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Infection as a result of antibiotic resistant microbes (AMR) is a growing health concern, 

creating a need for the development of novel antimicrobial and diagnostic strategies. 

Bacteriophage-derived lytic enzymes, endolysins, could offer a promising additional 

weapon in the battle to overcome AMR. This thesis investigates the therapeutic and 

diagnostic potential of endolysins targeting gram-positive pathogens Cutibacterium 

acnes, Ruminococcus gnavus, Enterococcus faecium, and Clostridioides difficile. The 

research conducted focuses on several key objectives: the isolation of novel 

endolysins, the identification of their catalytic and cell wall binding domains, the 

characterisation of lytic activity, the assessment of resistance mechanisms and their 

potential for diagnostics.  

Chapter 1 describes the advantages and challenges of using endolysins in a 

clinical setting. This review explores the potential of bacteriophage-derived endolysins 

as novel antimicrobials. The advantages discussed here include specificity, synergistic 

effects with other antimicrobials and the ability to engineer endolysins for a specific 

gain. Endolysins have shown efficacy against several topical pathogens, including 

Methicillin-resistant Staphylococcus aureus (MRSA), Listeria monocytogenes and 

Pseudomonas aeruginosa. Challenges facing the future of endolysin therapy include 

regulatory hurdles, production and stability, and delivery methods.  

C. acnes is a commensal skin bacterium that is associated with the skin 

condition acne vulgaris. Acne is estimated to affect 9.4% of the world’s population, 

making it the eighth most prevalent disease worldwide. Current treatment plans are 

inefficient and include the use of antibiotics and harsh topical treatments that are 

paired with undesirable side effects. In this thesis, six novel phages infecting C. acnes 

were isolated, and their genomes were sequenced. The endolysin genes of these 

phages were selected for their potential biotechnological applications. The six 

endolysin genes were determined to be identical. The endolysin LysCa5A2, derived 

from phage 005A2, was expressed. This study revealed that LysCa5A2 is a highly 

insoluble protein, and its expression in E. coli BL21(DE3) led to the formation of 

inclusion bodies. In Chapter 2, we describe the largely unsuccessful attempts made 

to recover a native bioactive protein. 

The human microbiome plays an important role in human health and disease. 

While assessing the potential of a new therapeutic where selectivity is often postulated 
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as an important attribute, it is vital to ensure that the candidate drug is specifically 

targeting the microbe of choice. In Chapter 3, we describe the isolation of LysH1 – a 

novel endolysin derived from an E. faecium phage. Structural analysis of this endolysin 

revealed a two-domain structure composed of a catalytic domain and a previously 

uncharacterised domain. Binding assays with a green fluorescent protein (GFP) fusion 

protein allowed us to functionally characterise this unknown domain as the cell wall 

binding domain of LysH1. While initially investigated for its potential to manage 

vancomycin-resistant enterococci (VRE), host range analysis showed that LysH1 also 

has cross-species activity against R. gnavus. To assess the therapeutic potential of 

LysH1, a simplified human intestinal microbiota (SIHUMI) was established. Here, we 

show that LysH1 can selectively target R. gnavus without impacting the other 

members of the consortium. 

Endolysin therapy is commended for many reasons, but one of particular note 

is the reported lack of resistance mechanisms. In Chapter 4, we isolated endolysins 

that could target Ruminococcus gnavus, a commensal gut bacterium associated with 

inflammatory bowel disease (IBD). Five novel endolysins were successfully cloned 

and recombinantly expressed, and one was selected for further testing (LysIBDN1). 

LysIBDN1 initially demonstrated effective lytic activity against R. gnavus, but further 

analysis revealed the emergence of endolysin resistant (ER) mutants of R. gnavus. 

Genomic analysis revealed a series of SNPs, deletions, and insertions in the genomes 

of mutant strains, largely associated with the stringent stress response. Phenotypic 

analysis demonstrated significant fitness costs of resistance. This study provides 

insights into the mechanisms of endolysin resistance.  

The functional characterisation of a novel receptor binding domain from a 

Clostridiodes difficile bacteriophage tail-associated lysin is described in Chapter 5. C. 

difficile infection (CDI) is a significant nosocomial infection. To reduce the transmission 

of CDI in healthcare settings, it is important to be able to rapidly monitor C. difficile 

levels to inform treatment options and to control infection. In this study, we assess the 

potential of this receptor binding protein (CdRBP) as a means of identifying C. difficile. 

Functional analysis with a GFP-fusion protein revealed that the domain can effectively 

bind C. difficile strains. However, analysis with more complex samples revealed that 

CdRBP displays off-target binding. In the appendix of Chapter 5, we describe the use 
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of CdRBP in an electrochemical biosensor platform. With further optimisation, we 

propose that CdRBP could be a promising candidate for the detection of C. difficile.  

This thesis contributes to the growing body of knowledge of endolysin therapy. 

Critical analysis of the endolysins described in this thesis indicates that, while some 

candidates show promise as therapeutics, we must be aware of challenges, including 

the emergence of resistance and off-target effects. Here, we offer insights into the 

specificity of binding domains, emphasise the need for microbiome-driven studies, and 

discuss potential resistance mechanisms and their consequences.  
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Abstract 

Antibiotic resistant pathogens are increasingly more prevalent and problematic. 

Traditional antibiotics are no longer a viable option for dealing with these multidrug 

resistant microbes and so new approaches are needed. Phage-derived proteins such 

as endolysins could offer one effective solution. Endolysins are bacteriophage-

encoded peptidoglycan hydrolases that act to lyse bacterial cells by targeting their 

cell’s wall, particularly in gram-positive bacteria, due to their naturally exposed 

peptidoglycan layer. These lytic enzymes have received much interest from the 

scientific community in recent years for their specificity, mode of action, potential for 

engineering, and lack of resistance mechanisms. Over the past decade, a renewed 

interest in endolysin therapy has led to a number of successful applications. 

Recombinant endolysins have been shown to be effective against prominent 

pathogens such as MRSA, Listeria monocytogenes, Staphylococcus strains in biofilm 

formations, and Pseudomonas aeruginosa. Endolysins have also been studied in 

combination with other antimicrobials, giving a synergistic effect. Although endolysin 

therapy comes with some regulatory and logistical hurdles, the future looks promising 

with the emergence of engineered “next generation” lysins. This review will focus on 

the likelihood that endolysins will become a viable new antimicrobial therapy and the 

challenges that may have to be overcome along the way. 
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Introduction 

Antibiotic resistance presents a growing threat in terms of treating infections. It is a 

widely recognised problem, and the solution will depend at least in part on developing 

alternative antimicrobials. The World Health Organisation (WHO) has recently referred 

to antibiotic resistance as “one of the biggest threats to global health, food security 

and development today” [1]. The WHO has also stated that this ever-emerging 

resistance will inevitably lead to higher medical costs, longer hospital stays and higher 

rates of mortality. It is clear that this phenomenon will impact society, including 

economic, political and social aspects, and so it is of interest to all in the scientific 

community to identify and commercialise alternatives to standard antibiotic therapy. 

Bacteriophage-derived proteins such as endolysins provide one potential solution to 

this pressing issue. Bacteriophages (phages) have long been used to combat bacterial 

infections in some parts of the world, but the use of their endolysins is relatively new 

and is showing great promise. Unlike traditional broad-spectrum antibiotics, 

endolysins can target specific bacterial taxa with little collateral damage to the 

surrounding microbiome, and a lack of bacterial resistance mechanisms has also been 

noted as a positive aspect of phage lysin therapy. These features have resulted in lytic 

enzymes such as endolysins being assigned to a new class of antimicrobial agents 

termed “enzybiotics”.   

Although phage therapy gained some popularity in the 1920’s, it was quickly 

overshadowed by the discovery and development of broad-spectrum antibiotics. The 

discovery of penicillin in 1928 placed antibiotics centre stage in terms of antibacterial 

therapies. For many decades it was believed that broad-spectrum antibiotics were 

more desirable than a more targeted approach. This idea was further endorsed by 

pharmaceutical companies as it was much more advantageous to create a product 

that would be efficacious against multiple infectious pathogens. The era dubbed “The 

Golden Age of Antibiotics” spanned the 1940’s to 1950’s and was responsible for the 

discovery and production of many of the antibiotics still in use today. At the beginning 

of this period, little was understood about the potential for the development of resistant 

mechanisms in bacteria, so widespread antibiotic use was not considered to be 

problematic. It wasn’t until the epidemic of penicillin-resistant Staphylococcus aureus 

in the 1950’s that concerns were raised. It was shown that the ability to hydrolyse the 

beta-lactam ring of penicillin had spread across many different bacteria. To address 
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this issue, methicillin, a synthetic version of penicillin, was introduced. This was 

followed by the emergence of methicillin-resistant S. aureus in the late 1950’s. By the 

1980’s the discovery and development of new antibiotics had slowed dramatically. 

Since then, only a handful of novel antibiotics have made it through the commercial 

pipeline while resistance continues to spread.  

While the Western world witnessed the rise of antibiotic resistance, phage 

therapy and research continued to be used, particularly in Eastern Europe. A 1983 

study showed that bacteriophages could combat bone and joint infections caused by 

antibiotic resistant strains of Staphylococcus and Pseudomonas [2]. In more recent 

years, endolysin therapy has become a popular area of research. This involves 

applying the phage-derived protein exogenously to the bacterium, resulting in cell 

lysis. Controlled clinical trials of phage therapy have also become more widespread. 
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Figure 1. Timeline of Phage Therapy. Outlined is the history of phage therapy vs 

antibiotic therapy, from the discovery of bacteriophages to the present day. 
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Phages. 

Phages are viruses that can specifically infect and kill bacteria. They were discovered 

independently by Henry Twort and Felix d’Herelle in 1915 and 1917, respectively. After 

the discovery of phages, they were quickly put to use against bacterial infections in 

animals, soon followed by use in humans. In 1919, a phage cocktail was administered 

to a child suffering from bacterial dysentery and proved to be successful with no side-

effects [3]. This was the beginning of phage therapy. As a result of a collaboration 

between French researcher Felix d’Herelle and a team of Georgian scientists led by 

George Eliava, phage therapy became increasingly popular in the Soviet Union, while 

it was abandoned in the Western world with the commercialisation of antibiotics [4]. 

However, in recent years, the emergence of multi-drug resistant bacteria has left the 

world scrambling for alternative treatments. This worldwide issue could give phage 

therapy a new lease of life.  

Phages are the most ubiquitous and most abundant biological entity on earth. 

They are obligate parasites that require a bacterial host in order to replicate and 

multiply. They can undergo two life cycles, lytic or lysogenic. The first step is 

attachment of the phage to the host bacterium. It achieves this by interacting with 

receptors on the host cell, followed by tight adsorption onto the cell and the subsequent 

injection of its genome. The lytic process involves the phage hijacking the host cell 

machinery in order to produce its viral progeny until lysis of the bacteria releases 

phage progeny into their immediate environment. Lysogenic or temperate phages form 

a more long-term relationship with the bacterial host. During lysogeny, the viral 

genome integrates into the bacterial chromosome as a prophage. At a given stage, 

usually when the bacteria is in a condition of stress, the prophage can exit lysogeny 

and begin its replication, lysis and release [5]. The lysis of the bacterial cell that occurs 

at the end of both replication cycles is made possible by an enzyme called an 

endolysin.  

Endolysins. 

Endolysins are phage-encoded peptidoglycan hydrolases. These enzymes 

accumulate within the host cell independently of the phage virion, together with an 

associated holin protein. As endolysins don’t possess their own signal sequences, the 

purpose of the holin is to allow the endolysin access to the bacterial peptidoglycan by 
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creating pores in the cytoplasmic membrane. This is a highly regulated sequence of 

events that is only triggered when the holin concentration reaches a certain threshold. 

