Holins can also be used to aid in drug delivery as they function to disrupt membrane 

by creating holes in the membrane. 

As illustrated in Figure 2.1, the cell wall comprises of a thick layer of PG that is intrinsically 

linked to arabinogalactan that has been esterified with mycolic acids. Developing lytic phages 

that meet regulatory requirements and match clinical needs is crucial to combat bacterial and 

antibiotic-resistant pathogens. In the age of multi-drug resistance, phage lytic protein 

treatment can be seen as a complement or alternative to antibiotics. Most phage species 

employ two major protein classes during the lysis of the bacterial host. One is the 

transmembrane protein, holin, and the other is a peptidoglycan cell wall hydrolase called 

endolysin (lysin). These two proteins work together to trigger the lysis of the bacterial cell 

(Roach and Donovan, 2015; Puiu and Julius, 2019). Phage lytic enzymes can be explored not 

only for their benefits within healthcare but in any scenario that involves harmful bacteria. 

2.5.2 Diagnostics 

Rapid and accurate pathogen identification is crucial for disease prevention and treatment, 

particularly in the context of food safety. Phage derived proteins have been used for the 

detection of foodborne bacteria using phage proteins. Some of the pathogens responsible for 

substantial economic losses, foodborne illnesses, and even fatalities include L. 

monocytogenes, S. aureus, C. perfringens, and Salmonella. The food industry requires rapid 

and accurate pathogen detection tool to detect microbial contamination swiftly and reliably. 

The current methods used for pathogen detection in the food industry are known for being 
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time-consuming and requiring substantial manual labour which is one of the most notable 

limitations is with the PCR-based approach. PCR produces positive results because it cannot 

differentiate between live and nonviable cells. This distinction is particularly critical in food 

diagnostics as the inability to poses a significant challenge in food safety assessments. 

Endolysins can successfully be used for rapid detection of bacterial pathogens. Because of 

their specificity (CBD) and degrade the peptidoglycan layer found in bacterial cell walls, they 

can be combined with other detection methods, such as fluorescence labelling or biosensors, 

to help identify the presence of specific bacteria quickly and accurately. Endolysins could be 

incorporated into portable diagnostic devices for swift, on-site pathogen detection, a feature 

especially beneficial in healthcare setups where timely pathogen identification holds 

paramount importance. Their capacity to precisely pinpoint bacteria and distinguish between 

viable and non-viable cells renders them valuable assets in the realms of pathogen detection 

and ensuring food safety. CBD fused with a fluorescence tag and can be expressed together 

and be immobilised into a kit.  One other detection kit with results in 15 min was was developed 

using a PlyG lysin (Fenton et al., 2010), this shows the turnaround time at which results can 

also be available in diagnosis when using lytic proteins in detection kits. 

2.5.3 Agricultural Industry 

Within the agricultural space, studies on lysins have shown promise in controlling and 

eliminating phytopathogenic bacteria. A study by (Fenton et al., (2010), they have 

demonstrated protection against a Gram-negative bacterium that cause potatoes to rot (soft). 

Another demonstration of lysins capabilities was done by Kim et al., (2004), where they 

demonstrated the inhibition of infection in fruit. They found that the preparations used 

contained catalytic domains essential for lytic function but determined that the binding domain 

was the result of the protection. Endolysins offer potential avenue for managing bacterial 

infection even in plants as well as offering alternatives for bactericides (Fenton et al., 2010). 

Endolysin can be incorporated into bactericides for less harmful to nature alternatives and yet 

effective and specific targeting.  
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2.6 Phage Lytic protein safety and specificity 

From a safety perspective, the high specificity of endolysins is among their most beneficial 

properties in food safety and medical applications. These enzymes specifically destroy a target 

pathogen without affecting the desired commensal microflora, conferring a significant 

advantage over many commonly used antibiotics or chemical preservatives (Schmelcher et 

al., 2012 and Puiu and Julius, 2019). A significant concern with systemic administration of 

lysins in humans or animals is the release of proinflammatory cellular debris associated with 

bacterial lysis, such as teichoic acids, lipoteichoic acids, and PG, which can lead to serious 

adverse effects such as bacterial infection and failure of several organs (Nau and Eiffert, 

2002). Due to their proteinaceous nature, endolysins are noncorrosive and biodegradable – 

this is considered an additional advantage (Nelson et al., 2012; Schmelcher et al., 2012; 

Heselpoth et al., 2018). 

Due to their proteinaceous nature, it is not surprising that antibodies can be raised against 

these enzymes (Schmelcher et al., 2012; Gutiérrez et al., 2018; Vázquez et al., 2018; Gondil 

et al., 2020). Mice exposed to the pneumococcal phage lysin Cpl developed antibodies (IgG) 

against it, but these antibodies didn't seem to affect how Cpl inhibited the bacteria in vivo, 

suggesting they weren't effective at stopping it. (Loeffler et al., 2003). In addition, the use of 

lysins with two catalytic domains, each with different peptide glycan specificity, may further 

reduce the likelihood of resistant strains emerging (Fenton et al., 2010). 

2.7 Regulatory Pathways for Approving Endolysins as Therapeutic 

Recombinantly produced endolysins are usually classified as biologics and approval of 

biologics is more stringent than medical devise such as diagnostics kits (Morrow and Felcone, 

2004). A comprehensive preclinical and clinical testing to ensure safety and efficacy is needed. 

Endolysins, with proven efficacy in clinical trials and approval could pave the way, particularly 

in healthcare that is grappling with resistant bacteria that traditional antibiotics struggle to treat. 

The market for endolysins as therapeutics is expected to continue growing and this is driven 

by the continuing prevalence of antibiotic resistance bacteria (Haddad Kashani et al., 2017).  

The FDA in the US or the EMA in Europe oversee and assess trails and data generated from 

the studies before approving any drug (Joppi et al., 2020). The rigorous process applies for 

phage therapy as well as phage derivatives such as endolysins. Although the approval of 

endolysins as antimicrobials into the market depends on the specific characteristics of the 

endolysins, the intended route of administration and ensuring safety in humans. South Africa’s 

(SA) own regulation body known as South African Health Products Regulatory Authority 

(SAHPRA) approves any drugs in SA just as the FDA and recombinant proteins fall under 
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biological medicines in our regulatory body (SAHPRA). For any biological medicine, the 

process is as rigorous as the FDA. Compliance with SAHPRA is essential for approval. 

Guidelines from SAHPRA are also informed by the Human and Veterinary Medicines, 

European Union (EU) guidelines and the WHO Guideline for approvals (South African Health 

Products Regulatory Authority, 2022).   
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3 CHAPTER THREE: SEQUENCE-BASED SCREENING FOR THE 

IDENTIFICATION OF PHAGE-DERIVED PROTEINS 

Abstract 

The need for alternatives to combat antibiotic-resistant microorganisms is well-established 

due to the increased prevalence of antibiotic resistance. Therefore, there is a clear necessity 

to introduce novel approaches to address this pressing issue. Phage-derived lytic proteins 

(endolysins) have gained attention as viable alternatives due to their ability to degrade the 

peptidoglycan (PG) layer. Using bioinformatics, an online phage database with special focus 

on UKZN sequences was screened for phage-derived lytic proteins. Four open reading frames 

(ORFs) were selected based on their sequence identity and homology to phage-derived 

enzymes. These sequences displayed domains typical of phage-derived lytic proteins such as 

lysozyme-like, amidase, and PG-binding domains. The four genes were synthesised and 

cloned into a pUC57 vector for plasmid propagation and subsequently subcloned into the 

pEAQ-HT for expression. They were subcloned for expression with His6 nucleotides 

sequences on the 5’ end of the gene and their sizes were 396 bp, 1341 bp, 1374 bp and 1383 

bp, each without signal peptide for cytosolic expression. The results of the phylogenetic 

analysis revealed all the genes were from the Mycobacterium genus and three of the four 

shared domains critical for phage lytic proteins. This observation strengthened our hypothesis 

that they function as endolysins, capable of specific targeting and disruption of the cell walls 

unique to certain bacterial species, thereby highlighting their potential in various applications, 

including being formulated as a disinfectant. 
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3.1 Introduction 

The escalating antibiotic resistance crisis demands innovative antimicrobial approaches. 

Phage-derived proteins which are abundant and ubiquitous in prokaryotic environments 

(Clokie et al., 2011), specifically endolysins, exhibit precise targeting of the bacterial cell walls, 

showcasing their potential as potent antimicrobials. Exploring these proteins, especially 

through gene mining of a phage database offers a promising opportunity. Phages have long 

been used to treat bacterial infections (Reina and Reina, 2018; Górski et al., 2019; Morrisette 

et al., 2020). Their derivatives have also gained interest (Aslam et al., 2021) and the pursuit 

of identifying phage lytic proteins to combat antibiotic-resistant bacteria holds promise, 

potentially transforming antimicrobial therapies.  

Recombinant DNA technology has revolutionised biology, medicine, and biotechnology by 

allowing the manipulation of genes and protein material with unprecedented precision (Adrio 

and Demain, 2014; Nwankwo and Abalaka, 2014; Mtimka et al., 2020). After identifying target 

genes from phage genomes, the next step is DNA cloning, allowing the creation of exact 

copies of specific DNA sequences. Cloning of phage lytic genes enables the production of 

these valuable proteins. Cloning, which requires multiple steps to create a replica of the target 

DNA, is used to produce the desired proteins or DNA in large quantities which can then be 

used to study the function of genes of interest, manipulate genes, and characterise specific 

genes (Brown, 2002). These cloned genes can be expressed in host organisms such as 

bacteria, plants, yeast, or mammalian cells, in order to produce them sufficiently for further 

research and application.  

A notable illustration of the impact of cloning in biopharmaceuticals is insulin production 

(Loenen et al., 2014). Gene mining of phage lytic enzymes has gained substantial attention 

due to their potential to combat antibiotic resistance, a pressing concern within the healthcare 

sector (Lai et al., 2013). The cloning process typically involves DNA amplification through 

PCR, DNA cleavage using restriction enzymes, ligation of the cleaved gene into a vector, and 

transformation to obtain plasmids harbouring genes of interest. Subsequently, these genes 

can be expressed using preferred expression systems, marking a promising intersection of 

gene mining and cloning technologies to address critical challenges. 

The choice of approach to pursue novel genes depends on various factors, including the 

nature of the gene library, the database, specific genes of interest, time constraints, and 

resource availability. Sequence-based methods to screen for phage-derived lytic proteins offer 

considerable advantages, such as discovering potential candidates without time-consuming 

functional screening assays and identifying novel genes that might not be easily identified 

using conventional screening approaches. This chapter's central objective is to explore the 
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sequence-based approach to mining of phage-derived lytic proteins with the potential to serve 

as next-generation antimicrobials from an online phage database (https://phagesdb.org/) 

focusing on University of KwaZulu-Natal (UKZN) sequences.  

3.2 Methods and Materials 

3.2.1 Phage Database Screening 

Phage-derived lytic proteins were screened from a phage database using a sequence-based 

approach focusing on the University of KwaZulu-Natal (UKZN) phage database 

(https://phagesdb.org/institutions/KRIT/) (Russell and Hatfull, 2017). The database consists of 

an Actinobacteriophage Database comprising of 332 phages obtained from functional 

screening of environmental samples taken around Durban, Kwa-Zulu Natal. The coordinates 

for the soil sampling were 29.81802 S, 30.94418 E, 29.816519 S, 30.945196 E and 29.8587 

S, 31.0218 E. The soil is not known to be enriched, and the soil samples were taken from a 

superficial level. From the 332 phages in the database, 65 (19.6%) have been sequenced and 

available on GenBank. Sequences were analysed using BioEdit (http://www.ncbi.nlm.nih.gov/) 

(Hall, 1999) and CLC Bio WorkBench (Scholz et al., 2014) software programmes. Sequence 

translation of the sequences was conducted using BioEdit using Nucleic Acid Sort Six-Frame 

translation with a minimum ORF number of 100 and start codon of ATG. Molecular weight and 

theoretical pI (isoelectric point) were computed using the Compute pI/Mw tool from Expasy 

(Gasteiger et al., 2005). Homology searches were conducted using the basic local alignment 

search tool (BLAST) (http://www.ncbi.nlm.nih.gov/BLAST/) was used. Determining conserved 

domains within the sequences was achieved using the NCBI conserved domain function 

(Altschul et al., 1990). The prediction of signal peptides was performed using the SignalP 4.1 

server (http://www.cbs.dtu.dk/services/SignalP/). 

3.2.2 Phylogenetic Analysis 

Nonreductant sequences from NCBI blast database were used as a reference to determine 

the phylogenetic position of the identified phage lytic proteins. The selected sequences were 

accessed using sequence identity, closely related sequences based on homology. The 

phylogenetic tree was constructed using Molecular Evolutionary Genetic Analysis (MEGA 

v11).  The alignment of the sequences was done through MEGA using MUSCLE (Hall, 2013). 

Following sequence alignment, phylogenetic tree was constructed using the maximum 

likelihood statistical method with 1000 bootstrap replicates (Kumar et al., 1994; Hall, 2013) 

under the Jones-Taylor-Thornton model.  
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3.2.3 Gene Synthesis 

After completing the above bioinformatic analyses on the sequences, a subset of four genes 

was chosen for further investigations. The selected genes were synthesized and cloned into 

the pUC57 vector (Figure A.1) using the services of GenScript (Piscataway, USA). The 

following restriction enzymes NruI, NdeI, and AgeI were inserted on the 5’ and XhoI on the 3’ 

of the genes.  The restriction enzymes were specifically chosen because of their compatibility 

with the gene sequences, ensuring that they remained in-frame. 

3.2.4 Development of Expression Constructs  

3.2.4.1 Chemical Transformation  

Before transformation, chemically competent cells (E. coli DH5) were given 5 to 10 min to thaw 

on ice. Two µl of the plasmid DNA (pUC_LysA, pUC_LysB, pUC_Lysin and pUC_Holin) were 

added to 50 µl of cells in 1.5 ml Eppendorf tubes on ice and left for 10 mins. Subsequently, a 

45-second incubation period at 42 ° C was followed by a 2 min cold shock period on ice. After 

cold shock, 500 µl of SOC media was added to each tube to recover the cells which was then 

followed by a 1 h incubation period at 37 °C, 200 rpm shaking.  After incubation, 100 μl of the 

grown cells were plated onto LB agar plates with 50 mg/ml of kanamycin (kan50) and 

incubated overnight at 37 °C. The following day, random colonies were inoculated in 5 ml of 

LB supplemented with kan50 and incubated at 37 °C, 180 rpm for the extraction of the plasmid.  

3.2.4.2  Isolation and Quantification of Plasmid DNA from the different vectors 

(pUC57, pEAQ-HT and pET-30b(+)) 

Plasmid DNA was extracted using the GeneJet MiniPrep from Thermo Fisher Scientific 

(Waltham, Massachusetts) with minor modifications.  The modifications involved two washes 

with 600 µl of washing solution. Using 30 µl of nuclease-free water, bound DNA was eluted. 

The Hidex Sense microplate reader (Hidex, Deutschland) was used to measure the 

absorbance at 280 nm, 260 nm, and 230 nm to determine the purity and concentration of 

isolated plasmid DNA. One absorbance unit at 260 nm equals 50 µg of dsDNA/ml per. Isolated 

DNA has a purity range of 1.5 to 2.0 at the A260 nm to A280 nm ratio and 1.8 to 2.3 at the 

A260 nm to A230 nm ratio, according to Marmur (1961). 

3.2.4.3 DNA Separation by Agarose Electrophoresis   

Based on the molecular weight of the DNA fragments, and plasmids were separated on 1% 

and 1.5% (w/v) agarose gels. The agarose gel was prepared using 1 x TAE buffer containing 

5 µl of GelRed (Sambrook and Russell, 2001). The samples were combined with 6x DNA 

loading dye prior to electrophoresis.  NEB's 1 kb Gene Ruler molecular weight marker (Cat. 

NEB #B7025) was utilized unless stated otherwise.  The same buffer utilised to prepare the 
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agarose gel was used in the electrophoresis buffer chamber of the apparatus (PEQLAB 

Biotechnologie GmbH, Germany). The visualisation was carried out under 300 nm ultraviolet 

light and photographed using a ChemiDoc MP system (Bio-Rad, Universal Hood III, California, 

USA). 