Endolysins can now access and degrade peptidoglycan, upsetting the osmotic 

balance in the cell resulting in lysis and ultimately cell death [3]. Endolysins and holins 

together are essential to a successful phage infection process (Figure 2).  

Endolysins have been of interest as potential antimicrobials because this lytic activity 

can also occur when the lysin is applied exogenously. They are particularly active in 

the case of gram-positive bacteria that do not have a protective outer cell membrane. 

If administered in the form of recombinant proteins applied externally to the bacterial 

cells, they can cause rapid lysis and cell death, a desirable trait in an antimicrobial 

agent. In the case of gram-negative bacteria, the presence of an outer membrane 

limits but does not completely prevent the use of endolysin treatment.  

Although endolysins have been tested in a number of studies to demonstrate their 

potential as antimicrobials, there are few cases of these phage-derived proteins 

actually being put to use in a clinical setting. How is it that such an apparently 

promising therapeutic has not progressed from the research laboratory to the clinic? 

Here we aim to assess the advantages and disadvantages of endolysin therapy, and 

the challenges of implementing endolysins as antimicrobial agents. 
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Figure 1. Phage-Endolysin Mechanism. The process of a basic phage infection of 

a gram-positive bacterial cell, and the role of endolysins in infection.  
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Classification of Phage Lysins. 

Phage lysins have been reported to largely consist of a two-domain modular structure 

and are usually greater than 25 kDa in size. The two domains are made up of the 

enzymatically active catalytic domain and a domain which is responsible for cell wall 

binding. Lysins of gram-positive bacteria usually consist of one or more enzymatic 

domains and a cell wall binding domain. In contrast, gram-negative lysins are often 

composed of a single catalytic domain. The cell wall binding domain of gram-positive 

endolysins can be responsible for their specificity to bacterial targets due to their 

recognition and binding of ligands noncovalently to a particular substrate in a target 

cell wall. The binding domains of gram-positive targeted lysins tend to confer their 

narrow host range, whereas gram-negative lysins recognise the conserved 

peptidoglycan composition of their targets, which guides their specificity [6].  

The bacterial cell wall possesses a mixture of components that are vital for its 

structure, the balancing of osmotic stress, and regulating what gets in and out of the 

cell. The cell wall is made up mostly of peptidoglycan (PG). These polysaccharide 

monomers consist of a disaccharide N-acetylglucosamine (NAG), linked by a short 

peptide bridge to N-acetylmuramic acid (NAM) residues. The cell wall of bacteria is 

constantly broken down and remade by a number of enzymes to facilitate processes 

such as cell division, sacculus expansion during growth and peptidoglycan remodelling 

[7].  

Endolysins are generally separated into groups based on their cleavage sites. 

These groups are lysozymes (N-acetylmuramidases), glycosidases (N-acetyl-β-D-

glucosamidases), N-acetylmuramoyl-L-alanine amidases (amidases) and L-alanoyl-

D-glutamate endopeptidases [8]. These enzymes may be placed under the umbrella 

term of phage-encoded cell wall hydrolases. Endolysins are usually composed of one 

of these four N-terminals catalytic domains with a variation of a cell wall binding 

domain.  

Lysozymes (N-acetylmuramidases) kill bacteria through targeted hydrolysis. 

Peptidoglycan polymers are held together by β-1,4 glycosidic links between the NAG 

and NAM monomers. Lysozyme acts by hydrolysing these bonds, thus disrupting the 

structural integrity of the peptidoglycan cell wall [9]. This results in an imbalance of 

turgor pressure, causing the bacterial cell to lyse. Glycosidases (N-acetyl-β-D-
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glucosamidases) act to catalyse the hydrolysis of the glycosidic linkage. N-

acetylmuramoyl-L-alanine amidases, more commonly referred to as peptidoglycan 

amidases, act by hydrolysing the amide bond that separates the glycan strand from 

the stem peptide that lies between the N-acetylmuramic acid and L-alanine residues. 

L-alanoyl-D-glutamate endopeptidases and interpeptide bridge-specific 

endopeptidases target the peptide that is composed of the L-Lysine and D-Alanine link 

[8]. 

 

Why Not Just Use Phages? 

Although endolysins have been seen to have promising results in a research setting, 

one might wonder why a clinician would not just use the parental phage? If the 

endolysin already exists as a natural part of a phage it might seem counterproductive 

to clone the protein into a recombinant expression system. The use of genetic 

modification is a process that will not always find favour, particularly in the food 

industry, but lysins have several advantages over bacteriophages. 

While the production of most bacteriophages in a laboratory setting is a well-

established process with reliable protocols in place, the scaling-up of production for 

industry still poses many challenges. In a lab setting it is relatively easy to propagate 

well characterised phages for experimental use once a phage, host and selective 

media are identified. By nature, phages require a bacterial host in order to replicate. 

Given that the aim of the majority of commercial companies is usually to eradicate a 

particular pathogen, it is likely that the host strain required to propagate a phage of 

interest is pathogenic in nature. Having to grow such strains, many of which are 

potentially multi-drug resistant, in high volumes to generate a high yield of phage is 

not a very desirable concept. It introduces an array of safety issues, extra measures 

to be taken to ensure contamination does not occur, higher costs of production and a 

great deal of time. One way of avoiding this issue is using a “surrogate” host instead 

of the original pathogen [10]. This involves the identification of a non-pathogenic 

bacteria in the host-range of a given phage that would be suitable to facilitate 

propagation, however this is not always feasible. 
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Even in the case of a successful surrogate being available and where large-scale 

production is possible, a number of disadvantages are still associated with the use of 

phages in a clinical setting. Several roadblocks stand in the way of such therapy 

making it to market, and many of these involve regulatory issues. There is still some 

question around the use of natural phages and how they will behave in their human 

host. Although phages are abundant and exist naturally in the human body, the 

introduction of a phage in order to target a specific bacterium could potentially have 

long-term off-target effects. Unlike endolysins, the phage virion will interact with the 

bacterial host and use them for their own replication and potential evolution. It is 

assumed that the introduction of a phage for therapeutic use will only persist as long 

as its pathogenic host exists in the environment. In theory, once the infection is 

eradicated, the phage will not have a host on which to replicate and should pass 

through the human body. However, phages could potentially mutate and find another 

target within the microbiome.   

A number of phages have also been identified that can facilitate horizontal gene 

transfer. One of the most well characterised phages that has played a role in this gene 

transfer is the temperate phage CTX, which targets Vibrio cholerae. CTX is a 

filamentous, single stranded DNA phage. It is widely reported that the CTX prophage 

is responsible for the presence of genes encoding the cholera toxin ctxAB. Strains that 

are capable of producing this toxin, such as V. cholerae O1 El Tor and V. cholerae 

O139, are more pathogenic than their predecessors as this toxin is the causative agent 

of diarrhoea which is a classical feature of cholera infection. In the late 1990’s it was 

discovered that the genes for the notorious cholera toxin were encoded in the genome 

of ɸCTX [11]. The genome of ɸCTX is split into two parts – the RS2 sequence and the 

core region. The RS2 region is responsible for prophage replication and integration. 

The core region consists of a number of genes associated with phage assembly and 

structural formation, but also includes elements zot and ace that code for cholera toxin 

subunits. Once the phage carrying these elements infects susceptible V. cholerae cells 

they integrate their DNA into the chromosome of V. cholerae at the attB (dif) integration 

site [12]. This process facilitates the horizontal gene transfer of toxin ctxAB. The ability 

of phages to cause this type of new toxicity in bacteria is a clear cause for concern 

and places doubt over their safety profile as a therapeutic agent.   
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It has also been reported that phages themselves may succumb to resistance 

mechanisms. The ability of bacteria to become resistant against phages has been 

recognised for a long time. A 2007 study shed light on one of the mechanisms that 

allow resistance to occur. This report involved the bacterium Streptococcus 

thermophilus and focused on clustered regularly interspaced short palindromic 

repeats (CRISPR)-mediated resistance to phage infection. The authors showed that 

there was a correlation between the difference of spacers in phage-resistant and 

phage-sensitive mutants of S. thermophilus. The addition of new CRISPR spacer units 

was associated with the development of resistance against phage. It was deduced 

that these spacers were actually derived from the incoming phage DNA, and that if the 

spacers were a perfect match to the phage DNA, the bacteria were resistant to that 

phage. Any discrepancy in the sequence meant the bacteria remained sensitive to 

phage infection. The study also showed that the removal of CRISPR spacers could 

reverse the resistance phenotype [13]. 

 

Research Success Stories. 

Endolysin therapy usually works best with gram-positive bacteria, due to their natural 

structure of exposed peptidoglycan cell walls.  Applying endolysins exogenously, lysis 

occurs without the need for holins or other partner enzymes. This section will discuss 

just a few of the many gram-positive bacteria that have become targets for endolysin 

therapy. 

Gram-Positive Targets. 

Staphylococcus aureus is a gram-positive bacterium that has been the focus of several 

endolysin studies in recent years. Multi-drug resistant S. aureus (MRSA) is a superbug 

that can cause infection in a variety of sites on the human body and is often acquired 

in a hospital setting. These nosocomial infections are difficult to treat and have often 

been acquired by an individual who is already ill. As treatment of staphylococcal 

infections with antibiotics is often unsuccessful, endolysin therapy shows promise to 

tackle this bacterium. 

The food industry is another area that has an issue with Staphylococcus 

contamination, particularly in terms of biofilm formation. A 2019 study looked at using 
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endolysins as an alternative to eliminate S. aureus biofilms that form on food contact 

surfaces. The phage-derived recombinant lysin “LysCSA13”, produced by 

bacteriophage CSA13 was cloned into an E. coli expression system. The resulting 

protein was used against staphylococcal strains on a number of common surfaces, 

including polystyrene, glass and stainless steel. LysCSA13 demonstrated strong lytic 

activity and reduced the biofilm mass by 80-90% across all conditions. Treatment 

resulted in up to a 3-log unit reduction compared to the untreated control [14]. An 

added advantage to using endolysins as a biocontrol agent in the food industry and in 

food production environments is their specificity to bacterial cells. The use of such 

antimicrobials would have no effect on their human host and little to no effect on non-

target bacteria.  

Efforts have also been turned to targeting spore-forming gram-positive bacteria such 

as Bacillus cereus and Clostridium with phage-derived lysins. B. cereus and Bacillus 

anthracis are pathogenic bacilli that can cause serious harm to their hosts in the form 

of food poisoning and anthrax, respectively. Bacteriophages were historically used as 

an indicative test for anthrax poisoning due to their high specificity to the bacterium. 

The Clostridium genus includes a number of significant human pathogens including 

the bacteria responsible for botulism and tetanus, along with the hospital-acquired gut 

infection due to Clostridioides difficile [15]. 

A 2012 study used an endolysin designated LysB4 that was isolated from the B. cereus 

phage B4. This lysin was characterised as an endopeptidase with a two-domain 

structure, cleaving the peptidoglycan L-Ala and D-Glu bonds. This endolysin had 

strong lytic activity against B. cereus over a wide range of environmental conditions. 

It was important to address each of these parameters due to the notorious ability of 

spore-formers to survive in environmental extremes. Strong lytic activity was observed 

at pH 8.0-10.0, and the lysin remained active at pH 2.0-10.5 over 30 minutes 

incubation. A range of temperatures was also examined from 37 oC to 75 oC, and the 

optimal temperature was 50 oC. However, the protein was inactivated at 55 oC and 

above. NaCl concentrations were also tested, with the activity of LysB4 reducing as 

NaCl concentrations increased, resulting in an approximate 60% decrease of activity 

at 200 mM NaCl. The performance of LysB4 in each of these tests suggests it as a 

promising candidate for the biocontrol of spore-forming bacteria [16].  
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An endolysin has been cloned from the Clostridium bacteriophage CD27. This 

endolysin, CD27L, was initially tested against C. difficile cells and showed promising 

lytic activity. It was subsequently tested against a total of 30 C. difficile strains and 

killed all strains examined. A significant finding of this study was that even though the 

endolysin is active against C. difficile, it showed little to no activity against Clostridium-

like species that are commensal to the human gut microbiome. This observation 

means that phage-derived therapy for C. difficile infections could be used without 

risking collateral damage to the surrounding community. This is a property that cannot 

be matched by the antibiotics that have typically been used to treat these kinds of 

infections [17]. However, several challenges such as delivery to the target site remain 

an issue for endolysin therapy, especially in such a complex environment as the 

human gut. 

Other studies have also focused on the potential of endolysins to aid or replace 

antibiotics in the food production chain. Listeria monocytogenes is a problematic 

pathogen in the production of many foodstuffs such as processed meats and dairy 

products, particularly soft cheese. PlyP100 is a recombinant endolysin that has been 

engineered to cope with the environmental conditions in which Listeria is often found. 

These include extremes of heat (pasteurization and heat-treatment steps), high NaCl 

concentrations and low pH. In addition, it was shown that PlyP100 could continue to 

act on L. monocytogenes for up to four weeks in refrigerated storage [18]. This 

antimicrobial protein shows considerable promise as a specialized, cost-effective, and 

highly efficient method of biocontrol in terms of food processing, shelf life and storage 

capacity. 

Gram-Negative Targets. 

Gram-negative endolysin therapy is not straightforward. Due to the presence of a 

protective outer membrane, phage lysins do not have a naturally exposed target. The 

outer membrane is composed of phospholipids and lipopolysaccharides. The 

lipopolysaccharide molecules are held together by the phosphate bonds present 

between the acidic sugars. Researchers have been creative in finding a way to get 

past this hurdle and allow the endolysins to freely access the peptidoglycan cell wall. 

Pre-treatments have been utilised to overcome the cell membrane barrier. One such 

method is using EDTA to permeabilise the gram-negative cell membrane. EDTA is a 
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chelating agent that removes outer membrane-stabilizing divalent cations from their 

binding site, disrupting the membrane and leaving it vulnerable to lysin attack [19]. 

Permeabilizing the outer membrane may also be carried out mechanically. High 

hydrostatic pressure (HPP) is an alternative method of food preservation that can 

inactivate some microorganisms and enzymes. HPP has been used to make gram-

negative bacteria sensitive to molecules such as bacteriocins and anti-microbial 

peptides by optimising parameters such as time and pressure [20].  

An alternative approach to targeting gram-negative bacteria is the fusion of 

endolysins to components that allow them to gain access to the peptidoglycan layer. 

One such example is the fusion of the E. coli phage lysin Lysep3 with the Bacillus 

amyloliquefaciens endolysin binding domain D8. Lysep3 alone does not possess the 

catalytic ability to breach the outer membrane of E. coli, however when engineered to 

fuse with the D8 cell wall binding domain it can lyse the bacteria from the outside. The 

D8 domain has the ability to disrupt the integrity of the outer membrane of the bacteria, 

thus allowing the enzyme portion to reach the target peptidoglycan membrane [21].  

Pseudomonas aeruginosa is a bacterium that is known for its resistance to 

antibiotics, making it a clear candidate for endolysin therapy. It is often a hospital-

acquired infection that can be responsible for pneumonia, urinary tract infections and 

bacteraemia. In 2017, a phage-derived endolysin LysPA26 was isolated with lytic 

activity against a multidrug resistant strain of P. aeruginosa without the use of an outer 

membrane permeabilizer. The study published impressive results showing the 

lysozyme decreased bacterial numbers by up to four log units in 30 minutes. It was 

also shown to be pH and heat stable. Furthermore, the endolysin had a broad-range 

of activity, also having an effect against other gram-negative bacteria including 

Klebsiella pneumonia, Acinetobacter baumannii and E. coli, all of which are known to 

be multi-drug resistant [22]. LysPA26 is no doubt a strong candidate for the future of 

endolysin therapy. Being able to selectively target gram-negative bacteria in such an 

effective manner without the use of antibiotics, as is shown in this study, is indeed 

possible and could be a first-choice therapy in the future.  
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Targeting Biofilms. 

Bacterial biofilms are notoriously difficult to eradicate. Biofilms form when bacteria 

attach to a surface and grow as a connected community of cells. This layered 

formation means that only a certain number of bacteria on the outer layer of the biofilm 

are vulnerable to antimicrobial agents while the bacteria within are protected and can 

continue to proliferate. This often establishes a chronic infection resulting in long-term 

antibiotic use. Due to the nature of this treatment, it is common for biofilm-forming 

species of bacteria to become resistant to the antibiotics used. Endolysins have 

recently shown promise as a remedy to these recalcitrant infections.  

When Staphylococcus strains cause infection in the form of a biofilm, they are 

often difficult to treat because many of these strains are already multi-drug resistant. 

In 2018, endolysin LysGH15 was shown to have antimicrobial effects against a 

number of these strains. In this study S. aureus, S. epidermidis, S. haemolyticus and 

S. hominis were tested both in vitro and in a mouse model. In the in vitro studies, all 

Staphylococcus strains showed sensitivity to LysGH15 with up to a four-log reduction 

in bacterial counts in as little as 30 minutes at a concentration of 20 µg/ml. In biofilm 

formation studies, a dose of 50 µg/ml proved to be effective. Established biofilms of 

various Staphylococcus species were also investigated. In this instance, biofilms were 

allowed to form for up to 72 hours and were treated with 100 and 150 µg/ml of 

LysGH15. At the concentration of 150 µg/ml, levels of some established biofilms were 

significantly reduced by the lysin. Other strains showed a lesser, but still significant, 

reduction of 51-81% of the biofilm versus PBS controls.  

In vivo studies were performed to investigate the potential of LysGH15 to 

protect mice from S. epidermidis infections. Mice were first injected with a lethal dose 

of S. epidermidis. One hour post-infection LysGH15 was administered at either 5, 10 

or 20 µg/ml. All mice treated with the PBS control died within 48 hours, but the mice 

given the endolysin made a significant recovery with a decrease in bacteraemia. 

LysGH15 was also tested for its potential to induce resistance in the bacteria strains 

used during this study. This was carried out on both vancomycin resistant and 

vancomycin sensitive strains of S. epidermidis. It was reported that no spontaneous 

resistant mutants were recovered and cells collected from each generation of sub-

cultured cells retained their sensitivity to the lysin [23]. This study highlighted many 
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favourable traits for endolysins against biofilms, including the ability to penetrate the 

core of the biofilm formation and a lack of resistance emerging against the lysin.  

 

Synergy. 

Although there are many cases of individual endolysins showing success as 

antimicrobials, there have also been instances where more than one lysin have been 

used together, or a lysin was combined with another class of antimicrobial, to obtain a 

synergistic effect against infection.  

In 2010, a study was published that showed the synergy between a chimeric 

lysin and a traditional antibiotic against methicillin resistant S. aureus. The chimeric 

lysin ClyS was formed through the fusion of the catalytic domain of phage lysin phiNM3 

with the cell wall binding domain of another S. aureus endolysin. The resulting lysin 

was shown to act against methicillin resistant, vancomycin intermediate resistant and 

sensitive strains of S. aureus in a mouse model. However, the study went on to 

investigate the combination of this engineered phage-derived lysin and oxacillin. In 

vivo experiments showed that in an MRSA septicaemia model, mice injected with the 

control had a 13% survival rate. In individual treatment groups, the survival rate was 

between 30-35%. However, when lysin ClyS was combined with oxacillin the survival 

rate was raised significantly to 80-82% [24].  

Cases like these show that, in some scenarios, antibiotics do not need to be 

replaced entirely but can be paired with molecules like lysin to make them more 

effective at lower doses. This could give traditional antibiotics a second lease of life. 

 

Safety. 

Although a lot of research is being done on the efficacy of endolysins against bacterial 

targets, not a lot of literature has been published that focuses on their safety profile. 

However, a 2018 study looked at the safety of two endolysins that target 

Streptococcus pneumoniae [25]. Endolysins PaI and CpI-1 were tested for their toxicity 

and preclinical safety. Immune monitoring was carried out on human macrophages 

and pharyngeal cells. Once endolysin was added to the cell lines, changes in gene 
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expression were monitored over the following six hours. This study also covered in 

vivo toxicity by monitoring IgG levels in mice exposed to lysin over 30 days.  

The study found that there were no notable changes in inflammatory gene 

expression, cellular and non-cellular immune responses or microbiome changes in the 

mammalian cells or in systemic function. In the mouse studies, IgG levels did rise, 

however this effect was expected due to the proteinaceous nature of lysins. Despite 

this response, the immune cells did not have a negative effect on the catalytic ability 

of the endolysins. Overall, it was shown that endolysins PaI and CpI-1 do not present 

any significant levels of toxicity. Studies like these are important to create a body of 

literature around the safety of endolysins and their suitability for clinical use. 

 

Limitations of Endolysin Therapy. 

Although there are many positives to the use of phage-derived lysins in a clinical 

setting, their widespread use is not without challenges.  

Drug Delivery Methods. 

Although there are a handful of endolysin products on the market, there is a common 

theme in their method of delivery in that the vast majority are applied topically. While 

ideal in cases such as skin infections, topical application of lysins is not suitable for 

many parts of the body, for instance in treating gut infections. 

The most common route for gut targeted therapies, and certainly the most 

popular amongst patients, is the oral delivery route. The majority of drugs on the 

market are either in tablet or liquid form and are usually taken orally. However, this is 

not without difficulty. Given that drugs in this form must transit the stomach and 

digestive system, they are immediately vulnerable to an arsenal of enzymes, different 

pH levels and mechanical digestion. These can all affect the integrity of the drug 

molecule and the bioavailability of the drug systemically. 

As endolysins are proteinaceous, they can quickly be affected by these 

processes, rendering them useless. Stomach acid can disrupt the structure of certain 

endolysins. Proteases such as trypsin, chymotrypsin, pepsin and peptidase act by 

degrading proteins. Many endolysins possess cleavage sites that can be targeted by 
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these enzymes [26]. In some instances, the oral route of delivery is not always suitable, 

for example targeted delivery to the lung. In recent years a number of viable lysins 

have been isolated to combat lung pathogens but getting them to the site of infection 

effectively is not a straightforward task. Similar to the human gut, the lungs also have 

a number of immune cells and enzymes that would quickly target proteins and peptide 

drugs. Lysins would likely be degraded by proteases or alveolar macrophages [27]. In 

order to avoid these natural defence systems, endolysins would have to be further 

engineered.  

Not A “One Size Fits All” Concept. 

Although a benefit of endolysin and phage therapy is their specificity, there may be a 

practical issue that is overlooked in the scramble to find an alternative to antibiotics. 

Of course, this targeted approach is of vital importance in a world where antibiotic-

resistance is common, especially when scientists were not ready for the emergence 

of resistance to the popular broad-spectrum category of antibiotics.  

In an ideal world endolysin/phage-related therapy in general would be 

sufficiently broad spectrum that a patient in a doctor’s office could describe their 

symptoms and a certain phage or a standard cocktail would be prescribed. In 

specialised settings lysins have shown positive results on specific infections, many of 

them serious cases. However, the majority of antibiotics are prescribed post-

operatively in hospitals or are used by members of the public who have simple 

illnesses such as tonsilitis, pulmonary and otic infections, to name a few. Is it practical 

to have such a targeted and personalised approach to these common illnesses? How 

can we bridge the gap between the use of a precise phage cocktail given to a patient 

with an already identified pathogen, and the use of antibiotics in an individual with an 

as-yet unidentified infection? Personalised medicine is constantly evolving and 

hopefully in years to come will be the gold standard of practice. However, although it 

has a bright future, it is still in its infancy, and it is unknown when it will become 

common practice.  