3.2.4.4 Polymerase Chain Reaction (Gradient PCR) 

Primer sets were designed to amplify the gene from pUC57 and introduce the AgeI restriction 

site on the 5' of the Lysin and Holin gene while introducing NruI for LysA and the LysB, and 

ATG start codon. On the 3' end of all genes, XhoI was introduced together with the TGA stop 

codon after the restriction site to exclude the C-terminal His6 tag. Amplification was achieved 

using a BioRad Thermo Cycler (C1000 TouchTM thermal cycler) and gradient PCR was used. 

A Q5 PCR kit from NEB Biolabs (New England) was used for the reactions. Amplicons with a 

molecular mass corresponding to our target genes were purified using a gel extraction kit 

(Thermo Fischer). The NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA, USA) was used to measure at an absorbance of 280 nm, 260 nm, and 230 nm 

to determine the concentration and purity of DNA. Table 3.1 shows the primer sets used to 

amplify the genes. 

Table 3.1: Primer sets designed to amplify genes out of pUC57 introduce restriction sites for 

cloning into the pEAQ-HT vector. 

Name  Sequence Primer 

LysA 

5’ CCACCACCACTACCCGGGTGGCA Forward1 

and 2 5’ tcgcgaATGCACCACCACCACCACCAC 

3’CTCGAGAATCGGACGCAGCGCCGCCG Reverse 

LysB 

5’ CACCACCACGCGACC Forward1 

and 2 5’ tcgcgaATGCACCACCACCACCACCAC 

3' CTCGAGAATACGACGGAAACCCGC Reverse 

Lysin 

5’ CCACCACCACACCGCGATC Forward1 

and 2 5’ accggtATGCACCACCACCACCACCAC 

3’ CTCGAGAATGTTGCCTTTCAG Reverse 

Holin 

5’ ATGCACCACCACCACCACCACGATAAAATAAGGC Forward1 

and 2 5’ CATATGACCGGTATGCACCAC  

3’ TGACTCGAGGACACGTGGACGAGCGGCCG Reverse 

 

3.2.4.5 Digestion with Restriction Enzymes  

Amplicons after gel purification were prepared for ligation by cleaving the ends with the 

respective restriction enzymes.  Based on Sambrook and Russell’s (2001) methods, a total 
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reaction volume of 20 μl was prepared to contain x μl of dH2O, 1-5 μl (~50-100 ng/μl) of DNA, 

2 μl of 10x Fast Digest Buffer and 1μl (1U/μl) of restriction enzyme (per enzyme in a double 

digest reaction). The reaction was stopped by heat inactivation at 75 ℃ for 5 min. To that, a 

sample loading dye was added. The samples were then loaded into a 1% agarose gel for gel 

electrophoresis. The GeneJet Gel Purification kit was used to purify the DNA from the gel.  

To generate pEAQ-HT_LysA, pEAQ-HT_LysB, pEAQ-HT_Lysin, and pEAQ-HT_holin, the 

PCR products corresponding to the molecular mass of the selected genes were purified and 

ligated into a prepared pEAQ-HT vector. The ligation reactions were carried out using T4 DNA 

ligase based on Sambrook and Russell’s (2001) description.  In a 20 μl reaction volume, the 

insert to vector was 3:1. Ligations were performed at room temperature unless otherwise 

indicated. To deactivate the reactions, the reactions were subjected to heat shock at 70 ° C 

for 5 min. 

These ligations were electroporated in E. coli DH10B (1.44 kV, 200 Ω and 25 μF). 

Electroporated cells were recovered with LB media and incubated at 37 °C, 200 rpm for an 

hour of recovery before plating on LB agar plates supplemented with streptomycin 50 mg/l, 

kanamycin 50 mg/l, and rifamycin 20 mg/l. Single colonies were inoculated in LB media 

supplemented with respective antibiotics and incubated overnight (37 °C at 200 rpm). The 

inoculum was then extracted for plasmid and stored at –20 °C until use.  

3.3 Results 

An online phage database (focussing on UKZN sequences) was screened using bioinformatic 

tools for lytic proteins leveraging on the established efficacy of phages as antimicrobials. The 

phage database with the sequences from UKZN had, in total had 19,6% of unique sequences 

and an abundance of uncharacterised sequences. The lytic sequences contained overhang 

sequences with 10 bases (CGGTCGGTTA and CGCTTGTCA and for protein expression, a 

start codon is required at the start of the protein sequence therefore, in the six-frame 

translation, a command was made to translate the sequences and have each ORF commence 

with a starting codon (ATG) to facilitate starting protein for protein expression. NCBI Blast tool 

was used for homology search of all identified sequences, from which several sequences of 

potential relevance were detected. Finally, four were selected for further studies. Table 3.2 

summarises the amino acid information and sizes of the four phage lytic genes chosen then 

translated to protein for further characterisation. The table also shows the theoretical pI of the 

translated proteins together with the minimum and maximum hydropathy scores from 

ProtScale. Signal peptide analysis of the four ORFs revealed that their N-terminal has no 

signal peptide (Table 3.3), with high reliability ranging from 0.96-1.0. Checking whether the 

presence/ absence of genes contains a signal peptide is crucial for determining where the 
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expression will take place and the functionality of the protein expressed. If the gene contains 

the tag, it must be removed for the protein to be expressed intracellularly and not compromise 

its functionality post-expression.  

Figure 3.1 shows a group of uncharacterized genes encoding for phage lytic proteins with 

properties suggesting promise as novel antimicrobials, there were identified with the aid of 

NCBI BLASTp. These proteins encompass domains such as lysozymes, amidases, and 

proteins containing PG-binding domains (CBDs). The diversity of the enzymes potentially 

allows them to target various components of a microbial cell wall, while the CBDs specifically 

bind to peptidoglycan, a key structural element. It can also be observed that the CBD positions 

on LysA and LysB are on different terminal ends of the gene.  
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Table 3.2: Summary of amino acid sequences of the selected putative phage-derive proteins.  

Gene Nucleot

ides 

(bp) 

pI 
Scale: 
Hydropat
hicity. 

Molecular 

Weight 

(kDa) 

Translated Amino Acid Sequence 

Lysin A 

(LysA)Desig

nated SM03) 

1341 6.80 

 
 
 
 

MIN: -

2.311 

MAX: 

2.344 

 

48.62 MYPGGTTIGTPARPAAERKTRFWWDIVRSIDNGFAVILNWVVPPARKPIKAVKGSTNPSYGS

GTTYHYVTAVGWSDEGNGGRPAVLIADSGFSPNVYWVDLDTAFALIHTDLWKGYAFADLPLI

APPPPGVEVPPGIPVKIGDPPIAVTPPAPVPPTQPPTVVKITDPFTGAIWSPNRYSPRGLGTP

GWIAVHTQEGGRTARDLALFLANPANEVSYHSVNDDVEVLKVVAEGDASWSASNANKYAF

HHCFAGSYAGWSRDKWLSPDASDGKNEDVQLTKGAHVVAWWCDKYGIPAEWIGGRAQPP

WGARGILGHVDLGQWGGGHFDPGGNFPVNEFIRRVVKFLTGEDQPPLVPLPPVVVPGTNP

DAYSDWMLVRGDPRNDVDRVMRVQRRLKNAYKGYAGHLAVDGDFGPATQAAVREFQRRS

NLVADGIVGPMTAAALRP 

Lysin B 

(LysB)Desig

nated SM29 

1374 7.77 MIN: -

2.767 

MAX: 

2.344 

 

50.28 MATGSHPRHGVQSRLGWPVVGAPLRPLPPHRQETMMPELKLGYQGPLYAPWFDWFTRKY

SQTAPLLGRKDGYYGSDEKRAVETLQRNLGIVVDGVFGDRTAAAAGYTWPGASAPPVVTP

RRPIWFYSCPGSGADWWLGPSYDVGQMVAGTGWNEPGRRSLNINHQPVGFPKGGYLGL

MGGDPTFSYIEVITAQKIEFARLLRTNPDVQLAMEARQRDRNARVDVELWPSGYSQSADGM

CDAVAELFGDGGEFELIRDRINGLILFGNPATPVTGIARKTYPAWLTALMRNINMSDDFYAVA

KDRIRPAFYAEIIKAEMELPFFVHVLRIAVPIVLSWASTLLPFLTPLLGGLGPGVQLGLGMISGL

QGLGSNPALTQLLGMAGSGKDVQTTERVEDILSPTGILSNIPDLIAMLGALPGLQSHGLYHAT

APARPEFGNRVGTQFAYDIIAGFRR  

Endolysin 

(Lysin)Desig

nated SM07 

1383 5.82 MIN: -
3.111 
MAX: 
2.000 
 

51.62 MTAIITRQRAQEVHDRARARKGLPYAYGGAFTNDPRRSTDCSGLVLQTAAWYMGRTDWVG

NRYGSTESFRLDHKIVYDLGFKRLPPGGIAALGFTPVMLVGLQHGGGGMYSHTACTLMTMD

IPGGPVKVSKRGVDWESHGNRNGVGVDLYDGARAWNDPLFHDFWYLDAKLEDAPAPEDD

AVEILSQATGLSTERALEILPAVRDGLIASECVNANRIAMWLAQVGHESASFKYTEEIAKNGR
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YAPYIGRTWIQITWDYNYRAFSQWCFDRGLVSTPDYFVRNYTDLALLKWAGLGAAWYWTV

ARTDINALSDRRDLETVTLRINGGHNGIADRRERYDRASALGDRLLALISDAQPIDPFEEEMM

REVESFSIYATPGEPKIPLFVMLQSLDAHGPHEPYVEEQARHGDRDAISRVIRTAAGKGKYG

TASGPVNQASRVLAELEDSGVLSNYLKGN 

Holin 

Designated 

SM31 

396 6.06 MIN: -
1.989 
MAX: 
2.522 
 

13.23 MDKIRQYYYLAAAAIAGLIPILNILHVLSDDQILSVNQIIASIGSLIGAAGVGTAGVILGKQRKEGV

LEKLDPADKVVTGIQEAVTAAAHANDQLDRVKEVVNTLNPGTVIGNLVEQAIAAAARPRV 

 

Table 3.3: Signal peptide prediction report. 

Protein ID Predicted Signal Reliability Cleavage Site  

Holin (SM31) Transmembrane* 0.96 - 

LysA (SM03)  None# 0.99 - 

LysB (SM29) None# 1.0 - 

Lysin (SM07) None# 1.0 - 

*a membrane-spanning segment is predicted at the N-terminus of the protein 

# Neither a signal sequence nor a membrane-spanning part is expected at the N-terminus of the protein 
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Figure 3.1: Graphic summary of putative conserved domains detected in (A) LysA (SM03), (B) LysB (SM29), (C) Lysin (SM07) and (D) Holin (SM31).  

The PG domain found in (A) and (B) is crucial for the degradation of bacterial cells.  The central domain scan for (C) shows a relation to the lyz-like superfamily 

(lysozyme), which plays a role in PG cleavage.
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A phylogenetic tree was constructed based on the amino acid sequences of endolysins (PG 

hydrolase) and cytoplasmic membrane degrading enzymes (holins) genes to analyse the 

conservative core sequences of the genes. Using MUSCLE alignment method, phylogenetic 

analysis was done using maximum likelihood, yielding the phylogenetic trees shown from 

Figure 3.2 to Figure 3.5. From analysis of the trees, it can be deduced that most of the 

sequences are novel and mainly related to those isolated from the Mycobacterium genus with 

most of the nodes across above 75, affirm the relation between the nodes. From the 

phylogenetic tree analysis, a correlation can be made between the domain searches.  

 

Figure 3.2: Phylogenetic tree of LysA (SM03) using maximum likelihood analysis. 
LysA marked with a red circle.  
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Figure 3.3: Phylogenetic tree of LysB (SM29) using maximum likelihood analysis. 
LysB marked with a red circle. 
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Figure 3.4: Phylogenetic tree of Lysin (SM07) using maximum likelihood analysis. 

Lysin marked with a red circle.  
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Figure 3.5: Phylogenetic tree of Holin (SM31) using maximum likelihood analysis. 
Holin marked with a red circle.  

 

For transient expression in N. benthamiana, GenScript synthesised the genes and cloned 

them into the pUC57 vector for plasmid DNA propagation. Primer sets were designed to 

amplify the genes in pUC57 to subclone into an expression vector. Figure 3.6 shows the 

plasmid from the PCR amplicon that were prepared for ligation into the expression vector. 
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Figure 3.6: PCR amplicon from pUC57 prepared for ligation into pEAQ-HT vector.  

(A) LysA, LysB and Lysin genes prepared for ligation into an expression vector and (B) Holin gene 

prepared for ligation into pEAQ-HT post PCR amplification from the gene's synthesised by Genscript.  

3.4 Discussion 

Lytic proteins offer a promising solution as next generation antimicrobials to address the 

growing problem of antibiotic resistance and provide a viable alternative to treating bacterial 

infections (Gondil et al., 2020; Aslam et al., 2021a).  A phage database was screened for 

genes encoding for lytic proteins, leveraging on the established efficacy of phages as 

antimicrobials. Studying phage databases offers several advantages such as avoidance of the 

functional screening approach, fast access to available and uncharacterised sequences, and 

by exploring the online databases the characterisation of uncharacterised sequences can 

reveal new information by using bioinformatics tools This approach is a powerful tool for 

efficiently screening and identifying target molecules. From the database, uncharacterised 

sequences with putative lytic functions were examined. These enzymes are known to be 

instrumental in the degradation of peptidoglycan (PG), a critical component of bacterial cell 

walls (Schmitz et al., 2010; Luong et al., 2020).  

The homology search prioritized uncharacterized proteins containing critical functional 

domains, aiming to identify novel lytic proteins with potential for future applications. Endolysins 

often feature an enzymatic domain with no cell wall binding domain (CBD) or one or two CBDs 

(Nelson et al., 2012b; Heselpoth et al., 2018a) located at either end of the protein. The selected 

ORFs displayed variations in domains, all of which are necessary for lytic function. These 

domains include a catalytic domain and a CBD. The identified catalytic domains play a crucial 

role in the cleavage of bonds such as β-(1-4)-glycosidic bonds and the amide link between N-
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acetylmuramic acid and L-alanine residues found in PG (Carlos Jorge Sousa de São-José, 

2016; Shrivastava et al., 2019).  

 

Alignment analysis of the LysA sequence revealed a catalytic domain located at the N-terminal 

and a cell wall binding (CWB) domain at the C-terminus. This domain arrangement 

demonstrates typical endolysin. In the case of LysB, the alignment results strongly support its 

classification as a hydrolase, a classification commonly associated with endolysins (Fenton et 

al., 2010b). Also observed via the alignment and analysis of LysB was the identification of a 

fragment on the N-terminal region involved in cell wall binding. This analysis emphasises its 

potential role as a next-generation antimicrobial. When aligning Lysin sequence with other 

related sequences, it was evident that Lysin exhibits a CBD with a specificity for Gram-

negative bacteria.   

 

Furthermore, the analysis showed homology to amidase and chitinase in the catalytic 

domains. Both are recognized enzymatic activities of endolysins. Lastly, alignment of holin 

sequences with other sequences indicated homology to phage holins associated with Gram-

negative and Gram-positive bacteria. These alignments and the combined phylogenetic tree 

data suggest that the genes encoding for phage-derived proteins share a common function, 

reinforcing the view that the selected genes pose the functionality of phage lytic proteins. They 

have the potential to target and disrupt bacterial cell walls. Based on the phylogenetic tree 

analysis, the genes are all from the Mycobacterium genus and there is a distinction with the 

Holin as observation can be made that they have homology to Mycobacterium 

abscessus.there while the other three show homology to Mycobacterium phage. LysB 

indicates a strong PG-binding domain and Lysin shows homology to chitinase and indicating 

some specificity toward Gram-negative bacteria. Therefore, if there appears to be shared 

commonality amongst the three enzymes as under Lysin sequences other lysins A can be 

observed and under LysA, endolysins can be seen. There is a possibility that all three might 

also demonstrate specificity towards Gram-negative bacteria as well. However, confirming this 

will require further characterisation work to verify their full functionality.  

 

The significance of crucial domains extends beyond functionality but also to their ability to be 

recombinantly expressed.  Assessing the presence of signal peptides within ORFs is important 

due to the role they play in mediating protein targeting and translocation within both prokaryotic 

and eukaryotic cells (K Terpe, 2003a; Vollmer et al., 2008b). A signal peptide analysis of the 

genes revealed the absence of a leader peptide, indicative of protein retention within the 

cytoplasm post expression (Nakai and Imai, 2018). However, some proteins have been 

documented to exhibit extracellular functionality despite the lack of signal peptides; the 



 

56 

 

absence of a signal peptide does not necessarily prevent the possibility of protein translocation 

outside of the cellular cytoplasm, nor does it mean that it will remain biologically active after 

expression. No cleavage site was identified within our selected genes and this is doesn’t have 

any implications on our target protein. However, had a signal peptide identified and no 

cleavage site identified, challenges with expressing the proteins might be encountered. Such 

problems would include misplacement of the protein, functionality of the protein, and in some 

instances, protein degradation.  

 

The pI values indicate the pH at which each protein will have a net charge with LysB with the 

highest pI and Lysin with the lowest at 5.82. LysA and Holin on the other hand have pI values 

closer to physiological pH. This information on pI is valuable for protein purification, especially 

for techniques such as ion exchange chromatography. The hydrophobicity of the proteins was 

analysed using Kyte-Doolittle hydropathy scale. A variation of values can be seen with the 

Holin having a maximum value of 2.522 indicating a potentially hydrophobic region and Lysin 

with a minimum value of -3.111 suggesting a region with a high concentration of hydrophilic 

amino acids. 

 

To elucidate the functionality of the selected genes, the genes were sub-cloned for transient 

expression in plants using pEAQ-HT vector. PCR amplification gel in Figure 3.6 revealed no 

contamination suggesting and had bands corresponding with the target genes suggesting a 

good PCR. The next time was to the sub-clone then into an expression vector and the products 

will be ready for downstream processes. Because these proteins actively function against 

specific bacteria, transient expression in plants enables the production of these enzymes 

without the need for special cell cultivation and/ or expression conditions to avoid 

complications of bacterial expression.  

3.5 Conclusion 

Gene mining of the phage database yielded significant results and four putative endolysin 

phage lytic proteins were discovered. The discovery of these genes encoding for putative 

phage lytic proteins not only illustrates the advantages of mining phage databases but also 

underscores their potential for finding next generation antimicrobials for therapeutic 

applications. Observation in the gene arrangement of the four encoding for putative phage 

lytic proteins provided valuable insights on them and their potential functional. The gene 

arrangement displayed typical arrangements of endolysin characters. They possessed CBDs, 

catalytic domains and had homology to other classes of enzymes with typical phage lytic 

protein functions. Moreover, phylogenetic analysis indicates a shared ancestry among these 

genes with three genes showing close homology to each other, reinforcing their potential 



 

57 

 

functions as endolysins capable of targeting and disrupting the cell walls of specific bacteria.  

The observed theoretical pI provides insight to the net charge properties of the four proteins 

and can be used further to predict protein behaviour and guide other functions and interaction. 

The hydropathy scale will help in comprehension of the potential function of these proteins 

and other factors that can be affected might be the folding as more hydrophobic regions might 

fold inwards and those that are hydrophilic might be on the surface of the protein. Mining the 

phage database proved to be a valuable tool for the discovery of target molecules. The 

discovery of these genes encoding for putative phage-derived proteins provides some 

structural and potentially functional characteristics of the putative phage lytic proteins and their 

functionality as antimicrobials; however, furthermore work needs to be conducted to fully 

elucidate their functionality to pave the way for novel antimicrobial agents. 
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4 CHAPTER FOUR: RECOMBINANT PROTEIN PRODUCTION OF 

PHAGE DERIVED PROTEIN FOR ANTIMICROBIAL ACTIVITY 
 

Abstract 

Phage-derived proteins have gained significant attention because of their applications in 

various fields, including their use as reagents and therapeutic molecules. Their recombinant 

production is a crucial step towards their application in combatting the looming effects of 

antibiotic resistance. Although the transient expression in the Nicotiana benthamiana system 

might be favoured over the bacterial expression system for phage-derived proteins due to their 

nature, the bacterial expression system offers simplicity and easy gene manipulation and has 

been shown to perform well for phage lytic proteins. In this chapter, the aim was to describe 

the recombinantly produced phage-derived proteins. The phage-derived protein genes were 

transiently expressed in Nicotiana benthamiana plants using the non-replicating Cowpea 

mosaic virus (CPMV)-based vector pEAQ-HT, and in Escherichia coli using pET-30b(+) 

expression vectors. Proteins were expressed as 6 × histidine fusions to facilitate purification 

and analysis. The His6 tag was at the N-terminus for plant translated genes, and for bacterial 

expression, the His6 tag was at the N- or C-terminus of the translated gene The purification 

was conducted using immobilised metal affinity chromatography (IMAC) under normal and 

denaturing conditions, and a second purification step was conducted using ion exchange 

chromatography. Transient expression in N. Benth with LBA4401 host cells produced 

truncated proteins for LysA (SM03), LysB (SM29), and Lysin (SM07) according to western blot 

analysis, while no expression was observed for Holin (SM31) protein. Heterologous 

expression was achieved in BL-21(AI) for SM07, SM03 and SM29 with a final concentration 

of IPTG at 0.1 mM, 0.2% arabinose at 37 °C over a period of 4 h post-induction. The N-terminal 

His6 tagged-SM07 was successfully purified under normal conditions having been induced 

with both IPTG (0.1 mM) and arabinose (0.2%) and confirmed by peptide mass fingerprinting 

with 3 peptides (DLETVTLR, ALEILPAVR and YAPYIGR) to be an endolysin. Subsequently, 

SM07 was successfully subjected to a second purification step using anion exchange 

(CaptoQ) and quantified to 0.0006 g/l. The bacterial expression in BL-21 system outperformed 

transient expression in N. benth with respect to the production of recombinant phage lytic 

proteins. Furthermore, we successfully streamlined SM07 by shifting the histidine tag from the 

C-terminus to the N-terminus and implementing anion exchange as a secondary step.  
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4.1 Introduction  

Finding effective therapeutic agents has become challenging due to several factors such as 

slow discovery of new drugs, improvement of efficiency on currently existing drugs, rapid 

mutations, misuse of currently available treatment regimens and defaulting. Antimicrobial 

proteins, such as phage-derived enzymes, have gained interest as next-generation 

antimicrobials to tackle antibiotic resistance. Bacteria gain resistance either via horizontal 

gene transfer that involves antibiotic degradation enzymes, or pathways that allow them to 

bypass the effects of the antibiotics, or by spontaneous mutation that changes the antibiotic 

target or up-regulates the efflux pumps (Munita and Arias, 2016; Aslam et al., 2018b; C 

Reygaert, 2018; Mtimka et al., 2024).  

Recombinant protein production has been used to produce essential proteins in molecular 

biology research, drug discovery, and industrial applications (K Terpe, 2003b; Terpe, 2006; 

Adrio and Demain, 2014). With this approach, complex proteins, peptides, and antibodies with 

high specificity and efficacy can be produced, improving large-scale production efficiency 

through cost-effective and scalable processes with minimal variation. Several systems are 

used for the recombinant production of proteins, including but not limited to the transient plant 

expression system, bacterial expression system, mammalian protein expression system, and 

yeast expression system (Starkevič et al., 2015; Mardanova et al., 2017). Bacterial systems 

are frequently used to produce proteins that do not require intricate modifications (Rosano and 

Ceccarelli, 2014). In contrast, plant systems can offer desirable glycosylation patterns for 

therapeutic proteins (Singh et al., 2021; Coates et al., 2022). In cases where complex post-

translational modifications or specific protein folding mechanisms are required, animal and 

algae expression systems may be favoured (Mauro, 2018a), although insect cell and yeast 

can also be considered. Plant and bacterial systems have rapid growth rates and efficient 

protein expression capabilities. They can produce high protein yields rapidly, have lower 

upstream costs and greater ease of scalability, making them suitable for time sensitive 

applications (Rosano and Ceccarelli, 2014; Mardanova et al., 2017; Xu et al., 2023a).  

The use of these systems has facilitated the production of specific proteins which can assist 

in addressing intricate biological hurdles. One notable example is insulin production through 

recombinant methods, making it accessible to people with diabetes (Tripathi, 2016a). The 

global rise in antibiotic resistance can be combatted with biotechnological processes that 

produce next-generation antimicrobials. However, approaches to uncovering the next 

generation go beyond the production of recombinant proteins. There are numerous innovative 

strategies that can be explored such as nanotechnology, peptide-based therapy, CRISPR-

based approaches, and combination therapy. Each approach offers promising avenues for 
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addressing the challenges of antimicrobial resistance and developing more effective 

treatments against various pathogens.  

Over the past two decades, transient expression methods, employing systems such as 

Agrobacterium for the delivery of genetic material, have been pivotal in producing 

pharmaceutical proteins such as recombinant monoclonal antibodies and vaccines (Tsekoa 

et al., 2020). Plant protein expression systems predominantly use the pEAQ vector via the 

CaMV 35S promoter and the Magnicon system (Komarova et al., 2010b; Merlin et al., 2014) 

Agrobacterium can be used to transform plants by infecting the plants through wounds and 

openings(De Saeger et al., 2021). There are several Agrobacterium strains (Ach5 and C58) 

used within plant biotechnology but the most frequently used are derivatives of C58. AGL1 is 

a C58 derivative and LBA4404 has chromosome background of Ach5 but clusters with C58 

as well (De Saeger et al., 2021). Both have selection markers of rifampicin and AGL has an 

additional selection marker of carbenicillin (Krenek et al., 2015; De Saeger et al., 2021). These 

strains both contain the tumour-inducing (Ti) plasmids and influences transformation efficiency 

of the strains, however, strains from C58 harbouring octopine-type plasmid and pCH32 helper 

plasmid are degraded the best for transformation efficiency (Krenek et al., 2015; Hwang et al., 

2017). Although phage-derived proteins hold promise as potent antimicrobial agents, their 

production remains challenging and optimizing expression strategies is crucial to achieve high 

yields of pure proteins. Recent advances have demonstrated successful replication of phage-

derived proteins using plant expression systems. However, a study by Kovalskaya et al., 

(2019) revealed that the bacterial expression of phage-derived proteins performed better than 

those expressed in plants, specifically against Staphylococcus aureus. Regardless of the 

chosen expression system, challenges persist, including low expression levels, failure to 

express, and potential toxicity toward the host organism, all impacting protein functionality and 

purification for various applications. Overcoming these expression hurdles remains critical to 

obtain functional and purified proteins for pharmaceutical use. 

Once proteins have been successfully expressed, purification is the next critical step in the 

production process. Recombinant protein production includes purifying the protein, which is 

crucial for obtaining a clean protein sample (K. Terpe, 2003; Komarova et al., 2010a). The 

most employed and adaptable approach to purifying recombinant proteins in research is His 

tagging, which involves immobilized metal affinity chromatography using columns containing 

nickel or cobalt, providing enhanced purification capabilities (K. Terpe, 2003; Rosano and 

Ceccarelli, 2014). Unlike stable protein expression, which involves integrating the recombinant 

gene into the host genome, transient expression entails temporary expression of the gene in 

host cells, commonly within plants, as highlighted by Canto (2016) and Xu et al., (2023). 
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The chapter investigates the comparative expression approach which focuses on transient 

plant expression and heterologous protein expression, aiming to explore different protein 

production methods. Subsequently, attention is directed towards the steps required to obtain 

a pure protein sample which can be utilised further to characterise. 

4.2 Methods and Materials 

4.2.1 Recombinant Production of the Protein  

4.2.1.1 Agro-Infiltration of the mutant N. benthamiana (ΔXTFT)  

The Agrobacterium-mediated transient expression system in N. benth was used. The 

constructs of the phage lytic proteins (pEAQ-HT_LysA, pEAQ-HT_LysB, pEAQ-HT_Lysin, and 

pEAQ-HT_Holin; the schematic representation of the genes in pEAQ-HT can be seen  in 

(Figure A.2) were transformed into AGL1 and LBA4404 electro-competent cells. Cultures were 

grown in media with respective antibiotics and incubated at 28 °C with shaking. Cells were 

harvested by centrifugation, resuspended in an infiltration buffer (Table A.1), and prepared for 

plant infiltration using a process described by Marillonnet et al., (2004) with the presence or 

absence of an inducer. Different infiltrations OD600nm were used for different cell lines. For 

AGL1, cells were resuspended and diluted to an OD600nm of 1 or 2, while LBA4404 was 0.4 

and 0.6 for optimisation. The infiltrated N. benth (ΔXTFT) plants were kept under controlled 

growth conditions, including a 16/8 h light/dark cycle. The leaf samples were harvested at 

various times and stored at -80 °C for subsequent analysis. 

4.2.1.2 Extraction of expressed protein(s) from the N. benthamiana leaves post-

infiltration 

The harvested leaves of N. benth (ΔXTFT) leaves were crushed using a mortar, pestle, and 

liquid nitrogen. The leaf material was crushed until the material was fine and powdery. A 1:2 

dilution was performed using extraction buffer one (15 mM KH2PO4, 81 mM NaHPO4, 27 mM 

KCl and 140 mM NaCl, pH 7.4) or extraction buffer two (20 mM sodium phosphate pH 7.2, 20 

mM EDTA, 1 mM PMSF, 20 mM Ascorbic acid, 1 mM DTT and 1% Triton-X100) to resuspend 

the leaf extract. The extract was clarified using the Eppendorf 5415R centrifuge (Eppendorf, 

HH, Germany) at 10 000 × g for 30 min at 4 °C. The resulting supernatant was kept for 

downstream processing, and the pellet was discarded. 

4.2.2 Purification and Analysis of Proteins  

4.2.2.1 Immobilised metal ion affinity chromatography (IMAC) 

The recovered supernatant was purified using a prepacked IMAC Protino Ni-TED resin column 

(Macherey-Nagel, Germany)(Porath, 1992). This was done in accordance with the 



 

64 

 

manufacturer’s instruction (http://www.mn-

net.com/Portals/8/attachments/Redakteure_Bio/Protocols/Protino/UM_ProtinoNi_TED.pdf). 

A 1 × elution buffer was used to elute the bound protein. All the fractions of the purification 

steps were collected and analysed on sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) and western blot to visualise the purified protein.  

4.2.2.2 SDS-PAGE and Western Blot Analysis 

The sodium dodecyl sulphate page (SDS PAGE) was used to analyse different protein 

fractions (Laemmli, 1970). Protein samples were mixed with loading dye and boiled at 95 °C 

for 5 min before loading onto gel. Electrophoresis was performed in 1 x SDS running buffer at 

180 V for 40 min. The gels were stained with coomassie staining solution (10% (v/v) acetic 

acid, 0.125% (w/v) Coomassie brilliant blue G, 25% (v/v) Isopropanol) and followed by 

destaining using a destaining solution (10% (v/v) acetic acid, 5% (v/v) isopropanol). 

Proteins separated on a polyacrylamide gel were transferred to Immobilon- PVDF membranes 

using a semi-dry transfer apparatus. The membranes were blocked with PBST and then 

incubated with a monoclonal anti-poly histidine antibody. After washing, the target proteins 

were detected using Bio-Rad Clarity Western Blot ECL Substrate unless otherwise stated. For 

visualisation, the ChemiDoc MP System digital imager was used.  

4.2.3 Heterologous expression of the lytic protein in E. coli 

4.2.3.1 Cloning in the pET-30b expression vector 

Genscript synthesised plasmids were cleaved and prepared for ligation into a pET-30b(+) 

vector pET-30b (+) prepared for NdeI and XhoI.  This cloning in pET-30b (+) enabled the His6 

to be incorporated at the C-terminal end of the protein due to the absence of stop after the 

restriction site on the 3’. Following successful cloning, the plasmid was extracted and stored 

at -20 °C, and glycerol stocks were prepared from the same inoculum used for plasmid 

extractions.  

4.2.3.2 Protein Expression Studies 

To acquire E. coli cells harbouring our constructs, the plasmids extracted from section 4.2.3.1 

were transformed into E. coli BL-21(DE3) cells. Single colonies from of each were inoculated 

in 5 ml of LB broth supplemented with kanamycin (50  µg/ml) and were incubated at 37 ⁰C, 

shaking at 180 rpm for ± 16 h. Overnight (±16 h) grown cultures were subsequently used to 

inoculate two separate flasks for each construct containing 50 ml of LB broth (unless otherwise 

indicated) supplemented with respective antibiotics and incubated at 37 ⁰C, shaking at 200 

rpm. When the cultures reached an OD600nm of 0.4 to 0.6, one culture was induced with 0.1 
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mM IPTG (isopropyl β-D-1-thiogalactopyranoside), and the other flask was not induced.  1 ml 

fractions were taken every hour for five hours, with an overnight fraction taken at ± 16 h for 

protein determination of expression levels.  