Regulatory Body Approval. 

In Europe, the European Medical Agency (EMA) is the regulatory authority responsible 

for deciding the fate of new drugs and therapeutics. This is made up of 50 regulatory 

authorities across 31 countries. This committee oversees many aspects of a new drug 
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such as its manufacture and production, marketing, clinical trials and safety monitoring 

[28]. Endolysins are most commonly produced through recombinant DNA technology. 

This method of expressing the protein of interest in a host vector, such as E. coli, has 

a specific set of requirements if they are to meet EMA guidelines. Many endolysins 

showing promise are genetically engineered to have a specific action, and so face 

more hurdles on the road to production and use in clinical settings. The requirements 

are listed under 2001/83/EC and EC regulation 726/2004.  

Currently there is only one endolysin-based treatment that has made it through 

EU restrictions for human use and has been accepted as a medical product. Lysin 

SA.100, otherwise known as Gladskin, is produced by Micreos. Given the amount of 

research and successful isolation of functional endolysins with viable medical 

applications, this success rate is extremely low. However, there may be more hope for 

veterinary-based endolysin products as the restrictions outlined for animal use allow 

for endolysins to treat certain infections [29].  

 

Looking to the Future – Next Generation Lysins 

In recent years a new generation of phage-derived lysins have been proposed. These 

new and improved lysins may allow us to overcome existing hurdles and make phage 

lysin therapy more accessible. Modifications of endolysins allow researchers to create 

an “ideal” lysin that maintains high activity while possessing other desirable traits 

depending on the circumstances of its use. An ideal lysin might have properties such 

as thermostability, high solubility to make it bioavailable, may be highly targeted or 

broad-spectrum depending on the target infection, may be protease resistant if being 

used in the gut and should be economical to produce. Engineering and specifically 

designing endolysins gives countless opportunities for a popular, commercially used 

product to be produced. 

Virion Associated Lysins. 

Virion-associated peptidoglycan hydrolases (VAPGH) or virion-associated lysins 

(VAL) are another class of phage-encoded proteins that have antimicrobial properties. 

These are tail-associated lytic enzymes associated with the structure of the phage tail 

and are usually termed exolysins. These proteins are active at the initial stages of 
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infection during adsorption, allowing the phage tail to penetrate the bacterial cell wall. 

They are found to act specifically on the cell wall of viable and dividing bacteria with a 

glycosidase or endopeptidase mode of action. These proteins have also been shown 

to be promising as they have a dual catalytic domain which reduces the risk of the 

emergence of resistance.  

In recent years, VALs have been engineered to target certain bacteria by fusing 

them into a chimeric lysin. A 2015 study used a chimeric lysin EC300 to target E. 

faecalis during its growth phase [30]. EC300 is a hybrid of an endopeptidase domain 

of a VAL and a cell wall binding domain of an amidase endolysin. The study showed 

the engineered chimeric lysin to have a clear advantage over each of its parts alone, 

and even over commercially available antibiotics. An earlier report also illustrated the 

therapeutic potential of phage-encoded chimeric proteins [31]. This study involved the 

joining of S. aureus endolysin LysH5 with two fusion proteins between lysostaphin and 

a virion-associated lysin HydH5. When this hybrid protein was tested against S. aureus 

over time, no resistance to the antimicrobial was detected even after ten cycles of 

bacterial exposure to the phage lysins. The proven efficacy, together with low 

resistance development, highlights the potential for virion-associated lysins as an 

alternative therapy to bacterial infection. 

Chimeric Lysins. 

 Chimeric lysins (chimeolysins) are an engineered form of natural phage 

endolysins often formed by the shuffling of the catalytic N-terminal domains and cell 

wall binding domains. This rearrangement of the lysin can give rise to enhanced 

activity, can make the lysin more soluble or can confer a wider host range. As 

previously mentioned, artificial lysins have been successful in making to commercial 

use with products like Gladskin receiving large investments and breaking into the US 

market. The development of chimeolysins gives a new lease of life to endolysins, 

allowing them to leave the lab and translate to clinical applications. 

A recent study looked at the ability of a phage-derived endolysin HY-133 to 

tackle S. aureus biofilm formation in vascular graft infections [32]. These infections 

result from biofilm colonisation of prosthetics following surgery and are reported to 

contain bacteria with 1000-fold greater resistance to antibiotics. The endolysin was 

tested alongside existing antibiotics daptomycin and rifampin. HY-133 is a 
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recombinant chimeric lysin formed from the N-terminal domain of  the endolysin 

derived from phage K and the cell wall binding domain from lysostaphin. The study 

concluded that daptomycin has the strongest effect on the biofilm, but HY-133 has a 

moderate effect on the graft surface, especially after an incubation time of 18 hrs. 

Rifampicin was not effective as an antimicrobial for this biofilm. As the use of antibiotics 

for treatment of bacterial infections could pose a risk of resistance, it could be said that 

the endolysin would be the most favourable anti-microbial agent in this setting.  

ClyF is an example of a chimeric lysin that has been engineered specifically to 

target MRSA. ClyF is derived from the natural endolysin Pc but was modified by the 

formation of a hydrophobic cleft in its N-terminal and an immunoglobulin-like structure 

in the cell wall binding domain. Natural S. aureus phage lysins have been reported to 

display issues with solubility and decreased activity that would greatly hinder 

antimicrobial action, particularly against biofilms. This lysin was chosen from a 

screening process and underwent several assessments to test its suitability to act 

against multidrug resistant S. aureus in both sessile and planktonic states. ClyF 

showed an increase in thermostability and a greater range of tolerance to pH. ClyF 

was used against bacteraemia and wound infection models in mice and showed good 

efficacy against planktonic and biofilm MRSA [33].  

Another research group has proposed a lysin modification system to increase 

their efficacy. It has been shown that the addition of a cysteine to the end of the C-

terminal of antimicrobial peptides such as lysins can increase their antimicrobial 

activity. The modification template used for this study was called CTC modification 

strategy (cysteine to its C-terminus). It was reported that the addition of this additional 

cysteine can improve the efficacy of lysins against both gram-positive and gram-

negative pathogens and may be used regardless of the original lysin sequence. 

Although the exact mechanism of this approach has yet to be defined and results can 

vary, the increase in antimicrobial action has been shown to be at least two-fold [34].  

Acinetobacter baumannii is another pathogen that has been targeted by a new 

generation of engineered lytic enzymes derived from phages. A 2016 study saw the 

modification of A. baumannii lysin PlyF307 to create the optimised P307SQ-8C [35]. 

A sequence of amino acids present in PlyF307 was identified as the full cell wall 

binding domain of the lysin. This is P307, consisting of eight amino acids that 
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constitutes the full native C-terminal domain for this endolysin. These eight amino 

acids were fused to a further eight (SQSREQC) to form the final molecule P307SQ-

8C. This second sequence was chosen as screening steps from a previous study 

predicted that the lysin would have a lower level of activity if this sequence was 

excluded. The resulting endolysin was tested in vivo against skin infections by A. 

baumannii. P307 alone had a significant effect against the bacterial infection but it was 

demonstrated that the modification of the C-terminal domain did in fact increase lytic 

activity log-fold. It was reported that the engineered lysin P307SQ-8C was 10-15 times 

more active than its predecessor.  
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Figure 2.  Next Generation Lysins. This illustration shows the basic difference in 

structure between the following; natural endolysins, the engineered chimeric lysin 

which involves the linking of the catalytic domain of one lysin to a suitable cell wall 

binding domain, the Artilysin which involves the fusion of an LPS disrupting molecule 

to a lysin, VALs which often have dual catalytic active domains and can also be fused 

to the binding domains of other endolysins, and truncated lysins which have the cell 

wall binding domain removed to increase activity.  
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Overcoming Barriers in Drug Delivery Methods. 

As previously mentioned, a disadvantage to the use of endolysin therapy is the issue 

of drug delivery. Endolysins are readily degraded by the body’s natural defence 

mechanisms, and this could lead to poor bioavailability and irreversible damage to the 

integrity of the protein structure. As we look to the future of endolysin therapy and next 

generation lysins, it is important to consider ways to overcome this hurdle to make 

phage-derived proteins a more favourable choice for therapeutics. 

Nanoparticles. 

Nanotechnology is a relatively new field of science that aims to connect the biological 

and psychical realms through nanostructures. Nanoparticles are usually small sized 

nanospheres that are constructed at the molecular level. They are designed to be able 

to navigate the human body with ease and therefore are excellent candidates as 

peptide carriers. These spheres can be used to encapsulate a protein-based drug that 

would otherwise be degraded in its environment. Encapsulation of lysins could be a 

way forward to allow the endolysin to reach its desired target without being destroyed. 

It can also allow for a specific dose to be administered at the site of infection. This is 

essentially a targeted mode of transport for an encapsulated drug.  

An example of nanotechnology being adapted to endolysin therapy is the 

encapsulation of the endolysin LysRODI in pH-sensitive liposomes. This 2020 study 

highlighted the potential for a lysin to reach its target bacteria with a timed release 

based on environmental cues [36]. LysRODI is a lysin specific to S. aureus. The lysin 

was encapsulated into liposomes produced by Nanovex Biotechnologies that were 

designed to be sensitive to pH 5.5 and below. A timed release at this pH could work 

for human environments such as the skin or in certain food products. A turbidity 

reduction assay was carried out to confirm that the lysin retained its activity after the 

encapsulation process. The liposomes containing LysRODI were then tested against 

biofilms of S. aureus strains. The reduction of bacterial counts were not as high as the 

free form of the lysin, but were still significant against the biofilm formation of all tested 

S. aureus strains.  

A 2017 study also encapsulated an endolysin but the release of lysin was 

thermally triggered. This study targeted skin infections caused by S. aureus. The 

truncated endolysin CHAPk and bacteriocin lysostaphin were encapsulated in Poly(N-
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isopropylacrylamide) nanoparticles which were designed to release at a temperature 

of 37 oC. This release temperature was chosen as during infection the temperature of 

the human skin raises from 32 oC to 37 oC, and thus the lysin and bacteriocin would 

only be released in the infected region. Lysostaphin and the endolysin have a 

synergistic effect against S. aureus infection which was not affected by the 

encapsulation process. The results of this study showed that at 32 oC S. aureus treated 

with the nanoparticles continued to grow at normal rates while at 37 oC there was a 

significant reduction in CFU/ml [37]. 

Lysocins. 

“Lysocins” are a new concept that involves the use of a bacteriocin to deliver a phage-

derived lysin across the outer membrane of gram-negative bacteria. This approach 

has been used to target the ESKAPE pathogen Pseudomonas aeruginosa. It has been 

previously mentioned that endolysins targeting gram-negative species are harder to 

deploy due to the nature of the bacterial cell. In the parent phage this barrier is 

overcome by the production of lysins inside the cell and the lysins act to lyse the cell 

from within. However, lysins applied exogenously are usually unable to reach the inner 

membrane of gram-negative cells. In 2019 a study used “S-type pyocins” that are 

naturally produced by gram-negative bacteria such as Pseudomonas aeruginosa. 

These S-type pyocins are bacteriocins encoded by bacteria that favour intraspecies 

competition in their environments, and so act against other gram-negative species. In 

this study the domain that allows pyocin S2 to cross the gram-negative outer 

membrane was utilised. This transporter domain was fused to the P. aeruginosa 

targeting lysin GN4. The resulting “lysocin” was called PyS2-GN4. The study showed 

PyS2-GN4 to have a narrow spectrum of activity against P. aeruginosa with the FpvAI 

receptor [38].  

 

Current Commercial & Medical Applications of Endolysins. 

Although endolysin therapy is a relatively new concept, and the majority of discoveries 

have not gone beyond the research lab, some companies in both Europe and America 

have made significant strides in getting their product to the market. Even in its infancy, 

endolysin therapy has already begun to contribute to medicine and has some 

promising commercial products coming to the fore. In this review we have discussed 
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some early endolysin findings, the roadblocks that can be encountered along the path 

to commercialisation, and what we can expect to see in the future. This section will 

focus on current applications of endolysins. 