4.2.3.3 Immobilised Metal Ion Affinity Chromatography (IMAC) 

Cells from IPTG-induced cultures were pelleted at 10 000 × g for 20 min and lysed with B-

PER (Thermo Fisher Scientific, Waltham, MA USA). The recovered soluble fraction was 

purified using an immobilised metal ion affinity chromatography (IMAC) purification system 

(Porath, 1992), in accordance with the manufacturers recommendations, and SDS-PAGE and 

western blot analysis were conducted to visualise the purified protein. To optimise purification, 

modifications were made to the purification process. These modifications varied by purification 

optimisation (Table A.2). 

4.2.3.4 Ammonium Sulphate Precipitation 

Solid ammonium sulphate was added to the crude soluble protein fractions to 15% (w/v) 

ammonium sulphate saturation. The suspension was incubated at 4 °C for 16 h with 

continuous mixing using a roller drum machine (New Brunswick Scientific, USA). The 

precipitated proteins were removed by centrifugation (27 000 x g, 30 min, 4 °C), and the 

recovered supernatant fraction was loaded onto the hydrophobic interaction chromatography 

(HIC) column. 

4.2.3.4.1 Hydrophobic interaction chromatography (HIC) 

The recovered supernatant fraction from the section 4.2.3.4 was loaded onto pre-packed 

phenyl Sepharose 26/10 HIC column (GE Healthcare, USA). The column was connected to 

an AKTA avant 150, using the UNICORN protein purification software. The column containing 

the unbound proteins was washed with three CVs of equilibration buffer (300 mM (NH4)2SO4, 

20 mM Tris, pH7.5), at flow rate of 1.5 ml/min followed by gradient elution with HIC elution 

buffer (1 M Tris. pH 7.5) at the same rate over 20 CVs. The fractions collected were analysed 

on SDS-PAGE and western blot. 

4.2.3.5 Cloning of Lysins to Introduce His6 Tag on the N-terminal 

4.2.3.5.1 Polymerase Chain Reaction (Gradient PCR) 

Primer sets were designed to introduce the His6 tag to the 5’ of the gene already in the pET-

30b(+) vector, and a stop codon was introduced before the restriction site on the 3’ to exclude 

the C-terminal His6 tag. Table 4.1 shows the primers designed for the shifting of the His6 tag. 

Amplification was achieved using a BioRad Thermo Cycler (C1000 TouchTM thermal cycler). 

A Q5 PCR kit from NEB Biolabs (New England) was used for the reactions. The thermal 
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cycling conditions were as follows: 98 °C for 1 min followed by 98 °C for 30 sec; (×) °C for 30 

sec; 72 °C for 30 °C sec, and 94°C for 30 sec with go to step 2 for 24 cycles. Then followed 

by 72 °C for 5 min and last step at 4°C forever. The excepted PCR products were purified 

using a gel extraction kit (ThermoFischer). The extraction was carried out according to the 

owner’s manual. After extraction, a NanoDrop 2000 Spectrophotometer (Thermo Fisher 

Scientific, Waltham, MA, USA) was used to determine the concentration and purity of the DNA 

by measuring the absorbance at 280 nm, 260 nm, and 230 nm. 

Table 4.1: Primer sets to introduce the His6 tag on the N-terminal of the three genes.  

Name  Sequence Primer 
Set 

SM03 

5’ 
catatgCACCACCACCACCACCACTACCCGGGTGGCACCA Forward 1 

and 2 
5’ cCACCACCACtacccgggtggca 

3’CTCGAGAATCGGACGCAGCGCCGCCG Reverse 

SM29 

5’ 
catatgCACCACCACCACCACCACGCGACCGGTAGCCACC Forward 1 

and 2 
5’ caccaccacgcgacc 

3’ CTCGAGAATACGACGGAAACCCGC Reverse 
 

SM07 

5’ catatgCACCACCACCACCACCACaccgcgatcattaccc Forward 1 
and 2 
 

5’ cCACCACCACaccgcgatc 

3’ CTCGAGAATGTTGCCTTTCAG Reverse 

 

4.2.3.5.2 DNA Ligation, Expression, and Purification 

The ligation reaction was carried out using a 1:3 insert ratio. Before ligation, DNA was cleaved 

with the respective enzymes. The reaction comprised of DNA x µl (50 ng), 10X DNA Buffer 1 

µl, T4 DNA Ligase 1 µl and vector 1 µl, dH2O x µl to a final volume of 10 µl. The ligation 

reaction was used to transform E. coli DH5α cells. Colonies were randomly selected and 

filtered for corrected size amplicon using cleavage using the engineered restriction sites. The 

confirmed transformants resulted in the expression plasmids designated pET30_LysA, 

pET30_LysB, and pET30_Lysin for labelling purposes.  

The successfully ligated clones were transformed into E. coli BL-21(AI) cells. The expression 

of the cells harbouring the constructs was carried out under similar conditions as in section 

4.2.3.2. However, only one temperature profile was used (37 C) with an additional inducer 

(0.2% arabinose). Protein fractions were analysed using SDS-PAGE and western blot. 

Purification was achieved using IMAC under normal conditions. 
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For larger culture volumes, purification chromatography was automatically monitored using 

AKTA Avant 150 and the UNICORN protein purification software. Approximately 25 ml of 

Protino® Ni-TED resin was packed into an XK/16 column. The column was equilibrated with 

5 CV of 1 × LEW (50 mM Na2H2PO4, 300 mM NaCl, pH 8) buffer at 2 ml/min, and the soluble 

crude fraction containing a targeted His-tagged protein was loaded onto the column at 1 

ml/min. The unbound column proteins were washed with 4 CVs of 1 × LEW buffer at 2 ml/min, 

followed by elution of the targeted protein with the 1 × elution buffer (50 mM Na2H2PO4, 300 

mM NaCl, 250 mM imidazole pH 8) at 1ml/min over 7 CVs. Protein fractions were analysed 

using SDS-PAGE and western blot. 

4.2.3.6 Second Purification Step Using Ion Exchange 

The successfully purified protein(s) was dialysed to remove imidazole and introduce a buffer 

(20 mM Tris pH 6.5) compatible with ion exchange for the second purification step. The AKTA 

Avant 150 Unicorn protein purification software was used. The connected 1 ml column 

containing the ion exchange resin was washed with 5 CVs at 1 ml/min of start buffer (20 mM 

Tris pH 6.5), followed by 5 CVs at 1ml/min of the elution buffer, and equilibrated with 5 CVs at 

1 ml/min of start buffer before loading the protein at 1 ml/min. Once the protein was loaded 

onto the column, the column was washed with 5 CVs at 1.5 ml/min of the start buffer to remove 

unbound proteins. The bound proteins were eluted over 20 CVs at 1 ml/min of elution buffer 

(20 mM Tris, 1 M NaCl pH 6.5) using gradient elution starting at 0% to 100%. The eluted 

fractions were loaded on an SDS-PAGE to observe our target protein, and western blot was 

also conducted. The second step purified protein was quantified using BSA on an SDS-PAGE.  

4.2.3.6.1 Bradford Quantification 

The soluble fraction protein concentration was determined using gel quantification. The assay 

involved loading two different volumes of eluted protein (diluted/undiluted) on an SDS-PAGE 

with standards of BSA (20 mg/ml) (10 μl). A standard curve was constructed as follows using 

six standards 0.0781 µg, 0.156 µg, 0.312 µg, 0.625 µg, 1.25 µg and 2.5 µg. Absolute 

quantification was conducted using BioRad Image Lab 4.1 and ChemiDoc MP System digital 

imaging system (Bio-Rad, Universal Hood III, California, USA).  

4.2.4 Peptide Mass Fingerprinting Analysis 

The purified protein(s) was analysed using peptide mass fingerprinting. The protein band of 

interest was cut from a gel and processed for analysis. The gel piece was treated with 

ammonium bicarbonate and methanol to remove stains, followed by reduction and alkylation 

steps. Trypsin was used to digest the protein overnight. The peptides were extracted, dried, 
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and then resuspended in a solution. The samples were analysed using liquid chromatography-

electrospray ionisation tandem mass spectrometry (LC-ESI-MS/MS). 

The analysis used a TripleTOF MS instrument and a nano-high-performance liquid 

chromatography system. The peptides were separated using reverse phase chromatography. 

The sample was first desalted using a C18 trap column and then eluted from the C18 RSLC 

column using a buffer B. Electrospray ionisation was used to ionize the peptides for mass 

spectrometry analysis. The data obtained covered a specific range of mass-to-charge ratios, 

and the collision energies were adjusted accordingly. Protein Pilot software was used for data 

analysis(Seymour and Hunter, 2015). 

4.3 Results 

4.3.1  Transient plant expression in N. benthamiana 

Transient plant expression of the four genes successfully cloned into pEAQ-HT was tested for 

expression using two strains of Agrobacterium at two OD600nm values. For the AGL1 strain, 

OD600nm of 1 and 2 were tested and harvested at seven days post infiltration (d.p.i) (Figure 4.1 

A and B), while for LBA4404, the OD600nm values tested were 0.4 and 0.6 (Figure 4.1C and D). 

Infiltration was achieved using infiltration buffer 1, with extraction buffer 1 being used for 

extraction of total protein from leaf material in a 1:2 ratio. The expected molecular sizes of the 

respective proteins in order of samples loading on the gels are 48.62 kDa, 50.28 kDa, 51.62 

kDa, and 13.23 kDa, with no expression observed. 
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Figure 4.1: SDS-PAGE (left) and western blot (right) analysis of transient expression in N. benth of the 

lytic proteins. 

Plants harvested seven d.p.i. (A) and (B) depict two different OD600nm used for AGL1. While (C) and (D) 

depict two different OD600nm used for LBA4404. 

 

The LBA4404 strain was selected for further expression studies. These studies included the 

optimisation of the infiltration buffer and the protein extraction buffer (Table A.1). Time profile 

studies of the expression were carried out up to 15 d.p.i, with harvesting every second day 

from day 3 post infiltration. Expression was commenced when cells reached an   OD600nm of 

0.4. Figure 4.2 shows the comparison results using infiltration buffers 1 and 2 with different 

extraction buffers. Figure 4.2 A and B show extraction with extraction buffer 1, while C and D 
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used extraction buffer 2. Although the estimated molecular mass for our proteins LysA (SM03), 

LysB (SM29), and Lysin (SM07) is estimated to range from 48 kDA to 52 kDa, a band can be 

seen between 15 kDa and 25 kDa on the western blot (Figure 4.2 D) except for LysA (SM03) 

using infiltration buffer 1. No band is observed for Holin (SM31) under any of the conditions 

tested. 

  

 

Figure 4.2: SDS-PAGE (left) and western blot (right) analysis of two extraction buffers used. 

Expression for LysA (SM03), LysB (SM29), Lysin (SM07) and Holin (SM31) were conducted in LBA 

OD600nm 0.4. 
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A time profile study was conducted using expression conditions that resulted in the 

appearance of a His6-tagged band on a western blot gel.  In some cases, the band detected 

was not the anticipated size. Leaf discs were harvested from day three post infiltration, and 

every two days thereafter until day 15. The expression was also carried out in the presence of 

an inducer, acetosyringone (aceto), at a final concentration of 100 µM. Figure A.3 and  

Figure A.4 show the expression time profile of the four proteins in the presence and absence 

of aceto. The western blot analysis shows a band (truncated version (± 20 kDa)) of the proteins 

except for the Holin (SM31). A variation of the expression levels of the truncated version can 

be observed either in the absence of aceto or, for some, in both the absence and presence of 

aceto when analysing the protein western blots.  

Purification was attempted using clarified lysates of the proteins containing a truncated protein 

visible by western blot analysis. The proteins were tagged with a His6 to facilitate easy 

purification using IMAC Ni-TED resin. As seen in Figure 4.3, the purification did not yield any 

positive results, as only a band at ± 20 kDa was observed in the western blot (Figure 4.3B). 

Due to the poor results obtained from the transient plant expression work, it became necessary 

to explore alternative approaches. Consequently, we shifted our focus towards using a 

bacterial expression system to address the objective of our study. 

 

   

Figure 4.3: Purification of LysA (SM03), LysB (SM29), and Lysin (SM07) using Ni-TED 

from LBA at 15d.p.i, infiltrated with infiltration buffer 2 and extracted with buffer 2.  

 

4.3.2 Subcloning and Bacterial Expression 

Following the challenges encountered with plant expression, a different approach was taken 

to clone the target gene(s) into a bacterial expression system. The vector selected for bacterial 
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expression was pET-30b(+) under the T7 promoter. The vector was prepared for ligation by 

restriction endonuclease digestion using NdeI and XhoI. Figure 4.4 shows the confirmation of 

the ligated constructs into pET-30b(+). Expression results for these genes showed 

inconclusive transient expression in plants. Figure A.5 is a graphic representation of the genes 

ligated into pET-30b(+). Double digesting of the plasmid was done to confirm successful 

ligation before expression studies.   

 

Figure 4.4: 1% Agarose gel images showing the insert confirmations ligated into pET-30b(+). 

Key: LysA (SM03), LysB (SM29) and Lysin (SM07). 

 

Having successfully cloned the target genes into the pET-30b(+) expression vector, 

expression studies were performed. The expression studies were carried out under different 

incubation temperatures (17 °C, 25 °C, 30 °C, and 37 °C), in the presence or absence of IPTG 

(final concentration of 0.1 mM IPTG used).  

Time profile expression studies were carried out by growing a single colony of the 

transformants in BL-21(DE3) E. coli in 5 ml of LB overnight (±16 h) at 37 °C, 200 rpm 

supplemented with the respective antibiotics. From the overnight inoculum, 1 ml was taken 

into 50 ml of LB and incubated at 37 °C, 200 rpm until the OD600nm was between 0.4 to 0.6. 
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Once the desired OD600nm was obtained, the flasks were induced with 0.1 mM final 

concentration IPTG and incubated at the mentioned temperatures. Samples were taken hourly 

for five hours post induction, with an overnight sample taken at ± 16 h.  

The gels depicting the studies of the three proteins under these different conditions can be 

seen in Figure 4.5 to Figure 4.7 with the insoluble fraction analysis in Figure A.6 to Figure A.8. 

SDS-PAGE analysis shows that the proteins, more specifically SM07, are visible in the 

insoluble fraction. The gels demonstrating expression profiles both in the presence and 

absence of IPTG do not show any data variation with the soluble expression levels being 

deficient.  

 

Figure 4.5: SDS-PAGE analysis of the time profile of SM07 using LB in BL-21 (DE3) cells at four 

different temperature points. 

(A) 17 °C, (B) 25 °C, (C) 30 °C, and (D) 37 °C, respectively. The figures depict the induced and 

uninduced fractions.  
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Figure 4.6:SDS-PAGE analysis of the time profile of SM03 using LB in Bl21 (DE3) cells at four different 

temperature points.  

(A) 17 °C, (B) 25 °C, (C) 30 °C, and (D) 37 °C, respectively. The figures depict the induced and 

uninduced fractions. 
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Figure 4.7:SDS-PAGE analysis of the time profile of SM29 using LB in BL21 (DE3) cells at four different 

temperature points.  

(A) 17 °C (B) 25 °C, (C) 30 °C, and (D) 37 °C, respectively. The figures depict the induced and 

uninduced fractions. 

 

Although only a small amount of protein was visible from the expression gels shown above, 

protein purification using immobilised metal affinity chromatography was attempted (this would 

involve protein capture via a C-terminal linked histidine tag). Clarified lysates were purified 

from expression studies carried out at 37 °C, with a 0.1 mM IPTG concentration being 

harvested 4 h post-induction (Figure 4.8).  
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Figure 4.8: SDS-PAGE purification analysis of (A) SM03, (B) SM29 and (C) SM07 using Ni-TED 

prepacked columns under normal conditions. 

 

Despite our initial attempts at purifying the required proteins, Ni-TED yielded unsatisfactory 

results. Further optimisation of the Ni-TED purification protocol was needed to enhance the 

efficiency of the purification step. These measures included altering the protein extraction 

conditions (Table A.2). DTT addition or removal from the lysing buffer showed little effect 

(Figure 4.9). A lot of the proteins can be observed in the flow-through and wash fractions, 

indicating poor protein binding onto the resin.  