Clinical Trials. 

At the Rockefeller University, a biotech company called ContraFect has acquired the 

rights to nine phage-derived lysins. This company’s focus is the “molecular treatment 

of infectious disease”, with a strong focus on endolysin therapy. The lysins at this 

institute specifically target members of the ESKAPE Pathogens including S. aureus, 

Streptococcus pneumoniae, Enterococcus faecalis and B. anthracis.  

Exebacase (lysin CF-301) is one of ContraFects recombinant lysins that has 

been designed to target a range of Streptococcus and Staphylococcus species with 

an aim to treat infective endocarditis in humans. These species are notorious for 

forming biofilms on cardiac surfaces and can be difficult to target with traditional 

antibiotics. This particular lysin was the first of its kind to enter human clinical trials in 

the U.S. The lysin showed success in Phase II clinical trials, where the recovery rate 

of MRSA-induced infective endocarditis increased by 42.8% when the lysin was 

administered alongside the standard antibiotic treatment for this condition [39]. This 

lysin is expected to enter Phase III human clinical trials in the U.S. ContraFect has 

reported that upon meeting with the U.S. Food and Drug Administration (FDA) and the 

end of Phase II it was indicated that the success of Exebacase in Phase III clinical 

trials could support the Biologics License Application for the commercialisation of this 

endolysin product. The success of this lysin in clinical trials is so far showing great 

promise and could pave the way for the approval of endolysin therapy in a clinical and 

medical setting. 

SAL200 is another phage-derived protein that has showed success in clinical 

trials. A report published in 2017 summarised results of phase I clinical trials in the 

U.S. In this trial it was reported that SAL200, also called N-Rephasin® SAL200, is 

suitable to be a drug that is administered intravenously. This endolysin therapeutic is 

a recombinant form of the lysin SAL-1 targeting antibiotic resistant Staphylococcus 

infections. The 2017 study was focused primarily on the pharmacokinetics of the lysin 

in the human body, and tolerance for the lysin when administered intravenously. In 

total, 34 healthy male volunteers completed the study in full. Different doses of SAL200 



43 
  

were administered to different volunteers in a single dose and their condition was 

monitored. No serious side effects were reported throughout the study, indicating a 

good safety profile. The endolysin drug also showed good pharmacokinetic 

characteristics [40]. This was the first study of its kind in the administration of an 

endolysin-based drug, and the findings indicate that lysin therapy could be a safe and 

viable therapeutic option, although the authors state further investigations should be 

carried out. 

Commercial Products. 

Artilysin® (artificial lysin) is an antimicrobial platform created by biotechnology 

company Lysando and AiCuris (a spin-off company of Bayer founded in 2006). This 

platform encompasses the use of muralytic endolysins applied exogenously which can 

pass through the outer membrane of Gram-negative pathogens. A lipopolysaccharide 

disruption protein is fused to the catalytic domain or cell wall binding domain of the 

endolysin without altering its secondary and tertiary structure. This allows the Artilysin 

to locally penetrate the LPS outer membrane by interfering with its ionic and 

hydrophobic forces leading to instability of the membrane. The endolysin segment of 

the moiety may now pass through the outer membrane to target the peptidoglycan 

layer [41].   

Art-175 is an Artilysin developed for the treatment of multi-drug resistant 

Pseudomonas aeruginosa. Art-175 consists of a sheep-derived peptide (SMAP-29) 

fused to the endolysin KZ144. Due to the success seen with this modified endolysin in 

vitro, the antimicrobial was considered for the treatment of otitis in dog models. Otitis 

externa results in chronic inflammation of the canine ear canal, often caused by P. 

aeruginosa. Two case studies on two dogs were carried out to test the ability of 

Artilysins to tackle usually difficult to treat infections. Antibiotics were initially used to 

treat both dogs, but after 3-6 weeks no signs of improvement were seen. Upon the 

application of Art-175 in the first subject, the infection and inflammation of the ear was 

completely healed after six days, with no relapse being reported. These results were 

mirrored in the second dog who showed recovery from infection eight days after the 

initial treatment [20].  

Micreos is a company whose mission is to provide an alternative to antibiotic 

treatment. One of their current products on the market is Gladskin, introduced in 2013, 
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which is a targeted endolysin therapy for S. aureus infections that are known to 

aggravate skin conditions such as eczema and acne. Gladskin is a topical cream 

containing the endolysin SA.100. A study published in Case Reports in Dermatology 

reported on the ability of Staphefeckt SA.100 to tackle chronic S. aureus related 

dermatoses [42]. This study followed three individuals, two control groups and one 

patient receiving the Gladskin treatment. All three subjects had been treated with 

standard antibiotics and steroids, but the infections persisted with consistent 

recolonization of the area and resistance to treatment. Treatment with SA.100 resulted 

in the complete absence of bacterial infection within days, although stopping treatment 

still resulted in the patient returning to the clinic with recurring symptoms. However, 

the study concluded that continued use of SA. 100 was capable of continuously 

suppressing the infection without the occurrence of resistance to the endolysin. It was 

also found that SA. 100 had a very targeted mechanism of action and did not harm 

the commensal skin bacteria, unlike the traditional antibiotic solution [42]. Although 

SA.100 is expressed in recombinant E. coli, there is little chance of there being a safety 

issue during production. E. coli is a well-known Gram-negative pathogen, but the 

strains used for recombinant expression of proteins are usually harmless and are 

chosen based on their high expression rate, fast growth rate and well-characterised 

genome [43]. 

Micreos also have another potential endolysin product in the pipeline in recent 

years. XZ.700 is a recombinant chimeric lysin that is targeted to drug-resistant species 

of Staphylococcus aureus. The lysin XZ.700 began Phase I/IIa clinical trials in 2020 

for the treatment of atopic dermatitis. XZ.700 targets the bacterium that is often 

responsible for flare ups of this skin condition. This clinical trial will assess the safety 

of the product on a cohort of 48 patients and is expected to publish results by the end 

of 2021 [44]. 

In October of 2020, L’Oréal announced that they will be joining with Micreos to 

expand their expertise in the skin microbiome and biotechnology field. Under this 

agreement Micreos will give L’Oréal access to its endolysin research in order to treat 

skin conditions. This is a significant step forward for endolysin therapy.  

Gladskin by Micreos, Exebacase, and the Artilysin platform are certainly 

success stories when it comes to the commercialisation of endolysin therapy. These 
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companies have succeeded in creating effective lysins with viable applications and 

more importantly are continuing their research, advancing clinical trials and seeking 

future investments. It is worth noting that all of the companies mentioned have other 

lysins currently under development. 

 

Conclusions. 

Endolysin research has certainly grown in interest, particularly over the past ten years. 

What started out as a decline in phage therapy due to the rise of antibiotics has been 

revived and is now a growing area of research that has great potential. From a clinical 

perspective, phage-derived proteins could become a viable treatment option for a 

number of pathogens, including multidrug resistant bacteria. Not only are lysins 

proving to be effective antimicrobials alone, but they are also showing synergistic 

abilities that could give existing antibiotics a new lease of life. Despite the research in 

favour of endolysins as a therapeutic, they still face challenges to become a 

commonplace antimicrobial. Initial safety studies to date have indicated that 

endolysins are suitable for use in medicine but this bank of knowledge is limited, and 

further research must be carried to ensure phage-derived lysins can be trusted in a 

clinical setting. Expansion of this research will allow regulatory bodies to make more 

informed decisions on the commercialisation of endolysin-based products. 

Nonetheless, the desirable catalytic activity, potential for engineering and targeted 

mode of action give endolysins a strong advantage over conventional antimicrobials.  
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Figure S1. Updated timeline of phage and endolysin therapy.  
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Abstract  

Cutibacterium acnes is a gram-positive commensal skin bacterium that has been 

shown to have pathogenic potential. Certain strains of C. acnes have been shown to 

be associated with the skin condition acne vulgaris. Current treatment options for acne 

include antibiotic use and harsh topical drugs. These treatment methods often lead to 

secondary conditions. Depending on the treatment used, these secondary effects can 

be both physical and psychological, including eczema, skin irritation and depression. 

Acne is estimated to affect 9.4% of the world’s population, and so it is of great 

importance to find alternative therapeutics for its management. In this study, we 

isolated six novel phages infecting C. acnes (phages 005A1, 005A2, 42-1, 42-2, 42-3, 

and 42-4). These phages are all of the genus Pahexavirus and have high homology 

to each other but have differing host ranges. The endolysin genes of these phages 

were identified for biotechnological applications. The six endolysins genes had 100% 

nucleotide identity and so one candidate was chosen for assessment, LysCa5A2 

derived from phage 005A2.  However, the expression and purification of LysCa5A2 

was compromised by issues surrounding insolubility. Here, we describe the 

expression of LysCa5A2 in inclusion bodies and the attempt to recover a native 

protein. 
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Introduction  

Cutibacterium acnes (formerly Propionibacterium acnes [1]) is a gram-positive, 

facultative anaerobe and a commensal of human skin. It is an opportunistic pathogen 

commonly known for its association with the skin condition acne vulgaris [2]. C. acnes 

has also been linked with implant-related infections, including neurological shunts [3], 

intra-ocular lenses [4], cardiac devices [5], prosthetic shoulder joints [6] and non-

hardware-associated vertebral osteomyelitis [7].   

The skin is a diverse and rich source of microbes. These microbes not only 

exist on the surface of the skin but also populate the deeper layers of the epidermis, 

such as the dermis, follicles, and sebaceous glands [8]. Acne vulgaris is a chronic 

inflammatory condition in the skin's pilosebaceous unit. This is a region of the dermis 

that comprises a hair follicle, hair shaft and its associated sebaceous gland [3]. Acne 

lesions form when keratinocytes lining the hair follicle fall away and cause a clog in 

the pore, creating a microcomedone. An increase in sebum production can facilitate 

the colonisation of these lesions with C. acnes. As the bacteria proliferate, 

inflammatory mediators are produced, which drive inflammation of the lesion [9]. This 

condition is estimated to affect approximately 9.4% of the world’s population, making 

it the eighth most prevalent disease worldwide [10]. From the ages of 15 – 17, nearly 

all individuals will experience acne to some degree, but up to 20% of these cases are 

moderate to severe [11]. This is a multifaceted chronic skin condition. However, 

increased sebum production, microbial composition, abnormal cell maturation, and 

migration are the most common influencing factors. Individuals with acne vulgaris do 

not have higher levels of C. acnes than the average person. Instead, the strain of C. 

acnes colonising the skin causes acne. Some strains are commensal and contribute 

to skin health, whereas others carry genetic features that have pathogenic potential 

[12]. Currently, there are eight phylotypes of C. acnes. IA1 and IA2 phylotypes are 

predominantly found in acne lesions. Type IB is associated with healthy skin [13]. Type 

IA1 C. acnes is more virulent and has been shown to result in a higher production of 

β-defensin 2 from cultured keratinocytes and higher lipase activity levels than other 

phylotypes associated with healthy skin [14].  
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Current treatments for acne vulgaris are harsh and often come with undesirable 

side effects. C. acnes infections are regularly treated with topical and oral broad-

spectrum antibiotics. Such treatments can disrupt the skin microbiome, altering the 

composition of the skin's commensal bacteria. Using antibiotics for these infections 

comes with the risk of the emergence of antibiotic-resistant strains of C. acnes. 

Resistance to several antibiotics has already been reported, including erythromycin, 

clindamycin, and doxycycline [15]. Other drugs used to manage the condition include 

the direct application of benzoyl peroxide, salicylic acid, azelaic acid, and topical 

retinoids. These drugs are often effective in reducing the appearance of acne but have 

a range of adverse effects associated with their use. Concentrations of 2.5% to 10.0% 

benzoyl peroxide can be prescribed. However, higher concentrations can lead to 

redness and burning and can even bleach clothing, bedding and hair that comes in 

contact with the treated skin [16]. Topical retinoids are a popular treatment option. An 

example is tretinoin, which increases the turnover of follicular epithelial cells and 

speeds up the shedding of corneocytes (cells on the outermost layer of the epidermis). 

It is reported that follicles become less anaerobic due to this process, causing a 

reduction in the proliferation and function of C. acnes [17].  

Combining the treatment options listed above is also an alternative for patients 

dealing with the condition. However, the ability of C. acnes to form biofilms can enable 

the bacteria to resist even these combined antimicrobial agents. [18]. Long-term acne 

treatments using low doses of antimicrobials and antibiotics have contributed to 

increased resistance among C. acnes strains. This is illustrated by a significant 

increase in resistant strains, from 34.5% in 1991 to 55.5% in 2000 [19]. 

Treatment compliance for acne vulgaris is poor due to discontinuation of 

treatment when early improvement is seen, a perception of worsening acne and the 

onset of side effects [20]. Many patients experience the onset of eczema and other 

secondary skin conditions when using topical treatments. While high concentrations 

of retinoids may effectively eliminate bacterial infections, they can also compromise 

the skin barrier, leading to flaking, discomfort, and pain for the patient. Oral 

medications like Accutane, commonly prescribed for acne management, have been 

linked to adverse effects on mental health [21]. Despite the skincare industry's 

significant financial power, current treatment options have many unintended 

consequences, both physical and mental. A new generation of therapy is clearly 
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needed to revolutionise traditional treatment approaches and enhance patient 

outcomes. 

The use of bacteriophages (phages) and their endolysins (lysins) has gained 

much traction in recent years as an alternative to antibiotic treatment regimes. Phages 

and their lysins allow us to specifically target individual bacteria and edit microbiome 

composition. Phage therapy has clear therapeutic potential, but biological, production 

and regulatory challenges limit its application in mainstream medicine [22]. Endolysins 

could provide a solution to overcome these barriers. Endolysins (lysins) are phage-

derived lytic proteins classed as peptidoglycan hydrolases. Depending on their 

mechanism of action, they target specific bonds within the peptidoglycan layer of the 

bacterial cell wall. In nature, they come into play at the end of the phage replication 

cycle. Endolysins are paired with another protein called holin. Holin is a small protein 

that accumulates in the bacterial cell during the phage infection. When they reach a 

specific level, the holin creates pores in the cell membrane, allowing endolysins to 

target the peptidoglycan. This degradation of the peptidoglycan disrupts the bacterial 

membrane potential, resulting in lysis [23]. For biotechnological applications, 

endolysins can be applied exogenously (particularly in the case of gram-positive 

targets), and this lytic activity can be replicated from outside the cell.  

To date, three endolysins from C. acnes phages have been characterised in 

the literature. Endolysin CAP 10-3 is derived from phage CAP 10-3. This endolysin 

was shown to target C. acnes KCTC 3314 in a dose-dependent manner [24]. C. acnes 

endolysin PaAmi1 is derived from Cutibacterium phage PAC1 [25]. PaAmi1 was 

shown to have lytic activity against C. acnes peptidoglycan. Two variants of PaAmi1 

were also generated, which involved the fusion of the N-terminus to two antimicrobial 

peptides. These variants had improved lytic activity against the target strain and also 

displayed activity against Enterococcus faecalis and Enterococcus faecium.  LysP11 

is derived from Cutibacterium phage P1.1. LysP11 is especially interesting as the 

protein is produced in the plant Nicotiana bethamiana using an Agrobacterium-

mediated transient expression strategy. LysP11 did not have lytic activity against C. 

acnes but was active against Erysipelothrix rhusiopathiae. While not associated with 

acne E. rhusiopathiae also causes inflammation of lesions in humans. E. rhusiopathiae 

is a pathogenic bacterium that typically causes infections due to a wound. This 

infection becomes a localised cutaneous disease characterised by inflamed skin 
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lesions. All currently characterised lysins have an N-acetylmuramoyl-L-alanine 

amidase mode of action. 

In this study, we present the isolation of six novel phages infecting C. acnes 

(005A1, 005A2, 42-1, 42-2, 42-3, and 42-4). These phages are taxonomically placed 

in the genus Pahexavirus. The newly isolated phages had a close homology at the 

nucleotide and amino acid levels with a genome size of 29 – 30 kb. They presented 

differing host ranges against C. acnes strains. The endolysin gene in each phage was 

identified. These six endolysins were found to have 100% similarity on an amino-acid 

level. The endolysin from phage 005A2, LysCa5A2, was assessed for its potential as 

a therapeutic for acne vulgaris. LysCa5A2 was cloned and recombinantly expressed 

in E. coli. Downstream analysis revealed that the production of LysCa5A2 was 

produced as an insoluble protein. No lytic activity was observed under its current 

production conditions. 
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Results  

Host Range. 

Six phages infecting C. acnes were isolated from a screen of samples ranging from 

skin swabs, farm samples and sewage samples. C. acnes DSM 1897 was the strain 

used as the host bacterium. In a host range analysis, the ability of the phages to infect 

other C. acnes strains was assessed (Table 1). There are type strains procured from 

DSMZ, Germany, representing type I and type II C. acnes strains –namely DSMZ 

1897, 16379, 30738, 30753 and 30919. All isolated phages were able to infect C. 

acnes DSM 1897 and C. acnes DSM 30738. All phages, except for phage 42-3, were 

shown to infect C. acnes DSM 16379. Only phages 005A1 and 42-4 could infect C. 

acnes DMS 30919.   

Phage Visualisation and Morphology. 

TEM morphological analysis was carried out on phage 005A1 (Figure 1(A)) and phage 

42-1 (Figure 1(B)). Phage 005A1 had a head-to-tail length of 199.2 nm. The non-

contractile tail was 138 nm in length and 9.2 nm in diameter. The head of phage 005A1 

was icosahedral in shape and had a diameter of 48.6 nm. Phage 42-1 had a head-to-

tail length of 213 nm. The tail measured 149 nm in length and 9.9 nm in diameter. The 

diameter of the phage head measured 54 nm, and it was also icosahedral in shape. 

The tails of both phages appear to be flexible. These are typical features of the 

Siphoviridae family. 

C. acnes phages 005A1, 005A2, 42-1, 42-2, 42-3, and 42-4 gave rise to a mixed 

plaque morphology. The plaques were irregularly shaped and generally of two sizes – 

a larger plaque with a halo and a smaller plaque with a halo. To ensure that the 

morphology presented by these phages was not due to a contaminating phage, they 

were separated and propagated based on their size. This was carried out by a “phage 

T-streak” method in which a phage lysate was T-streaked on solid agar and overlaid 

using the double-layer method. From this, plaques were isolated based on their size 

and the technique was repeated. Plaque assays were performed using individual small 

or large plaque lysates. Multiple rounds of this separation and propagation showed 

that the mixed morphology arose from a pure phage lysate (Figure 1 (C)). The images 
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shown in Figure 1 (C) were prepared with phage 005A2 against C. acnes DSM 1897 

and were photographed after two days of growth under anaerobic conditions. 

Genome Analysis. 

Circular genomes were assembled for each of the newly isolated phages. During the 

assembly process, a number of troubleshooting steps were employed. It was evident 

that contaminating reads were present in the sequencing data. To minimise errors, the 

reads were decontaminated from DNA of the following sources: human, phage phiX, 

E. coli, host C. acnes, and C. acnes plasmids. Following these steps, six circular 

genomes were created and annotated for further analysis. It is possible that some 

errors are still present in these resulting genomes, and to confirm the following 

findings, the DNA extractions and sequencing of these phages should be repeated.  

The genomes of C. acnes phages isolated in this study ranged from 29 – 30 

kbp in size. Genomes were annotated using Pharokka, phold, and phynteny to 

increase annotation levels. These annotation tools are based on different databases. 

The use of all three provided a wide range of annotations based on protein family 

databases (Pharokka), structural homology (phold) and synteny amongst known 

viruses (phynteny) [26] [27] [28]. 

VIRIDIC was used to calculate the intergenomic similarities between the 

isolated phages (Figure 2) [29]. The output of this tool is based on the percentage 

identity between two genomes determined by BLASTN. VIRIDIC revealed that the C. 

acnes phages had high intergenomic similarity on a nucleotide level, ranging from 90% 

to 100%. Phages 42-1, 42-2, and 42-3 had 100% genetic similarity, suggesting that 

they are the same phage. This conclusion is not supported by their host ranges, as 

they have a differing infection profile. It is possible that as phages 42-1 and 42-2 have 

the same host range, they are the same phage. However, 42-3 has a different host 

range. The similarity seen in VIRIDIC analysis could be due to errors in sequencing 

and assembly. Phage 005A2 was the most dissimilar to the other phages, with the 

lowest homology to phage 42-4.  

The major functional proteins of this genome could be divided into four groups 

based on different functions: DNA, RNA and nucleotide metabolism, head and 

packaging, lysis, tail morphogenesis and transcriptional regulation. Sequencing reads 

were assembled into circular genomes. All genomes have a GC content of 54% - 
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54.2%. Genome maps for phages 005A2 and 42-4 were created with Proksee [30]. 

These two phages were chosen as representatives as they were the most dissimilar 

to each other (90%). The annotation was inferred from phold analysis (Figure 3 (A) 

and (B)). Phage 005A2 is 27,743 bp in size, and 42-4 is 27,644 bp. The right-hand 

side of both genomes (regions 7 – 13 kbp) encoded for genes with functions 

associated with phage structure. The left-hand side of the genomes (region 14 – 23 

kbp) is dominated by genes associated with DNA, RNA, and metabolism. Both phages 

encoded an endolysin and a holin gene at ~ 13 kbp. 

Whole genome comparisons were performed with the C. acnes phage 

genomes obtained in this study against members of the different genus clusters within 

the candidate Pahexavirus family identified by the taxmyPHAGE tool [31]. This tool 

was developed to assign taxonomy to genus and species-level phages based on the 

current classified International Committee on Taxonomy of Viruses (ICTV) genomes. 

From here, the tool indicates if your genome represents a new species. TaxmyPHAGE 

analysis on the six C. acnes phages revealed they all belonged to the class 

Caudoviricetes, genus Pahexavirus, and represented a new species of this genus. 

TaxmyPHAGE grouped the phage with 57 other phages that would comprise this new 

species. The genus Pahexavirus was established by the ICTV in 2016. The placement 

of these C. acnes phages in the genus Pahexavirus is consistent with other studies 

that genomically characterised C. acnes phages [32].  

A phylogenetic tree was prepared to assess the phylogenetic relationships 

between our six C. acnes phages and the other 57 from the database. This was 

created using the FoldTree snakemake workflow. FoldTree allows for the visualisation 

of trees from protein structures [33]. The annotations for this tree were generated using 

Colabfold [34]. Colabfold provides complex protein folding based on the AlphaFold 

model. Once the protein structures were determined, they were compared against 

each other using DIAMOND (double index alignment of next-generation sequencing 

data), an alignment tool [35]. The analysis was performed against 57 genomes from 

TaxmyPHAGE. These genomes were normalised, so each genome in the figure starts 

with the large terminase (TerL). The resulting tree (Figure 4) shows genomes with 

Colabfold annotations highlighted in the legend and percentage identity between 

genomes. The overall genome organisation and genetic synteny were found to be 

largely conserved across all the clusters except for three genomes at the bottom of 
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the tree (MH479925, MH479913 and MK967380). These three genomes are 

considerably larger (~ 60 – 70 kbp) and show a low percentage identity to each other 

and the other genomes of this species. Regarding the genomes isolated during this 

study, phages 005A2, 42-1, 42-2, 42-3, and 42-4 are grouped, but 005A2 is more 

similar to other species members. The majority of our phage genomes show a high 

percentage identity to their relatives, with some variations at the beginning and ends 

of the genomes. This observation may be due to issues in the assembly of the phage 

genomes. The genomes of C. acnes phages are highly conserved. The endolysins of 

C. acnes phage genomes are of particular interest to this study, and it can be seen 

from the phylogenetic analysis that these genes (highlighted in red) are highly 

conserved at a structural level (>80% percentage identity). 
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Figure 1. Visual and morphological analysis of C. acnes phages and plaques.  A) 

Transmission Electron Micrograph (TEM) of Phage 005A1, scale=100 nm. B) TEM of 

phage 42-1, scale=100 nm. C) Phage morphology assessed by the phage T-streak 

method and traditional plaque assay, respectively. These techniques were carried out 

with phage 005A2 applied to a lawn of C. acnes DSM 1897.  
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Table 1. Host range of C. acnes phages. Phage infection against C. acnes phages.  