 

77 

 

 

Figure 4.9: SDS Page analysis purification using Ni-TED prepacked columns with elution buffer 

containing an additional 0.5 mM DTT. (A) SM03, (B) SM29, and (C) SM07. The arrow pointing to the 

band corresponding with SM07 and the box (white) corresponding to SM03 purification fractions. 

To address the potential issue of poor protein binding to the resin, the hypothesis was that the 

observed difficulty could be the result of protein folding during expression, potentially hiding 

the histidine tag. To address this concern, denaturing salts and detergents were introduced 

into the sample to relax the protein structure, thus potentially improving the proteins’ binding 

capacity. These however proved unsuccessful (Figure 4.10) with no corresponding band being 

observed via SDS-PAGE analysis of the eluate. Bands of interest were observed in the flow 

through as well as in the crude fraction.     

Having shown little to no improvement with Ni-TED, even after the introduction of denaturing 

salts and the addition of detergents, hydrophobic interaction chromatography was attempted. 

Ammonium sulphate was added to a clarified lysate at 15% (w/v) and the protein precipitated 

overnight at 4 °C, with sample mixing by rolling.  The recovered lysate (post centrifugation) 

was purified using a phenyl sepharose resin. Protein purification using HIC was successful for 

SM07 but did not work for SM03 and SM29, respectively (Figure 4.11). Confirmation of SM07 

purification was confirmed through western blot analysis since not much could be observed 

from the SDS-PAGE run.
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Figure 4.11: SDS-PAGE and western blot analysis of HIC purification after 15% precipitation with ammonium sulphate. 

Precipitation was conducted overnight at 4 C, rolling. Key: 1-SM03, 2-SM29, and 3-SM07 .
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Positioning of the His6 tag at the C-terminal end could potentially limit protein accessibility to 

the nickel resin, thereby impacting the protein’s ability to efficiently bind to the resin (thus 

impacting purification yields). To address these challenges, optimisation of the position of the 

His tag was deemed necessary to ensure efficient purification without compromising protein 

integrity or functionality. Using PCR techniques, the His6 tag was introduced on the 5’ of the 

gene and introduced a stop codon after the restriction site on the 3’ end to exclude a His tag 

that would be on the C-terminus of the protein. This approach was anticipated to facilitate 

protein purification using Ni-TED column purification, eliminating the need for multiple 

purification approaches that would be time-consuming and costly.  

The BL-21(AI) cell line was used for expression while maintaining the experimental conditions 

(37 C, 0.1 mM IPTG with the addition of arabinose) established in the previous section to 

improve expression 

Figure 4.12 to  

Figure 4.14) and purification. 
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Figure 4.12: SDS-PAGE (top) and Western Blot (bottom) analysis of LysA (SM03) time profile in BL-

21(AI) at 37 C. 

(Left)Time profile analysis of the induced and uninduced expression fraction and (Right) Time profile 

analysis of the soluble and insoluble expression fraction. 

 

 

 

Figure 4.13: SDS-PAGE (top) and western blot (bottom) analysis of LysB (SM29) time profile in BL-

21(AI) at 37 C. 

(Left)Time profile analysis of the induced and uninduced expression fraction and (Right) Time profile 

analysis of the soluble and insoluble expression fraction. 
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Figure 4.14: Western blot analysis of Lysin (SM07) time profile in BL-21(AI) at 37 C.  

(A) Time profile analysis of the induced and uninduced expression fraction and (B) Time profile analysis 

of the soluble and insoluble expression fraction. 

 

After expression studies, purification was conducted using IMAC Protino Ni-TED columns with 

cells harvested 4 h after induction. SM03 was not eluted from the column, indicating inability 

to purify the protein, and a light band was observed with SM29. However, with SM07, a band 

corresponding to the estimated size of SM07 was observed as seen in Figure 4.15.  
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Figure 4.15: Ni-Ted purification of the lytic proteins expressed in BL-21 (AI) at 37 C and harvested 4 h 

post induction. 

(A) SDS-PAGE on the left of SM03 and SM29 and western blot analysis on the right. (B) SDS-PAGE 

on the left of SM07 and western blot analysis on the right. 

 

The successfully purified SM07 was upscaled to increase biomass. Purification was achieved 

using an AKTA Avant 150 and was subsequently subjected to a second purification step to 

remove any background proteins. This was achieved using ion exchange chromatography. 

The two-anion resins (CaptoDEAE and CaptoQ) were used. Figure 4.16 reveals the resins’ 
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performance; the best-performing resin can be seen as the CaptoQ. Figure 4.17 illustrates the 

purification process, from IMAC to anion exchange and the fractions taken from each process. 

A bovine serum albumin (BSA) standard was used to accurately quantify the polished protein 

(Figure A.9).  

Despite the challenges posed by low expression levels, the observation of a His-tagged band 

on the western blot indicates the presence of SM07 protein. The sample was submitted for 

peptide mass fingerprinting analysis to again identify the protein. The results of the peptide 

mass fingerprinting yielded endolysins with a 5.3% coverage demonstrating 95% confidence. 

Six peptides were identified from that coverage and three with a confidence of 95% and above. 

Figure 4.18 shows the three peptides identified with a confidence of more than 95%.  

 

 

Figure 4.16: SDS-PAGE (Left) and western blot (Right) analysis of second-step purification using anion 

exchange.  

CaptoDEAE is represented by A & B, and CaptoQ is represented by C & D. 
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Figure 4.17: SDS-PAGE (Left) and western blot (Right) analysis of the purification of SM07 including 

polishing step.  

(A) Shows the initial purification using IMAC Ni-TED resin, (B) indicates the purification of the eluate 
from IMAC in an appropriate buffer for the polishing step using CaptoQ anion exchange, and (C) shows 
the different fractions from IMAC to CaptoQ. 
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Figure 4.18: Peptide mass fingerprinting of SM07 using Protein Pilot from ionisation spectra. 

Analysis revealed three peptides A (DLETVTLR), B (ALEILPAVR), and C (YAPYIGR) identifying SM07 as an endolysin. 

A 

B 
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4.4 Discussion 

Exploring diverse methodologies for producing recombinant proteins encompasses many 

strategies, extending beyond transient expression in plants and bacterial expression in E. coli 

methods. In this study, two approaches were used to recombinantly produce phage lytic 

proteins to answer the call for alternative antimicrobials for antibiotic resistant bacterial strains. 

The utilization of transient plant expression to produce phage-derived proteins has shown 

promise in studies such as those conducted by Hammond et al., (2019) and Kovalskaya et al., 

(2019). This method has been instrumental in optimising expression within plant systems, 

presenting a valuable avenue for creating novel antimicrobial agents. However, our specific 

transient expression efforts yielded inconclusive results, resulting in the production of a 

truncated protein, as confirmed by western blot analysis. These unsatisfactory results could 

stem from various factors, including suboptimal codon usage and protein instability during 

expression. Inadequate codon optimisation could lead to minimal or no protein expression, as 

evidenced in previous studies by Komarova et al., (2010) and Mauro (2018). In contrast, 

protein instability during expression could result in degradation, leaving behind fragmented or 

truncated signals detectable by western blot analysis. These findings can be improved for 

better expression yields by exploring other expression vectors for plant expression tailored for 

optimised expression and stability.  

To overcome limitations in transient expression, the bacterial expression system using E. coli 

was used; cloning the genes into a pET-30b(+) vector with modifications in tag placement. 

His6 nucleotides were incorporated at the 5’ and 3’ end of the genes. BL-21 cells were used 

for protein expression studies due to their suitability for recombinant protein production, and 

their lack of Ion and ompT proteases (Rosano and Ceccarelli, 2014; Fathi-Roudsari et al., 

2016a). Initial expression level showed high levels of insoluble proteins in BL-21(DE3) cells. 

Different temperature conditions were tested thereafter with proteins still observed 

predominantly in the insoluble fraction. The temperatures were selected to optimise 

expression ensuring proper folding, stability and maintaining bacterial viability. Although urea 

solubilisation could mitigate this, considerable functional loss is a concern and the process is 

tedious (Singh et al., 2015). Expression of the N-terminal His6 tagged protein in BL-21(AI) cells 

achieved low-level solubility, which could potentially be related to phage-derived protein 

toxicity to the host cell, thus explaining the poor expression in BL-21(DE3) cells and the 

suspected leaky expression. Improved expression in BL-21(AI) cells can be attributed to the 

tight expression control preventing toxicity or aggregation issues and arabinose regulation of 

expression functions better. Due to limitations in detecting the target proteins within the crude 

lysate using SDS-PAGE throughout the time course, purification was done from samples 



 

88 

 

collected 4 hours after induction. The absence of bands corresponding to the expected 

molecular mass for the protein may be due to low expression and overshadowing by 

background proteins. Purification can increase the probability of isolating target proteins by 

purification.   

In our study, amino acid sequences encoding for His6 were introduced at either end of the 

genes via PCR amplification in pET-30b(+) to facilitate protein purification by immobilized 

metal affinity chromatography (IMAC). Despite the advantages of IMAC, challenges were 

encountered in achieving adequate purification, particularly with the C-terminal-tagged 

proteins, even under denaturing conditions. IMAC relies heavily on the strong interaction 

between histidine residues(Wong et al., 2006; Gutiérrez et al., 2007) and immobilised metal 

ions (Bornhorst and Falke, 2000), yet our observations revealed poor purification, with the 

protein predominantly located in the flow-through sample and wash fractions rather than the 

anticipated eluate. This issue might stem from the tag's potential inaccessibility within the 

folded protein structure hindering its binding to the immobilised metal. To address this, 

potential solutions included relocating the affinity tag from the C-terminus to the N-terminus of 

the protein or conducting the purification process under denaturing conditions (K Terpe, 

2003a; Dutta and Bose, 2022). Although the N-terminal tagged protein showed low-levels of 

protein post purification, background contamination remained a notable challenge. This is of 

considerable concern particularly affecting low-expressing proteins, an inherent drawback of 

IMAC (Bornhorst and Falke, 2000) that may require additional optimisation or alternative 

purification strategies. To improve the isolation of our target proteins and purification efficiency 

while using the same resin (IMAC-Ni-TED), optimisation was done by introducing denaturing 

agents ad inhibitors. Our conditions included using dithiothreitol (DTT), Urea, and Triton-X 

100. DTT acted as a reducing agent that stabilises proteins and was used within the limits in 

the manufacturers manual. Triton-X 100 minimised non-specific binding, thus increasing the 

possibility of our target proteins binding to the resin. Urea addition was incorporated to disrupt 

the protein structure thus aid in separating the target proteins from other components. Despite 

incorporation of the above-mentioned protein purification alterations, extraction with 

denaturing buffers yielded low levels of the target protein in both the crude and flow-through 

fractions Figure 4.9 and Figure 4.10, but these conditions did not notably improve protein 

purification. Consequently, further purification attempts were conducted using hydrophobic 

interaction chromatography coupled with ammonium precipitation (15%). SM07 demonstrated 

the most successful purification among the proteins tested. At the same time, SM03 showed 

poor purification, and some improvement was seen in SM29 (Figure 4.11), as revealed by 

western blot analysis. 
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Hydrophobic Interaction Chromatography (HIC) is a lengthy process. The N-terminal His6-

tagged lytic proteins were successfully expressed to minimise the purification steps, and 

purification was attempted with IMAC-NiTED. SM07 was partially purified successfully and 

subjected to a second purification step using ion exchange chromatography (IEC) to eliminate 

background protein contaminants in the final protein sample. IEC is a robust method for protein 

purification, separating proteins based on their net charge (Porath, 1992; Tripathi, 2016b; 

Cummins et al., 2017). High protein purity is vital for therapeutic applications, allowing us to 

answer the call for discovery of alternative antimicrobial agents to combat multiple drug 

resistant bacterial strains. The findings indicate that anion exchange chromatography, 

particularly using CaptoQ resin, displayed better performance when compared to CaptoDEAE. 

These results highlight the efficiency of ion-exchange chromatography, particularly the 

potential advantages of using specific resins like CaptoQ for protein purification, paving the 

way for improved isolation and refinement of target proteins. 

Phage-derived antibacterial proteins have great potential as antimicrobial agents because of 

their specificity and low-level toxicity in humans. However, the production of phage-derived 

proteins is challenging due to their low expression levels in both plant and bacterial host 

strains, observable from the data obtained in this study. Using IMAC followed by CaptoQ, 

unwanted background protein was eliminated; however, the concentration of the purified 

protein is still very low. The determination of the protein concentration was achieved using 

BSA standard quantification on an SDS-PAGE based on absolute values. Rather than using 

the colorimetric approach and that uses spectrophotometry. Using the spectrometry to 

ascertain the protein concentration might be higher in sensitivity, however, it is also broad and 

detects a range of proteins and not your target protein. SDS-PAGE quantification with BSA 

allows for more accurate protein concentration determination of target protein. SM07 

purification confirmation was achieved through peptide mass fingerprint analysis, a valuable 

tool for protein identification and confirmation (Hamza et al., 2021). The results revealed an 

endolysin with the three peptide stretches identified namely DLETVTLR, ALEILPAVR, and 

YAPYIGR. These confirmed that the purified SM07 is indeed an endolysin. However, the data 

demonstrated low confidence. This could be attributable to low level expression of the protein 

resulting in few peptides being extracted for identification. Peptides loss during protein 

fragmentation may also be of concern, however this could be improved with in-solution protein 

preparation. As low as the final peptide confidence results may be, the presence of SM07 was 

confirmed by western blot analysis using the His6 tag for identification. 
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4.5 Conclusion 

In conclusion, acquiring an effective endolysin as an antimicrobial agent is a promising avenue 

for combatting antibiotic-resistant bacteria. Transient expression was considered to be a 

favourable choice for endolysin production (using an alternate plant-based expression host 

system) due to the nature of the proteins. Nevertheless, when attempting transient expression 

of these proteins, our results showed that three proteins (SM07, SM03, and SM29) generated 

a truncated protein, with no SM31 protein observed even after optimisation of expression 

conditions. Having moved to a bacterial expression system with these three antimicrobial 

proteins, favourable expression was demonstrated especially in the case of SM07. The genes 

were successfully subcloned to incorporate His6 tag at either ends of the genes under the T7 

promotor of pET-30b(+) vector. Bacterial expression in BL-21(DE3) was poor, with most of the 

protein in the insoluble fraction. Challenges were encountered with purification of the C-

terminal-tagged protein with IMAC; no improvements were observed in the purification even 

after introducing denaturing agents. Of the C-terminally tagged proteins, SM07 was purified 

successfully with HIC after 15% (w/v) ammonium sulfate precipitation. The proteins with the 

histidine tag on the N-terminal showed better results, a band corresponding with molecular 

mass for SM07 was observed under normal IMAC purification conditions. The same was not 

observed for SM03 and SM29. Following successful purification of SM07, a second purification 

“polishing” step was introduced using CaptoQ anion exchange. The final purified SM07 protein 

was confirmed via peptide mass fingerprinting analysis, with three peptide stretches identifying 

the protein as being an endolysin. By continuing to explore the potential of phage-derived 

proteins and developing effective purification techniques, we may discover new antimicrobial 

agents that can help address the growing threat of antibiotic resistance in the coming years. 
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5 CHAPTER FIVE: ANTIMICROBIAL ACTIVITY SCREENING OF 

SM07 AGAINST ESKAPE PATHOGENS AND DEMONSTRATING 

ITS APPLICATION  

Abstract 

The misuse of antibiotics and mutations in bacteria have led to the development of antibiotic-

ineffectiveness and, subsequently, drug/multidrug-resistant bacterial strains. The global rise 

in antibiotic resistance has led to the growing interest in phages and their derivatives as 

antimicrobial alternatives to treat disease-causing bacteria. Phage-derived proteins, or 

endolysins, can hydrolyse peptidoglycan (PG), a cell wall component, resulting in cell lysis. 

An agar well diffusion assay was used to evaluate the efficacy of SM07 against ESKAPE 

pathogens for its antimicrobial properties. The application of SM07 was determined through a 

prototype spray-surface cleaner/disinfectant. Purified SM07 showed antimicrobial activity 

against P. aeruginosa without pre-treating the outer membrane (OM), at a minimum 

concentration of 0.004 µg/µl. Some activity was also observed against Acinetobacter 

baumannii.  SM07 demonstrated a 30% toxicity effect against Vero cells at the highest 

concentration (0.0625 µg/µl) tested; a concentration that is almost 15 times more than MIC. 

The efficacy of the prototype spray developed with SM07 as an active ingredient (0.004µg/µl 

final concentration) showed a reduced bacterial count of approximately 98.70%. Our findings 

underscore the immense potential of endolysins as effective alternatives to conventional 

antibiotics with SM07 specifically treating P. aeruginosa infections. The results also 

demonstrate that endolysins can function effectively without having to pretreat the (OM) found 

in Gram-negative bacteria. 
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5.1 Introduction 

The first antimicrobial to ever be used was to treat syphilis and was discovered by Paul Ehrlich 

in 1910 (Aminov, 2017). This was followed by the accidental discovery of penicillin by 

Alexandra Flemming in 1928 (Hare, 1983; Górski et al., 2019; Kumar et al., 2019). Following 

the discovery and official use of penicillin, new classes of antimicrobials were identified, with 

regular new developments (Aminov, 2017). The pace of discovery of new antibiotics has 

dropped significantly from the early 2000s until now, and infectious diseases have gradually 

grown resistance against the existing drugs (Luepke et al., 2017). Antibiotic resistance is one 

of the most significant health threats worldwide, and the discovery and development of novel 

antimicrobial agents are crucial to combating this growing problem (Roca et al., 2015; Miethke 

et al., 2021).  

Although this is a global health problem, its severity is worse in developing countries (Tadesse 

et al., 2017; Ventola, 2015). The World Health Organisation (WHO) has identified a variety of 

disease-causing bacteria that demand immediate attention; particularly ESKAPE pathogens 

(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Enterobacter spp.) (Bhatia et al., 2017; Mulani et 

al., 2019). These pathogens account for various nosocomial infections, especially in infants, 

the elderly, and the immunosuppressed. The nosocomial infection rate in developing countries 

is almost double that in developed countries (Khan et al., 2017; Abubakar et al., 2022).  

Based on WHO projections, multidrug-resistant infections deaths worldwide are expected to 

increase to ten million annually by 2050, with the danger of collapsing the global economy by 

2050 (Criscuolo et al., 2017; Górski et al., 2019; Aslam et al., 2021). The WHO has 

recommended that attention should move towards advancing preexisting drugs and 

developing new antimicrobial agents to treat bacterial infections. Bacteriophages and lytic 

proteins have been proposed as potential antibacterial agents to tackle bacterial infections in 

humans, animals, and crops (Aslam et al., 2021b. Phages carry a range of essential proteins 

involved in their replication cycle, including receptor-binding proteins, VAPGHs, endolysins, 

and holins, which could be explored as a potential solution against antibiotic-resistant bacteria 

(Rodríguez-Rubio et al., 2013; Gutiérrez et al., 2018; Heselpoth et al., 2018; Witzany, 2020). 

Characterisation of novel antimicrobials will also be vital for better understanding of their mode 

of action, efficacy, and safety. Understanding the mode of action can assist in optimising their 

use and also prevent resistance development. By characterising pre-existing, new, and 

improving existing ones, more could be developed further and design strategies to enhance 

their effectiveness and reduce their side effects. Unlike antibiotics, bacteriophage lysins 
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exclusively target specific bacteria and do not harm beneficial microflora, thus rendering them 

more advantageous over antibiotics (Aslam et al., 2021).  

Phage-derived proteins (enzybiotics) have gained attention due to their nature and specificity 

(Fernandes and São-José, 2016; Torres-Barceló and Hochberg, 2016; Gerstmans et al., 

2018). Their mode of action provides them with the advantage of little to no resistance when 

used. The aim of this chapter is to explore the potential antimicrobial activity of a novel protein 

(SM07) and to demonstrate its applicability for industrial use. Lysins have emerged as 

promising alternatives to conventional antibiotics due to their ability to target specific bacteria 

without harming beneficial microorganisms. Their ability to specifically target and disrupt 

bacterial cell walls makes them promising candidates for the development of new antimicrobial 

agents. In this chapter, we evaluate the efficacy of a newly discovered protein (SM07) against 

a wide range of pathogenic bacteria, including both Gram-positive and Gram-negative 

species. By demonstrating the effectiveness of the SM07, this chapter aims to establish lysins 

as a valuable tool for combating antimicrobial resistance and for industrial applications. 

5.2 Methods and Material 

The antimicrobial activity was performed under strict BioSafety Level 2 laboratory working 

regulations. The biological function of SM07 was tested against Acinetobacter baumannii 

(BAA747), ESCCO (ATCC 25922), Enterococcus faecalis (ATCC 51299), Escherichia coli 

(ATCC 35218), Staphylococcus aureus (ATCC 977BA) and Pseudomonas aeruginosa (ATCC 

27853 and ATCC 15442).   

5.2.1 Antimicrobial Susceptibility Test 

The antibacterial activity of SM07 was performed using an agar well diffusion assay as Reeves 

(1989) described with slight modification using Mueller-Hinton (MH) agar. Each 100mm Petri 

dish was filled with 20 ml of MH agar. Susceptibility studies were conducted against the 

ESKAPE pathogens. The Bauer-Kirby approach recommends the use of high concentrations 

of Bacto-sensitivity disks. Cefixime 30 μg was used as a control against Acinetobacter 

baumannii BAA747; Augmentin 30 μg against ESCCO ATCC 25922 Enterococcus faecalis 

ATCC 51299 and Escherichia coli ATCC 35218. While Cefotaxime 30 μg was used to inhibit 

both Staphylococcus aureus ATCC 977BA and Pseudomonas aeruginosa ATCC 27853. The 

recovered bacteria cultures were suspended in saline and adjusted to 0.5 McFarland. The 

suspensions were plated on MHA plates using sterile cotton swabs. The plates were 

inoculated in triplicate. A sterile borer created the wells on the plates and a volume of 90 µl of 

SM07 was added to the individual wells. Before incubation, each plate was numbered and a 

template for inserting the sterile disk and wells to allow identification and monitoring of the 
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progress. This was followed by an incubation step for 12 to 24 h at 37 °C. Following overnight 

incubation, plates were removed from the incubator and clearance zones around the well were 

observed. 

5.2.1.1 Minimum Inhibitory Concentration (MIC) 

The MIC was determined for SM07 using the same reference strain(s) according to the method 

proposed by Eloff (1998) with slight modification. Briefly, 150 µl of MH broth was pipetted into 

all the wells of the 96-well plate. Subsequently, 150 µl of each was added to the first well, 

followed by a two-fold serial dilution. Fifty microlitres (50 µl) of an overnight strain suspension 

prepared in MH broth and standardised to 0.5 MacFarhland was added to each well. The 96-

well plate was then sealed and incubated for 24 h at 37 °C. After incubation, 20 µl of p-

iodonitrotetrazolium chloride (0.2 mg/ml) was added to each well and incubated for 2 h under 

the same conditions.  MICs were recorded as the lowest concentration that inhibited visible 

bacteria growth.  

5.2.2 Cytotoxicity Studies of SM07 on Vero Kidney Cells 

Vero cells were seeded at a density of 10,000 cells per well in a 96-well plate and incubated 

for 24 h under standard conditions (37 °C, 5% CO2, 95% humidity). Following incubation, 2-

fold serial dilutions of SM07, starting with a concentration of 0.0625 µg/µl, were prepared and 

100 µl of the different concentrations were added to the corresponding wells of the 96-well 

plate containing vero cells, except in the cell control wells. The cells were then incubated with 

SM07 for 48 h. Subsequently, the media was replaced with 25 µl of 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) reagent at 5 mg/ml (Sigma-Aldrich, St. Louis, 

MO). This was followed by another incubation of the cells at 37 °C for 3 h to facilitate formazan 

formation by viable cells. Subsequently, the MTT solution was discarded and 100 µl of 

dimethylsulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO) was added and incubated at room 

temperature for 15 min to dissolve the formazan product. The absorbance was then measured 

at 620 nm using a Tecan Infinite F500 luminometer (Tecan, Mannedorf, Switzerland).  

5.2.3 Application of the Recombinant Produced SM07 as a Potential Surface 

Disinfectant 

A surface disinfectant was formulated to determine the application of SM07. The ingredients 

in Table 5.1 were added to a beaker in the order shown and were mixed at 500 rpm using an 

overhead stirrer (IKA EUROSTAR 20 digital). Once the formulation was adequately mixed, 

the products were transferred to clean 250 ml bottles and packed at room temperature until 

testing. The bactericidal activity of the test product was evaluated using the membrane 

filtration method. The P. aeruginosa (ATCC 15442) was grown in nutrient broth overnight. The 
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almost 15 times the minimum inhibitory concentration, SM07 inhibits P. aerigunosa with no 

significant toxicity being observed, making the protein relatively safe even when used at high 

concentrations (Figure 5.1). 

Table 5.2: Antibacterial activity screening on ESKAPE pathogens. 

Strain  Control 

Antibiotic 

  

Test samples  Activity   MIC 

Acinetobac
ter 
baumannii 
BAA747  

Cefixime 
30μg 

Phosphate Buffer (PBS, negative control 1)  R’ ND 

Empty pET vector (negative control 2)  R’ ND 

Expression strain BL-21 (AI), (negative 
control 3)  

R’ ND 

Clarified Crude Lysate  R ND 

Purified SM07  Y  ND 

ESCCO 
ATCC 
25922  

Augmentin 

30μg 

Phosphate Buffer (PBS, negative control 1)  R’  ND 

Empty pET vector (negative control 2)   R’ ND 

Expression strain BL-21 (AI), (negative 
control 3)   

R’ ND 

Clarified Crude Lysate   R ND 

Purified SM07   R ND 

Staphyloco
ccus 
aureus 
ATCC 
977BA  

Cefotaxime 
30µg 

Phosphate Buffer (PBS, negative control 1)  R’ ND 

Empty pET vector (negative control 2)  R’ ND 

Expression strain BL-21 (AI), (negative 
control 3)   

R’ ND 

Clarified Crude Lysate   R ND 

Purified SM07   R ND 

Enterococc

us faecalis 

ATCC 

51299 

Augmentin 
30μg 

Phosphate Buffer (PBS, negative control 1)  R’ ND 

Empty pET vector (negative control 2)  R’ ND 

Expression strain BL-21 (AI), (negative 
control 3)   

R’ ND 

Clarified Crude Lysate   R ND 

Purified SM07   R ND 

Pseudomo
nas 
aeruginosa 
ATCC 
27853  
  

Cefotaxime 
30µg 

Phosphate Buffer (PBS, negative control 1)  R’ ND 

Empty pET vector (negative control 2)  R’ ND 

Expression strain BL-21 (AI), (negative 
control 3)   

R’ ND 

Clarified Crude Lysate  R ND 

Purified SM07   Y 0.004μg/
μl 

Escherichia 
coli ATCC 
35218  

Augmentin 

30μg 

Phosphate Buffer (PBS, negative control 1)  R’ ND 

Empty pET vector (negative control 2)   R’ ND 

Expression strain BL-21 (AI), (negative 
control 3)  

R’ ND 

Clarified Crude Lysate  R ND 

Purified SM07   R ND 

R-Resistant 
R‘-Negative Control 

ND- Not Determined 

Y-Yes 
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Figure 5.1: Purified SM07 toxicity evaluation. The data displayed are the means and standard deviations 

of three different experiments. 

 

5.3.3 Application of the Recombinant Produced SM07 as a Potential Surface 

Disinfectant 

The bactericidal efficacy of SM07 in a formulation was tested against P. aeruginosa (ATCC 

15442) under dirty conditions. The product was applied in its neat form and assessed after 5-

minute contact time including an interfering substance (3.0 g/l of bovine albumin) replicating 

dirty conditions. The initial bacterial count decreased to 5.57 (Log Na) from 7.44 (Log N0), 

indicating a reduced bacterial count of 98,70%. The concentration of SM07 in the formulation 

was 0.004 µg/µl. Detailed validation test observations, which show the experimental 

conditions, dilutions, and log reduction values against the P. aeruginosa strain with the purified 

SM07, can be seen in Table A.3. 

 

5.4 Discussion 

Bacteriophages have often been used as antimicrobial agents; however, reports of phage-

derived proteins used as therapeutic agents only appeared in 2001 by Fischetti et al. where 

efficacy was demonstrated in mice. Phages and their derivatives have potential uses in several 

sectors (Clark and March, 2006; Vázquez et al., 2018). SM07 was tested for its antimicrobial 

activity against ESKAPE pathogens and observed inhibition of growth with P. aeruginosa. No 

activity was observed from any of the Gram-positive pathogens, and this is a based on the 

specificity of SM07, the CBD has specificity for Gram-negative bacteria, hence the activity 

against P. aeruginosa. The inability to be functionally against Gram-bacteria might also be the 

additional barrier from the cell wall component of the bacteria like Teichoic acid which is not 

found in Gram-negative bacteria.  The inhibition by SM07 against an organism known to cause 
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infections in the blood, lungs, urinary tract, and gastrointestinal tract (Yamada et al., 2009) is 

promising. Fischetti (2018) suggests that endolysins are active against Gram-positive bacteria 

and less active against Gram-negative bacteria because of the presence of the OM. The OM 

makes it difficult for endolysins to reach the PG layer. SM07 did not only show efficacy against 

P. aeruginosa, but some inhibition was observed against Acinetobacter baumannii. It is worth 

noting that inhibition in both was observed in the absence of outer membrane destabilizers. 

This phenomenon has been observed in other studies (Guo et al., 2017) and this, according 

to Park et al., (2014) and Murray et al., (2021), is because Gram-negative infecting endolysins 

have a broader range of targets.  

One of the limitations of endolysins against Gram-negative bacteria is their inability to 

penetrate the OM (Yang et al., 2014). However, by destabilising OM, thus exposing the PG, 

endolysins can be effective (Vázquez et al., 2018). Surprisingly, SM07 was able to inhibit a 

Gram-negative bacterium without OM destabilizers as an indication of its potency. It exhibited 

activity at a low concentration of 0.004 µg/µl. The efficacy can potentially be enhanced by 

pretreatment of the OM with agents such as Triton-X or EDTA prior to use (Guo et al., 2017; 

Vázquez et al., 2018).  

Cytotoxicity studies were conducted in Vero kidney cells as a representative for general 

cytotoxicity to mammalian cells (Perryman et al., 2018). SM07 exhibited a 30% toxicity towards 

the cells, at the highest tested concentration (0.0625 µg/µl) which is almost 15 times the MIC 

for P. aerigunosa inhibition. Having observed antimicrobial activity and bacterial reduction of 

98,70% at a concentration 0.004 µg/µl and no observed toxicity at that level in Vero cells, 

SM07 demonstrates potential for application towards combatting the global rise of antibiotic 

resistance specifically against P. aerigunosa using proteins and with no cytotoxic effects in 

normal mammalian cells. 

SM07 can be used for its antimicrobial function in different ways and a prototype spray was 

developed. The formulation contained a concentration of 3% (v/v) SM07 (equivalent to our 

determined MIC) and exhibited a log reduction of 1.87 of P. aeruginsa (ATCC 15442) when 

applied at its neat concentration. A noteworthy reduction in bactericidal activity (98.70%) was 

achieved with the prototype. These findings show promise; it is crucial to note that for a 

substance to be regarded a high-level disinfectant, it typically needs to achieve a log reduction 

of at least 5, which is equivalent to a bacterial count reduction of 99,99%. The bactericidal 

activity displayed by SM07 under the tested conditions has potential in settings where 

complete sterilisation is not a prerequisite or in combination with other agents. 

The discovery SM07 with an effective ability to inhibiting Pseudomonas aeruginosa at low 

concentrations with no harm to mammalian cells holds significant promise for future 
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therapeutics. It offers a potential solution to the growing threat of antibiotic-resistant P. 

aeruginosa infections. Its potency at low doses suggests reduced treatment costs and side 

effects, while its specificity minimizes damage to healthy gut bacteria. Furthermore, studying 

SM07 further can provide crucial insights into the cell wall vulnerabilities of P. aeruginosa, 

paving the way for the development of even more targeted and effective anti-P. aeruginosa 

therapies. 