 

Species Strain φ 005A1 φ 005A2 φ 42-1 φ 42-2 φ 42-3 φ 42-4 

C. acnes  1897 + + + + + + 

16379 + + + + - + 

30919 + - - - - + 

30738 + + + + + + 
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Figure 2. VIRIDIC analysis of C. acnes phage genomes. VIRIDIC was used to 

calculate the intergenomic similarities between C. acnes phages 005A1, 005A2, 42-1, 

42-2, 42-3, and 42-4. VIRIDIC analysis was carried out on a nucleotide level. 
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Figure 3. Genome Map of C. acnes phages A) 005A2 and B) 42-4. The innermost 

ring represents the GC skew (green for the positive strand and purple for the negative 

strand), while the middle ring (black) displays the GC content. The outermost circle 

illustrates the coding genes (CDS) with phold’s predictions of functions as labels. The 

colouration of the CDS corresponds to their general functions, as indicated in the 

legend. Genes whose function could not be determined remain unlabelled. 
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Figure 4. Whole genome comparisons of C. acnes phages isolated in this study 

against members of the different genus clusters within the candidate Pahexavirus 

family identified by TaxMyPhage. The figure shows the percentage of identity of 

different proteins compared to the closest phylogenetic phage genome. The 

comparison was performed using DIAMOND. The colour between two genes 

represents the percentage of identity between both at the protein level. The colour of 

the gene is based on the annotation given by Colabfold. The figure was created using 

the R packages gggenomes and ggtree. 
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Endolysins of C. acnes Phages. 

The endolysins of the six newly isolated phages were identified with BLASTp. Using 

Clustal Omega, the six endolysins were compared on an amino acid level, and the 

percentage identity revealed they have 100% identity. Endolysin from phage 005A2 

was investigated for biotechnological applications. This endolysin is 284 amino acids 

in size. Bioinformatic tools were used to assign functions to the domains of LysCa5A2. 

InterproScan analysis predicted a two-domain structure [36]. The N-terminal domain 

was predicted to be the catalytic domain that was assigned an N-acteylmuramoyl-L-

alanine amidase mode of action. The catalytic domain was annotated to span amino 

acids 1 – 180. InterproScan analysis did not report any hits from the database for the 

C-terminal domain of LysCa5A2. HHpred analysis mirrored these results, with the top 

hit (99.63% probability) being N-acteylmuramoyl-L-alanine amidase. Region 247 – 

284 of the endolysin (the end of the C-terminal domain) had homology to a 

peptidoglycan recognition protein (E-value 0.00012) of Drosophila melanogaster. To 

further assign functions to the domains, Foldseek was employed [37]. This server 

assesses protein homology based on protein structure. The top hit for this search also 

annotated the N-terminal domain to have an amidase mode of action but also reported 

that it has structural homology to the autolysin of Staphylococcus aureus. As for the 

C-terminal domain, the top homology was to an uncharacterised protein. Lower-

confidence hits included “receptor protein serine/threonine kinase” and a range of 

other proteins of unknown function. Based on this analysis, we conclude that the N-

terminal of LyCa5A2 is a catalytic domain possessing an amidase mode of action. We 

propose that the C-terminal of LysCa5A2 is likely to be a cell wall binding domain. 

Comparative analysis was carried out on the C. acnes endolysin from 

LysCa5A2 and the other characterised C. acnes endolysins from the literature – 

PaAmi1, CAP10-3 and LysP11. Structural analysis was performed on each endolysin 

using the AlphaFold3 server [38]. The active domains of the endolysins were 

visualised using PyMOL (Figure 5 (A)). The active domains are shown alone, as 

AlphaFold failed to assign structures of high confidence to the C-terminal domains of 

the C. acnes endolysins. The N-terminal domain of LysCa5A2 displays two anti-

parallel β-sheets with a single β-sheet between. These sheets are surrounded by five 

α-helices. The structure of C. acnes endolysins appears to be well conserved, as the 

other three C. acnes lysins displayed the same structure. To assess the amino acid 
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composition of the four endolysins, multiple sequence alignments and percentage 

identity matrices were carried out using Clustal Omega [39]. The multiple sequence 

alignments were visualised with SeaView4 (Figure 5 (B)). The percentage identity 

matrix was visualised with Heatmap2 (supplementary figure S1). The multiple 

sequence alignments show that the composition of the endolysins is quite conserved, 

with two regions showing distinct deviations (position 1 and position 193). At position 

1, PaAmi1 has a methionine start codon. The other lysins start with an alternative start 

codon, valine. At position 193, LysCa5A2 and LysP11 lack a serine. The percentage 

identity matrix shows that the endolysins are all >94% similar on an amino acid level.  

LysCa5A2 has the highest homology to LysP11 (94.72%) and the lowest homology to 

lysin CAP 10-3 (93.66%). 
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Figure 5. Comparative Analysis of C. acnes Endolysins. A) Structural analysis of 

C. acnes endolysin active domains, secondary structure highlighted. B) Multiple 

sequence alignment of C. acnes endolysins. LysP11: YP_006906607.1, CAP 10-3: 

WIW76974.1, PaAmi1: YP_009214894.1.   
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Cloning and Recombinant Expression of LysCa5A2. 

Amplification of the endolysin gene resulted in PCR products of 877 bp. Amplicons 

were cloned into the pET28b(+) expression vector and were subsequently introduced 

into E. coli BL21(DE3) for recombinant expression. The construct was designed with 

an N-terminal 6xHis-tag for protein purification. The predicted size of the protein and 

6xHis-tags is ~ 33 kDa. The isoelectric point is calculated to be 9.620. The solubility 

of LysCa5A2 was assessed with an in-silico tool ProteinSol [40]. This tool compares 

the query protein's solubility score to the database's average solubility (0.45). 

LysCa5A2 was found to be less soluble than the average protein, scoring 0.35 

(Supplementary Figure S4).  

E. coli BL21(DE3) cells containing the vector were induced with Isopropyl ß-D-

1-thiogalactopyranoside (IPTG) at a final concentration of 0.1 mM. To assess 

overexpression, crude E. coli was harvested before and after induction. Samples were 

also taken of the soluble and insoluble fractions after the cells were lysed for 

purification. These samples were assessed by SDS-PAGE (Figure 6 (B)). In the SDS-

PAGE analysis, the expected band of overexpression (~ 33 kDa) was visible 

(LysCa5A2 with 6xHis-tag) in lane 2 (crude E. coli post-induction), lane 3 (soluble 

fraction) and lane 4 (insoluble fraction). It was observed that the vast majority of 

LysCa5A2 was present in the insoluble fraction of cell lysate. This suggests that during 

expression, the protein may have formed inclusion bodies. In an effort to increase yield 

from the soluble fraction, a 3-litre protein expression was established. The soluble 

fraction of this preparation was harvested and purified. Purification of the soluble 

fraction was carried out by affinity chromatography through the ÄKTA start protein 

purification system (Cytiva) with the Cytiva Talon Crude purification columns. The 

purity of the yield was assessed by SDS-PAGE (4-12% gradient gel). The resulting 

chromatogram and SDS-PAGE from the ÄKTA start Unicorn software can be seen in 

Supplementary Figure S2. While a peak was observed in the chromatogram, SDS-

PAGE analysis indicated that the His-tagged protein was not recovered during 

purification. The fractions of the purification were concentrated using size-exclusion 

spin columns (10K MWCO), and the yield was assessed for activity by spot assay 

against C. acnes DSM 1897. No lysis was observed. 
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Challenges of insoluble proteins and assessment of lytic activity.  

Due to the unsuccessful attempt to purify bioactive protein from the soluble fraction of 

cell lysate, efforts were made to recover active protein from the insoluble fraction. The 

insoluble pelleted was resuspended in binding buffer adjusted to a pH of 6 (50 mM 

sodium phosphate, 150 mM NaCl). This suspension was assessed for activity by 

traditional spot assay, but no lysis was observed. 

Lytic activity was further assessed using zymogram analysis. This is a 

technique used to detect enzyme activity in a polyacrylamide gel. In a zymogram, 

proteins are run under denaturing conditions (SDS) against autoclaved cells (in this 

case, C. acnes DSM 1897). After electrophoresis, the zymogram gel is treated to 

remove SDS and allow the proteins to renature and regain their activity. The SDS-

PAGE (Figure 7 (A)) and zymogram (Figure 7 (B)) were run with lanes containing a 

ladder, crude E. coli before induction with IPTG, after induction with IPTG, the soluble 

cell lysate and the insoluble cell lysate, respectively. The zymogram gel was refolded 

in 25 mM Tris-HCl pH 7.5, with the addition of 0.3% Triton-X 100. The zymogram was 

refolded at 37 oC for 72 hours. The gel was subsequently stained to assess for any 

zones of lysis. No lytic activity was observed. 

We assumed that LysCa5A2 is inactive when it is in inclusion bodies. N-

lauroylsarcosine (Sarkosyl) (Thermo Fischer) was used as a solubilising agent to try 

to recover the protein from inclusion bodies. A solubilising buffer was prepared 

containing 50 mM sodium phosphate, pH 6, and 1% w/v sarkosyl. An insoluble pellet 

from the purification was harvested by centrifugation, washed, and resuspended in the 

solubilisation buffer. The protein was left to in this buffer, shaking, for 2 hours. The 

suspension was centrifuged, and the supernatant was harvested and assessed by 

SDS-PAGE (Figure 6 (C)). Here, the protein was observed to be present in the soluble 

fraction (Figure 6 (C), lane 2), indicating that the solubilisation buffer was effective. As 

sarkosyl is a detergent that can disrupt bacteria cell membranes, it needed to be 

removed from the protein suspension before lytic activity could be assessed. Pierce 

protein concentrators (Thermo Fischer) with a 10K molecular weight cut-off (MWCO) 

were used to perform a buffer exchange. The suspension was centrifuged in 15-minute 

intervals until the sarkosyl-containing buffer was removed. The suspension was 

exchanged into 50 mM sodium phosphate, 150 mM NaCl and 20% glycerol. However, 
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on the final wash step, when the sarkosyl was completely removed, the protein 

precipitated out of the solution. To assess the activity of the remaining solution, spot 

assays and turbidity reduction assays (supplementary figure S5) were performed 

with C. acnes DSM 1897, but no lysis was observed. 

 

  



73 
  

 

 

Figure 6. Cloning and Recombinant Expression of LysCa5A2. A) Domains of 

LysCA5A2. N-terminal catalytic domain (1-180) and C-terminal putative binding 

domain (180-284). B) Protein expression assessed by 4-12% gradient SDS-PAGE. 

Lane 1: crude E. coli before IPTG induction. Lane 2: crude E. coli post-IPTG induction. 

Lane 3: soluble fraction of the cell lysate. Lane 4: insoluble fraction of the cell lysate. 