 

5.5 Conclusion 

In conclusion, antimicrobial studies conducted on SM07 have demonstrated its remarkable 

ability to inhibit the growth of Pseudomonas aeruginosa, a pathogen known for its resistance 

to multiple antibiotics and for causing severe respiratory tract infections. These findings 

highlight the tremendous potential SM07 holds as a promising candidate for treating P. 

aeruginosa infections. Its ability to target and disrupt the specific mechanisms used by P. 

aeruginosa without having to destabilize the OM makes it an attractive alternative to 

conventional antibiotics. In addition, these proteins are known for their specificity and efficacy 

against bacteria, further strengthening their potential as therapeutic agents. SM07 showed 

30% cytotoxicity towards the cells at the highest concentration tested which is 15 times more 

than the MIC. The application test as a surface disinfectant/cleaner containing SM07 exhibited 

significant bactericidal activity, achieving a log 1.87 reduction in Pseudomonas aeruginosa 

ATCC 15442. These findings underscore its effectiveness as a powerful disinfectant in 

combating bacterial contamination. Opportunities for further optimising of the formula and 

application conditions present avenues for future research. Further research and development 

efforts should be directed toward exploring the stability of the polished protein and further 

characterizing of it. Overall, the results of this study provide a strong foundation for the future 

development and utilisation of this phage-derived protein as a novel antimicrobial agent for 

use against P. aeruginosa infections. Moreover, it also affects some other Gram-negative 

bacteria, such as Acinetobacter baumannii, making it a promising candidate for Gram-

negative bacteria as well. 
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6 CHAPTER SIX: IN SILICO MODELLING OF SM07 TO ELUCIDATE 

ITS FUNCTION 
 

Abstract 

Recent advances in computational approaches and structural biology techniques have 

provided valuable tools for predicting and elucidating various molecular structures, including 

endolysins. Endolysins are enzymes that hydrolyse a component of bacterial cell walls. Thus, 

they are considered to be a potential therapeutic tool for treating bacterial infections. 

Understanding the structure-function relationships of endolysins is critical to facilitate their 

optimisation as antimicrobial agents. To build a model for SM07, four tools were used, based 

on homology, protein folding, and ab initio modelling. AlphaFold produced the most reliable 

and accurate 3D structure model. The verification of the model was carried out using various 

structural analysis tools, Ramachandran plots, ERRAT, Verify-3D, ProCheck, G-factor, and Z 

scores of ProSA and AlphaFold outperformed each other, with Modeller showing the poorest 

structure and accuracy. The predicted 3D structure of SM07 revealed a cell-wall binding 

domain (CBD) and a catalytic/enzymatic domain that possesses a typical catalytic dyad 

(Glu228 and Glu237). An interesting observation was the discovery of a CBD; it is unusual for 

Gram-negative infecting endolysins. These findings provide valuable insight into the structure-

function relationship. The unusual presence of a putative CBD warrants further research to 

elucidate the underlying mechanism and potential implications for antimicrobial therapies.  
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6.1 Introduction 

Despite the use of antibiotics worldwide, antibiotic resistance continues to threaten the health 

system. Attention has been focused on phage-derived proteins due to their ability to hydrolyse 

the peptidoglycan from within cell components (Lin et al., 2017; Fischetti, 2018; Cernooka et 

al., 2022). These proteins typically contain cell wall-binding domains and/or a catalytic domain 

(Low et al., 2005; Cernooka et al., 2022). These domains can be found at the protein’s N- or 

C- terminal based on the type of bacteria they target. Gram-negative targeting phage-derived 

proteins typically do not have a CBD but have an N-terminal transmembrane domain 

(Cernooka et al., 2022). Tools to determine protein structure is critical as they provide valuable 

insights into function and behaviour (Haas et al., 2013).  

There are two main approaches used to determine the structure of a protein. One of the 

approaches is the experimental method, which uses physical techniques such as X-ray 

crystallography, NMR spectroscopy, and cryoelectron microscopy to determine the three-

dimensional structure of a protein and is more accurate than the computational method (Baker 

and Sali, 2001; Masrati et al., 2021). The second approach is the computational method which 

predicts the structure of a protein based on its amino acid sequence (Kortemme and Baker, 

2004; Farhadi and Hashemian, 2018). While experimental methods are essential to obtain 

accurate and high-resolution protein structures, advances in computational modelling have 

made it an attractive alternative due to its speed, cost effectiveness, and broad applicability 

(Masrati et al., 2021). These approaches can be used separately or coupled. Throughout the 

years, protein structure modelling has significantly advanced biomedical research and drug 

development. 

In the early 1990s, the prediction of the HIV-1 protease structure led to the design of drugs 

that inhibit the protease, effectively treating HIV/AIDS. Subsequently, protein structure 

modelling was used to engineer a more heat-resistant version of glucose-6-phosphate 

dehydrogenase, which is beneficial in treating the genetic disorder G6PD deficiency. In the 

early 2000s, this approach provided insights into the interaction between the proteins prion 

and tau, guiding the development of drugs to target these interactions for treating Alzheimer's 

and prion diseases. In the late 2000s, protein structure modelling enabled the design of a 

novel protein, the albumin-binding domain, capable of delivering drugs to the brain by 

attaching to the abundant blood protein, albumin. 

Predicting protein structures poses a challenge, yet the significance of identifying protein 

structure continues to grow, particularly within the realm of biomedical research. The ability to 

predict protein structures has helped many understand the functionality of proteins, 
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interactions, and how some proteins are involved in diseases.  This chapter will be dedicated 

to exploring structural modelling. Structural modelling is vital to predicting and understanding 

the three-dimensional arrangements of proteins and other molecules. It is also as important to 

determine the stability of a protein's 3D structure is crucial to ensure its functionality and 

reliability in biological processes. Unstable structures can lead to misfolding, which is often 

associated with diseases and loss of protein activity. The aim is to predict the overall structure 

of SM07 from its amino acid sequence. Throughout this chapter, we will examine the different 

levels of protein structure and decipher the arrangements of the protein.  

This chapter presents an overview of the structural modelling techniques used to explore 

SM07 to elucidate its function. We will discuss the application of computational tools, including 

AlphaFold, homology modelling, and other structure analysis methods, to predict and validate 

the 3D structures. Moreover, we will highlight the importance of structural insights in identifying 

catalytic residues and catalytic domains in elucidating the function of SM07. 

6.2 Methodology 

6.2.1 Sequence Retrieval, Alignment and Validation 

The protein sequence for SM07 was aligned with homologous crystallised proteins in the 

Protein Data Bank (PDB) database for the building of 3D structures. Subsequently, four 

different computational modelling tools, namely Modeller (Eswar et al., 2008), I-TASSER 

(Yang and Zhang, 2015), SWISSMODEL (Bordoli et al., 2009) and AlphaFold (David et al., 

2022a) were used to generate predicted protein models. The quality and accuracy of each 

predicted structure was validated using SAVESv6.0 (available at https://saves.mbi.ucla.edu/). 

ProCheck (Laskowski et al., 1996) was used to validate the best and most reliable model 

through the generated Ramachandran plot (Ramachandran et al., 1963). Further validation 

was performed through Verify 3D (Eisenberg et al., 1997), ERRAT (Colovos and Yeates, 

1993), and Protein Structure Analysis (ProSA) (Wiederstein and Sippl, 2007) to determine the 

overall quality of the protein as to well as determine the problematic regions of the predicted 

models. 

6.2.2 Analysis of protein structure and molecular graphics 

3D structure visualisation and manipulation were carried out using the molecular visualization 

tool PyMol (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC). The 

identification of putative domains was achieved through the utilisation of InterPro, a valuable 

resource for protein sequence analysis (https://www.ebi.ac.uk/interpro/). For the identification 

of the catalytic residues, the GraFSS tool was employed and was accessed through 

mfrlab.org. Additionally, to recognise distant homologues through sequence-structure 
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Figure 6.1: I-TASSER templated with their scores used for the homology modelling of SM07. 

 

6.3.2 Validation of Predicted Models 

To obtain a reasonably accurate 3D structure for SM07, the validation and quality assessment 

of each model predicted by the four homology modelling techniques were carried out using 

ProCheck. Table 6.2 displays the corresponding data, highlighting the performance of each 

approach in the analysis. The validation of the models predicted by the four tools was 

evaluated using four evaluation metrics. Those metrics included ERRAT, Verify-3D, G-factor, 

and Z-score. The purpose of using these metrics was to access the accuracy and reliability of 

the models.  As reflected in Table 6.3 it is evident that the model predicted by AlphaFold 

demonstrated the most reliable model with an overall quality of 94.86%. Additionally, 84.68% 

of its residues averaged a 3D-1D score of 0.1, indicating a pass. Despite it having four errors 

as seen in Table 6.3, it remained impressive with three passes in the ProCheck validation 

while others had zero passes or just one or two. 

   





 

111 

 

Table 6.3 ERRAT, Verify3D, G- factor, and Z-scores of the predicted models for SM07. 

 ERRAT 
(overall quality) 

Verify3D 
 

ProCheck Overall G-factor Z-scores from 

ProSA 

Alphafold 94.8661 84.68% of the residues have 

averaged 3D-1D score >= 0.1 

Pass 

Errors = 4 

Warning = 2 

Pass = 3 

-0.16 -9.88 

 

Swiss 

model 

93.9675 82.47% of the residues have 

averaged 3D-1D score >= 0.1) 

Pass 

Error = 4 

Warning = 3 

Pass = 2 

- 0.08  -9.62 

 

I-TASSER 86.1048 65.86% of the residues have 

averaged 3D-1D score >= 0.1 

Fail 

Error = 6 

Warning = 3 

Pass = 0 

 - 0.66 -5.77 

Modeller 13.5714 56.89% of the residues have 

averaged 3D-1D score >= 0.1)  

Fail 

Error = 4 

Warning = 3 

Pass = 1 

- 0.12  0.75 
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6.3.3 Overall structure of SM07 

The structure of SM07 shows the N-terminal arm followed by a short beta sheet. The domain 

following the N-terminal starting with a coil comprises 22 alpha helices and eight beta sheets. 

The protein is a monomer (Figure 6.2). The generated structure appeared as a monomeric 

structure and a helical protein with two domains, the large domain at 181-344 and the small 

domain at 10-50. The Ramachandran plot for the best and most reliable model is presented 

in Figure 6.3. The plot illustrates the distribution of the psi and phi dihedral angles, confirming 

the high-quality and favourable conformational properties of the structure.  

The N-terminal domain of residue 10-50 comprises of a putative CBD based on sequence 

homology with other enzymes. Figure 6.4 illustrates the domain highlighted from the 3D 

structure of SM07 in the previous figure. The C-terminal domain harbours the 

catalytic/enzymatic domain from residues 183-314 (Figure 6.4B). Figure 6.4C shows the 

catalytic residues within the catalytic domain. The catalytic resides Glu228 and Glu237 within 

our sequence form part of a putative dyad within a triad. The third residue Asn260 is located 

outside the cleft. 

  

 
 

Figure 6.2: Cartoon 3D structure of SM07 illustrating its arrangement and molecular architecture. 
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Figure 6.3: Ramachandran plot of SM07 from ProCheck output. 

.  
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Figure 6.4: Highlighted domains from the 3D structure of SM07.  

A) CBD, (B) Catalytic/Enzymatic Active Domain and (C) Putative catalytic residues are presented in 

blue for Glu228 and Pink for Glu237. 

Using the 3D protein structure sequence output from the best model (AlphaFold), secondary 

structure analysis identified the regions of the protein corresponding to alpha-helices, beta 

sheets, and coil regions. Table 6.4 shows the detailed outcomes of the analysis. Through 

bioinformatics analysis, two putative functional domains were identified within SM07s 

sequence: a CBD, which is responsible for recognizing specific components of the bacterial 

cell wall components, and a catalytic domain, which is essential for enzyme activity and 

subsequent bacterial lysis. Figure 6.5 shows the alignment of the sequence with a PDB 

template that exhibited the best homology to our protein and highlights putative domains and 

binding residues.  
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 Table 6.4: Detailed description of SM07 topology.  

SM07  

Secondary Structure Residues Secondary Structure Residues 

β sheet 3-5 α helix 215-229 

α helix 7-20 α helix 258-271 

α helix 41-53 α helix 279-282 

α helix 66-71 α helix 284-288 

α helix 74-79 α helix 290-304 

β sheet 81-83 α helix 309-314 

α helix 89-92 α helix 317-325 

β sheet 98-103 α helix 331-344 

β sheet 112-117 α helix 346-352 

β sheet 134-138 α helix 385-395 

β sheet 147-149 α helix 397-408 

β sheet 162-167 α helix 411-422 

β sheet 169-172 α helix 431-447 

α helix 181-189 α helix 449-456 

α helix 193-210 

  

 

 

Figure 6.5: Modular composition of the phage-derived protein (SM07).  

Full-length sequence of SM07 aligned with amino acid sequence of SPN1S endolysins (4OK7) with the 

catalytic domains highlighted with red asterisks and putative N-terminal CBD (Blue) and C-terminal 

catalytic domain (Orange). 
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6.4 Discussion 

The 3D structure of a protein provides critical information needed to better understand the 

structure/function relationship and helps to identify catalytic binding regions (Deng et al., 

2018).  In search of reliable sequence homologs and thorough structural characterization of 

SM07. SM07 was subjected to comparative analysis against existing protein crystal structures 

located in the PDB. The basic principle of homology modelling is the selection of a template 

and sequence alignment between the target and the template (Fiser, 2010). The PDB search 

revealed that SM07 was more like an endolysin from Salmonella typhimurium (PDB:4OK7) 

with sequence identity of 25.24% from query cover of 34%, followed by GH19 chitinases (PDB: 

2CJL, 5H7T and 4MCK) (Table 6.1). The sequence identity between the query and template 

structures influences the quality of a model built using a homology modelling technique (Šali 

and Blundell, 1993). Four tools (AlphaFold, Swiss-Model, Modeller, and I-Tasser) were used 

for comparative modelling of SM07. These tools are based on sequence homology evaluation, 

fold recognition, and ab initio (Xu et al., 2005; Yang and Zhang, 2015) with all of these 

producing high-quality models when the sequence identity between the query and the 

template is greater than 30% (Kryshtafovych and Fidelis, 2009). However, for low sequence 

identities, it becomes difficult for the modelling algorithms to produce high-quality structure 

predictions. Therefore, different modelling techniques must be used to build protein structures 

with relatively low sequence identities to their templates.  

Template 4OK7 from PDB was selected as a basis for modelling SM07, based on the E-value, 

sequence identity, and coverage outperforming the others despite its lower similarity. With 

that, AlphaFold exhibited the highest validity structure with a 94.86% overall quality, followed 

by Swiss Model at 93.96%, I-TASSER at 86.10% and with Modeller's structure prediction 

quality being the lowest (13.57%). AlphaFold produces more accurate models than its 

counterparts because it uses homology modelling and multiple sequence alignments to 

generate 3D structures and is a deep learning-based approach (David et al., 2022b). The 

Swiss-Model model had a high score of 0.85, indicating accuracy. The accuracy of Swiss-

Model can be attributed to the software integration of AlphaFold into its system. A significant 

observation from the I-Tasser output was the 7sz4K which highlights its origin as a 

Pseudomonas phage. One other critical observation made based on the homology search 

using the PDB output was the confirmation of the primary function of the protein as a 

peptidoglycan-targeting hydrolase with antimicrobial activity against Gram-negative bacteria. 

Having SM07 as a potential candidate to combat one of the six pathogens known for 

nosocomial infections is a good find as endolysins are known to be highly specific to genus 

species (Fischetti, 2008; Fenton et al., 2010; Nelson et al., 2012).  
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The AlphaFold-generated model was selected as the model for SM07. The model further 

demonstrated its quality through Verify3D and G-factor scores, and its nativeness is affirmed 

by SA’s Z-score. Critical domains essential for the functionality of an endolysin were identified. 

The catalytic domain (enzymatic activity domain) and the binding domain are visible in Figure 

6.2. Similar observations have been made with SPN1S endolysins (Park et al., 2014b) which 

was the basis for the model from the PDB homology searched and KZ144 (Briers et al., 2007). 

The SPN1S endolysin has a structure like SM07 described in this study, despite the sequence 

similarity coming in at just above 25%. Another similarity was observed with the 2DBT and 

1WVU structures. These; however, are Gram-positive infecting endolysins (Kezuka et al., 

2006). This makes for an interesting observation; the SM07 identified in our study possesses 

a CBD unexpected for lytic protein targeting a Gram-negative bacterium. Gram-positive 

infecting endolysins typically contain two domains (CBD and EAD), while Gram-negative 

infecting endolysins usually have EAD only (Schmelcher et al., 2012). 

Using secondary structure analysis, we pinpointed the catalytic domain location at (α-helix) 

six to (α-helix) 15 with the cell wall binding domain located between the first and second α-

helices. SM07 structure examination led to the identification of a catalytic triad (Glu228, 

Glu237 and Asn260). The catalytic residues in comparison to similar structures (PDB: 4OK7 

and 2DBT), Glu228 and Glu237 were found to form a catalytic dyad synergistically functioning 

to facilitate the catalytic function of an enzyme. There is a misconception about the 

involvement of Asn260 as part of a triad. The Asn260 residue may still play a critical role in 

the structure or function, but its location outside of the ligand binding region makes this 

unlikely. Work conducted by Park et al., (2014) strongly suggests that the catalytic dyad 

contributes to the catalytic activity.  The discovery of these distinct functional domains provides 

valuable insight into the molecular basis of endolysin activity, paving the way for further 

investigations into its application as a targeted therapeutic agent. 

6.5 Conclusion 

The focus of this study was to use a computational approach for the structural modelling of 

SM07. Four computational tools were used, and AlphaFold produced the most favourable and 

reliable structure, followed by SwissModel. The quality and integrity of the predicted structure 

was assessed using various software packages. Pymol enabled us to scrutinize the protein's 

intricate features visually. With deeper investigation exploring various other bioinformatics 

tools, intriguing findings were revealed. A CBD was identified which is unusual for Gram-

negative infecting endolysin and a catalytic/enzymatic active domain (EAD) was aso identified 

in the N-terminal of the structure. Moreover, a catalytic dyad (Glu228 and Glu237) was also 

identified. Nonetheless, additional laboratory studies are required to better understand and 
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validate the presence and functional roles of the identified domains. Comprehensive approach 

yielded a highly accurate model and gained an unusual insight into the protein's structure and 

function, contributing to the broader understanding of SM07.  
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7 CHAPTER SEVEN: GENERAL DISCUSSION, CONCLUSION AND 

FUTURE STUDIES ON THE DISCOVERY OF NOVEL PHAGE-

DERIVED LYTIC PROTEINS 
 

7.1 General discussion and conclusion 

The discovery of novel enzymes through biotechnological approaches has significantly 

contributed to addressing challenges across diverse scientific fields. Bacteriophages have 

historically been used to combat bacterial infections; and their derivatives including phage lytic 

proteins have since gained attraction based on the prior knowledge of phage therapy. In this 

study, a public, online phage database from the University of Kwa-Zulu Natal was successfully 

screened for phage lytic proteins. Nowadays, sequencing techniques have made it possible 

to sequence hundreds of viral and bacterial genomes at a cost-effective means per year 

(Klumpp et al., 2012). Using a sequence-based approach, the database containing genome 

sequences was screened and four uncharacterized genes with potential lytic function were 

identified using NCBI blast tool. One drawback of a sequence-based approach is that the 

discovery of novel genes is largely affected by the accuracy of genome annotation and the 

completeness of the data available (Ngara and Zhang, 2018) and is based on existing data. 

The uncharacterised genes selected had catalytic domains such as lysozyme, and amidase 

and PG binding domain, domains which are essential for the functionality of lytic proteins. The 

domains play different roles, such as cleaving specific bonds within the peptidoglycan (PG) 

component (Heselpoth et al., 2018; Shrivastava et al., 2019), and binding to a bacterial cell 

wall, all of which aid in the specificity of the protein (Heselpoth et al., 2018). Exploring these 

uncharacterized sequences with these domains provides valuable insights into developing 

alternatives in the fight against antibiotic-resistant bacteria. Recombinant production of the 

proteins initially was conducted using transient expression system using the pEAQ-HT vector, 

but yielded inconclusive results as the only expression observed was of truncated proteins, 

particularly for SM03, SM29, and SM07; SM31 did not have expression. This poor expression 

could be because of suboptimal codon usage or protein instability during expression. With 

these proteins being high value proteins, the three truncated proteins were sub-cloned for 

bacterial expression into pET-30b(+) vector under the T7 promoter for expression. All the 

genes were cloned with a His6 tag to facilitated easy purification with Ni-TED resin (Strickler, 

2008).  

A subset of the proteins fused with the His6 tag on the C-terminal were initially expressed in 

BL-21(DE3) under different conditions and at 0.1mM IPTG. No visible soluble protein was 

observed on the SDS-PAGE; however, the vast majority of the protein was observed in the 
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insoluble fraction Figure A.6 to Figure A.8.  The process of the inclusion body is not fully 

understood, but proteins being misfolded during expression or expression in the inclusion body 

is not uncommon for bacterial expression (Ramón et al., 2014; Fathi-Roudsari et al., 2016). 

One time point (T4) post-induction was taken and purified (Figure 4.8) showed that the protein 

was not binding to the column as no corresponding band was observed in the eluates. 

Denaturing conditions were explored to improve purification, however, the challenges 

remained. Further purification was attempted using HIC after precipitation with 15% of 

ammonium sulphate. Lysin (SM07) purification improved while the purification remained 

limited for the other two (Figure 4.11).  

To minimize the need for extensive purification steps required for HIC, the proteins were then 

expressed with the His6 tag on the N-terminal. The expression was done also using a different 

cell line [BL-21(AI)] at 37 °C induced with 0.1 mM IPTG and 0.2% arabinose (Figure 4.12 to 

Figure 4.14). SM07 was successfully purified with Ni-TED under normal conditions. A 

secondary purification step utilizing ion exchange chromatography (IEC) showed promise in 

eliminating contaminants; however, the cleaned protein showed some instability. Further 

characterization of the SM07 using peptide mass fingerprinting revealed three peptides 

(DLETVTLR, ALEILPAVR, and YAPYIGR), revealing the protein to be an endolysin (Figure 

4.18).  

Phage lytic proteins have the potential to be antimicrobial, the successfully purified SM07 was 

tested for its antimicrobial affects against ESKAPE pathogens, and it showed efficacy P. 

aeruginosa, without the need for OM destabilizers. Interestingly, it also exhibited inhibition 

against Acinetobacter baumannii, a Gram-negative bacterium. No inhibition was observed in 

Gram-positive bacteria. No significant toxicity was observed; this is a positive characteristic, 

as the goal is to combat the global rise in antibiotic resistance using proteins that have 

antimicrobial activity. A surface disinfectant using SM07 as the sole active ingredient 

demonstrated promising bactericidal activity (98,7%) against P. aeruginosa. This finding holds 

significance, especially in settings where complete sterilization is not mandatory, potentially 

benefiting industries requiring effective surface cleaners to combat specific pathogens like P. 

aeruginosa.  

Additionally, a 3D structure was predicted to investigate SM07 function using computational 

methods. The four techniques used leveraged on homology, fold recognition, and ab initio 

techniques (Xu et al., 2005; Yang and Zhang, 2015). AlphaFold stood out, followed by Swiss-

Model, which incorporates Alphafold in its systems. The model unveiled critical domains such 

as the binding domain, catalytic domains and catalytic residues, shedding light on the 

mechanisms of action of SM07. I-Tasser added another layer to the analysis by highlighting 
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the origin of 7sz4K as a Pseudomonas phage, supporting the antimicrobial activity observed 

against P. aeruginosa, as endolysin are known to be highly specific (Shrivastava et al., 2019). 

Notably, catalytic residues (Glu228, Glu237, and Asn260) were also identified, based on 

SPN1S endolysins although the precise role of Asn260 remains uncertain. The structural 

insight opens doors to potential therapeutic applications. 

In conclusion, this study underscores the significance of biotechnological approaches in 

discovering novel enzymes, particularly focusing on phage lytic proteins and their potential as 

antimicrobial agents. The exploration of a phage database led to the identification of four 

uncharacterized phage lytic proteins. Despite challenges in protein expression and 

purification, functional characterization of SM07 revealed the promising antimicrobial efficacy 

against ESKAPE pathogens, particularly P. aeruginosa. Computational methods in protein 

modelling provided structural insights into SM07s function, highlighting critical domains 

essential for its antimicrobial activity. This research holds promise for developing effective 

surface cleaners and therapeutic agents targeting specific pathogens, emphasizing the 

importance of interdisciplinary approaches in addressing contemporary challenges in 

microbiology and biotechnology. 

7.2 Future Studies 

7.2.1 Optimization of both bacterial and transient expression of the lytic proteins 

Further investigations will be needed to optimize the expression of the lytic proteins in plants 

by codon optimization of the genes. Gene codon optimized might increase the expression 

yields in the system, providing in-depth knowledge of phage-derived lytic protein expression 

behaviour in plant expression systems. 

Optimize bacterial expression of the N-terminal tagged SM03 and SM29 proteins and optimize 

their purification. Clone the Holin (SM31) into a bacterial expression vector for recombinant 

protein production and purification. Continued development of lytic proteins is critical for 

discovering next-generation antimicrobials.  

7.2.2  Explore Alternative Expression Systems 

Consider improving protein production by exploring other expression systems such as yeast. 

Yeast expression strains can be optimised for expression of one's target protein, thus 

improving expression yields of the protein.  



 

124 

 

7.2.3 Optimise Stability of Secondary Step Purified SM07 

Consider exploring different buffer formulations and varying storage conditions. Additionally, 

conducting a comprehensive study on the influence of various chromatographic parameters 

and resin types could contribute to refining the purification process for enhanced stability. 

7.2.4 Increase the Efficacy of the Surface Disinfected 

Improve the efficacy of the surface disinfectant to increase bactericidal efficacy against P. 

aeruginosa from 98.4% to 99.99%. This can be achieved by increasing the concentration of 

SM07 in the formulation.  

The efficacy can also be improved by introducing OM -disrupting agents to aid the functionality 

of SM07. Disrupting the OM will increase the potency of the SM07 by disrupting the OM and 

allowing SM07 to get to the PG more quickly.    

7.2.5 Functional Analysis of catalytic residues and binding domain  

Validate the functionality of the catalytic residues as a dyad/triad by performing an 

antimicrobial activity assay and using an outer membrane-permeabilized E. coli as a substrate. 

Characterize the binding activity of SM07 to outer-membrane-permeabilized cells using 

fluorescence microscopy. This can be achieved by infusing GFP into the binding domain of 

SM07. Engineer out the binding domain of the gene and determine the functionality of the 

protein against the same pathogenic strains. 

7.2.6 Functional analysis and stability of SM07’s structure 

Validate the functionality of the structure and stability as this will further highlight the efficacy 

of the potential as an antimicrobial. The functional analysis can b don though enzyme assays, 

binding studies, and mutagenesis experiments to identify active sites to support those already 

identified though computational approach. Additionally, validating the stability of the protein 

structure is essential to confirm its reliability and functionality. Techniques such as molecular 

dynamics simulations, thermal stability assays, and crystallography should be explored to 

assess structural integrity and resilience.   
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APPENDIX A: SUPPLEMENTARY DATA 
 

 

Figure A.1: Schematic representation of the genes synthesised in pUC57. 
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Figure A.2: Schematic representation of the four genes inserted into pEAQ-HT vector.  

 

Table A.1: Infiltration and extraction buffer compositions for transient expression. 

 Buffer Composition pH 

1. Infiltration Buffer 1 10 mM MES, 21.4 MgCl 
5.6 

2. Infiltration Buffer 2 10 mM MES, 20 mM MgSO4, 58.4 mM Sucrose 

3. Extraction Buffer 1 0.137 M NaCl, 0.0027 M KCl, 0.01 M Na2HPO4, 0.0018 
M KH2PO4 

7.4 

4. Extraction Buffer 2 20 mM Na3PO4, 20 mM EDTA, 1 mM Protease Inhibitor, 
20 mM C6H8O6, 1 mM DTT, 1% Triton X-100 

7.2 

 

 

 

 



 

128 

 

 

Figure A.3: SDS-PAGE (left) and western blot (right) analysis of (A-B) SM03, (C-D) SM29 and (E-F) 

SM07. 

Time profile expression studies with LBA OD600 = 0.4, infiltrated with buffer 2 with and without aceto. 

Extraction buffer two was used for extractions.  
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Figure A.4: SDS-PAGE (left) and western blot (right) analysis. 

(A-B) SM31 time profile with LBA OD600 = 0.4, infiltrated with buffer 2 with and without aceto. Extraction 

buffer two was used for extractions.  
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Figure A.5: Illustration of SM03, SM29 and SM07 in pET-30b(+).
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Figure A.6:SDS-PAGE analysis of the time profile of SM03 using LB in BL-21 (DE3) cells at four different 

temperature points.  

(A) 17 °C, (B) 25 °C, (C) 30 °C, and (D) 37 °C, respectively. The figures depict the soluble and insoluble 

fractions. 



 

132 

 

 

Figure A.7:SDS-PAGE analysis of the time profile of SM29 using LB in BL-21 (DE3) cells at four different 

temperature points.  

(A) 17 °C, (B) 25 °C, (C) 30 °C, and (D) 37 °C, respectively. The figures depict the soluble and insoluble 

fractions. 
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Figure A.8:SDS-PAGE analysis of the time profile of SM07 using LB in BL-21 (DE3) cells at four different 

temperature points. 

(A) 17 °C, (B) 25 °C, (C) 30 °C, and (D) 37 °C, respectively. The figures depict the soluble and insoluble 

fractions. 
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Table A.2: Modification of the buffer used in purification for optimization of the purification. 

 

# Composition 

1  300 mM NaCl, 50 mM NaH₂PO₄ * 2 H₂O and 100 µg/µl DNase Inhibitor  

pH 
8 

 

2 300 mM NaCl, 50 mM NaCl, 50 mM NaH₂PO₄ * 2 H₂O and 0.5 mM 

Dithiothreitol  

3 300 mM NaCl, 50 mM NaCl, 50 mM NaH₂PO₄ * 2 H₂O and Triton-X 

4 300 mM NaCl, 50 mM NaCl, 50 mM NaH₂PO₄ * 2 H₂O and 8 M Urea  

 

 

 

 

Figure A.9: SDS-AGE Bradford quantification of the polished SM07. 
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Table A.3: Validation tests. 

Dilution  

(Test 

suspension)  

Vc1  Vc2  Average N 

(wm)  

Log N  N0  Log N0  

10-6  261  286  2.77X108  8.44  2.77X107  7.44  

10-7  30  32  

Acceptance limits  Log N is between 

8.17 and 8.70  

Complies  Yes  

Acceptance limits:  Log N0 is between 

7.17 and 7.70  

Complies  Yes  

Acceptance limits  Control of weighted 

mean (wm) counts: 

8.82  

Complies  Yes  

Product 

Concentration  

Vc1  Vc2  Na  

(Ave Vc1 

& Vc2 x 10 

000)  

Log Na  Log 

Reduction  

(N0: 7.44)  

Contact 

time  

Neat  31  44  375 000  5.57  1.87  5 min  

VC = Viable Count, N = Test suspension, N0 = Test suspension at the beginning of contact time (t=0), Na = Test suspension (survivors) before membrane 

filtration, Nv = Validation suspension, Nv0= Validation suspension at the beginning of contact time, A = number of cfu/ml of the experimental conditions 

control, B = number of cfu/ml of the filtration control, C = number of cfu/ml of the method validation 

  

Experimental 

Conditions Validation 

suspension (Nv0)  

Experimental 

Conditions Control 

(A) = NvA  

Filtration Control 

(B) = NvB  

Method Validation (C)  

(Neat Product 

Concentration) = NvC  

Ave  Ave  Ave  Ave  

Vc1  30  31  Vc1  26  23.5  Vc1  44  40  Vc1  37  39  

Vc2  32  Vc2  21  Vc2  36  Vc2  41  

Acceptance 

limits  

Nv0 = 30 

-160  

Acceptance 

limits  

≥ 0.5x 

Nv0  

Acceptance 

limits  

≥ 

0.5x 

Nv0  

Acceptance 

limits  

≥ 0.5x 

Nv0  

Complies  Yes  Complies  Yes  Complies  Yes  Complies  Yes  

0.5 x Nv0 = 15.5  
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APPENDIX B.1: PUBLICATION 1 
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APPENDIX B.2 : PUBLICATION 2 
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APPENDIX B.4: ORAL PRESENTATION 2 

 

 