C) Solubilisation of inclusion bodies, lane I: insoluble fraction, lane 2: soluble fraction.   
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Figure 7. Zymogram analysis of LysCa5A2 against C. acnes DMS 1897. A) SDS-

PAGE with a ladder, Lane 1: crude E. coli before IPTG induction. Lane 2: crude E. coli 

post-IPTG induction. Lane 3: soluble fraction of the cell lysate. Lane 4: insoluble 

fraction of the cell lysate. B) zymogram analysis with samples loaded in the same 

pattern.  
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Discussion 

C. acnes is a significant contributor to the skin condition acne vulgaris. This bacterium 

has strong links to the inflammation associated with acne. Current treatment plans are 

lacking and are associated with a plethora of side effects [20]. These off-target effects, 

which can manifest as skin irritation and secondary conditions, not only pose physical 

discomfort but also have a profound impact on the mental well-being of patients. This 

underscores the critical need for alternative treatments to address this widespread 

condition.  

In this study, we present the isolation of six novel phages infecting C. acnes 

(005A1, 005A2, 42-1, 42-2, 42-3, and 42-4). These phages are taxonomically placed 

in the genus Pahexavirus. The newly isolated phages had a close homology at the 

nucleotide level with a genome size of 29 – 30 kbp. The endolysin gene in each phage 

was identified and investigated for biotechnological applications. These endolysins 

were found to have 100% similarity on an amino-acid level. The endolysin from phage 

005A2, LysCa5A2, was assessed for its potential as a therapeutic for acne vulgaris by 

targeting C. acnes DMS 1897. LysCa5A2 was cloned and recombinantly expressed in 

E. coli. Downstream analysis revealed that LysCa5A2 was produced as an insoluble 

protein, likely in inclusion bodies. Inclusion bodies are aggregates of protein with non-

native conformations [41]. Despite a number of assays being performed, no lytic 

activity against C. acnes DMS 1897 was observed. 

In 2012, a study was published that assessed the genetic diversity of C. acnes 

phages [42]. Eleven phages were isolated, and their genomes were sequenced. This 

study reported that even though the phages had a wide geographical spread, their 

genetic diversity was low. The nucleotide identity of the phages was > 85%. They were 

reported to have significant similarity in GC content, gene content and genome length. 

A pangenome and comparative analysis of C. acnes strains was published in 2013 

[43]. This study reported that while the pangenome is open, relatively small and 

expanding slowly. The analysis was carried out on 82 C. acnes strains, including 

subtypes IA, IB, II, and III. The conserved regions shared by all the sequenced strains 

accounted for 88% of the average genome. The lack of diversity in strains of C. acnes 

may suggest why the phages of Pahexavirus also have low genetic diversity. These 

previous findings were consistent with the phylogenetic analysis of our study. Of the 
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57 strains assessed, the majority had > 80% nucleotide identity, and the genes were 

largely conserved. The GC content of the newly isolated phage genomes was also 

consistent with other characterised C. acnes phages. For example, C. acnes phage 

CAP 10-3 has a genome with 53.86% GC content and 29 kbp in length [32].  

Applications of C. acnes phages include topical applications of C. acnes phage 

to acne-like lesions and synergy with bacteriocins. In a 2023 study, topical application 

of eight phages was used in an in vivo mouse model [44]. The phages were applied 

to acne-like lesions in a gel matrix. It was reported that the phage treatment could 

effectively reduce both the bacterial load and the inflammation in induced lesions. 

Synergy is an effective technique that allows for two antimicrobial agents to have a 

greater effect when used together. Combined use of phage PAP 1-1 and Nisin was 

shown to have significant antimicrobial action against C. acnes KCTC 3314 [45]. C. 

acnes phages isolated during this study could yet prove to be therapeutic candidates. 

Future perspectives of this work should focus on the lytic activity of the phages, the 

potential for synergy and applications in a gel formulation. The development of a 

phage suspension in a vehicle for topical application, such as a cream of hydrogel, 

would be beneficial to skin experiencing acne. These lesions can often be irritated and 

have a damaged surrounding skin barrier. A cream suspension can provide hydration, 

is easy to apply, and is minimally irritating to the skin [46]. 

This study focused on the biotechnological potential of the newly isolated 

phages. As the six endolysin genes had 100% nucleotide similarity, the endolysin from 

phage 005A2 was chosen as a representative candidate. This endolysin, LysCa5A2, 

was cloned, expressed, and tested for lytic activity against C. acnes. Due to issues 

with the expression of a soluble protein, LysCa5A2 has not displayed any lytic activity 

to date. We conclude that the LysCa5A2 is being improperly folded during protein 

production. This misfolding likely affects its active site, rendering it enzymatically 

inactive. To assess how this lysin fits amongst currently described lysins in the 

literature, an in silico comparative analysis was performed. Three endolysins (PaAmi1, 

CAP 10-3 and LysP11) have been shown to be enzymatically active. All four 

endolysins that were compared have the same predicted mechanisms of action, are 

>94% similar on a nucleotide level, and have similar protein structures. Much like the 

parental phage, the endolysins are highly conserved.  
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In the literature, some challenges of insolubility during protein production were 

reported. PaAmi1 was introduced into a selection of nine different E. coli expression 

strains. E. coli BL21 SHuffle® T7 Express cells were selected as the final expression 

cells as they are suitable for cysteine-rich proteins. Much like LysCa5A2, PaAmi1 was 

expressed as an insoluble protein in inclusion bodies. In this case, the denatured 

protein was solubilised and recovered using dialysis [25]. The endolysin of phage CAP 

10-3 was cloned into a pET-15b vector and expressed in E. coli BL21(DE3). The 

authors of this study did not report any issues with solubility and recorded lytic activity 

from the supernatant of cell lysate [32]. LysP11 did not report any activity against C. 

acnes strains but did have activity against E. rhusiopathiae. To functionally 

characterise the C-terminal domain of LysP11, this study involved the fusion of the 

putative CBD of LysP11 to an enhanced green fluorescent protein (eGFP). Binding 

analysis with the fluorescent protein revealed that it bound with high efficiency to E. 

rhusiopathiae cells.  

Insoluble proteins are a common bottleneck in recombinant protein production. 

E. coli is a popular organism that is regularly used for the expression of high yields 

due to its fast growth rate and genetic accessibility [47]. While these are favourable 

traits, the speed at which protein is produced in E. coli can result in improper folding 

under certain conditions [48]. A simple fix to address this problem can focus on slowing 

down the growth rate of E. coli by lowering the vessel temperature, adding a reduced 

amount of IPTG, and reducing the expression time. In this study, we adopted these 

methods. The expression was carried out at a lower temperature (18 oC), IPTG was 

added at a 10-fold lower concentration than the other endolysins described in this 

thesis (0.1 mM), and the cells were harvested after 14 hours of incubation instead of 

24 hours. Unfortunately, these measures did not seem to have a significant effect on 

the solubility of LysCa5A2. We suggest that going forward, two strategies should be 

utilised. One approach is to clone LysCa5A2 into a more suitable vector and transform 

it into a specialised expression strain. As mentioned in the PaAmi study, a range of 

vectors and cells were assessed until an optimal system was designed. A range of 

fusion tags are readily available in pET vectors that can be used for solubility 

improvement. These include thioredoxin (Trx-tag) and glutathione-S-transferase 

(GST) [49] [50]. The second approach would be to use the existing expression system 

and recover an active protein from inclusion bodies. While the solubilisation of 
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LysCa5A2 in this study showed promise, the methods need to be optimised. The use 

of a one-step size-exclusion method to remove the denaturant likely led to protein 

aggregates and a low yield. A stepwise dialysis involving the gradual removal of the 

denaturant could improve the recovery of native protein [41].  

During the comparative analysis, multiple sequence alignments showed that 

LysCa5A2 and LysP11 had the highest homology. Both lysins had an additional amino 

acid, serine, at position 193. It is possible that because of this similarity, LysCa5A2 

may also present an interesting spectrum of action. To assess whether LysCa5A2 

does not have activity against C. acnes and can instead act upon another candidate 

strain, an expanded spectrum of activity analysis should be carried out. Another 

method to identify a host strain could be to adopt the use of a green fluorescent fusion 

protein. Creating a GFP fusion C-terminal of LysCa5A2 could allow for the screening 

of candidate strains by fluorescent microscopy.   

This study has highlighted the hurdles that can arise during in silico analysis of 

sequencing data, and the issues that can occur during protein production. While 

decontaminating steps in assembly pipelines can be an effective troubleshooting step, 

DNA extractions should be performed with aseptic techniques in mind. As an 

expression system, E. coli has limitations. While well-characterised vectors like the 

pET28b(+) are often a first choice for protein expression, a range of vectors should be 

tested for the specific requirements of each target protein.  
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Materials and Methods 

Bacterial Strains and Culturing Conditions. 

C. acnes strains were obtained from DSMZ, Germany, and were routinely grown in 

tryptone soy broth (TSB) (Merck, Ireland), 1.5% TSB agar and 0.4% TSB soft agar for 

overlay assays, incubated at 37°C anaerobically. These strains included 

Cutibacterium acnes 1897, Cutibacterium acnes 16379, Cutibacterium acne 30738, 

Cutibacterium acnes 30753, and Cutibacterium acnes 30919. Anaerobic conditions 

were maintained using an anaerobic jar supplemented with an AnaeroPack (Thermo 

Scientific).  

Sampling, Phage Screening and Purification. 

Skin swab samples were used for initial screening. Samples from 65 subjects were 

collected, 19 samples from a farm, and 30 sewage samples were collected. Skin swab 

samples were collected from the faces, armpits, and feet of healthy male and female 

subjects (protocol-APC071). The swabs were suspended in 3ml of SM buffer and set 

aside for 30 minutes.   

Screening for potential phages against C. acnes was performed by three-step 

enrichment of sample – 1 mL in an exponential phase, 9 mL culture. The contents 

were centrifuged (Thermo Scientific) at 5000 x g for 15 mins, and the supernatant was 

passed through a 0.45 μm filter (Millipore). Plaque and spot assays were performed 

using the filtrate to examine the presence of phage. Harvesting of the phages was 

performed using the supernatant in a three-step agar overlay method. Isolated plaques 

were selected, re-suspended in 300 μL of SM buffer and centrifuged at 13,000 x g for 

5 mins.  

The harvested phages were propagated by transferring 200 μL of the 

supernatant into an actively growing C. acnes culture and concentrated by re-

suspending 400 mL log phase culture in 10 mL broth and adding 5 mL of phage lysate. 

The titre of the concentrated phages was calculated, and the samples were stored at 

4°C for further analysis. 
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Transmission Electron Microscopy. 

C. acnes phages were purified for TEM imaging. The phage suspensions were applied 

to a step gradient of 5 M and 3 M caesium chloride (CsCl) solutions, followed by 

centrifugation using an F65L-6×13.5 rotor (Thermo Scientific) at 105,000 g for 

2.5 hours at 4°C. The visible band containing viral particles was collected and 

subjected to CsCl clean-up steps. 5 µL aliquots of the concentrated viral fraction were 

applied to Formvar/Carbon 200 Mesh, Cu grids (Electron Microscopy Sciences, PA, 

USA) with subsequent removal of the excess sample by blotting. Grids were then 

negatively contrasted with 0.5% (w/v) uranyl acetate and examined at UCD Conway 

Imaging Core Facility (University College Dublin, Dublin, Ireland) by Tecnai G2 12 

BioTWIN transmission electron microscope. 

DNA Extraction and Sequencing of C. acnes Phages. 

The viral DNA extraction protocol previously described by Shkoporov et al was used 

with slight modifications [51]. To 10 mL of the phage lysate, 5M NaCl and PEG-8000 

were added to give a final concentration of 0.5M and 10% w/w. The samples were 

centrifuged at 5000 x g for 20 minutes. The supernatant was discarded, and the pellets 

were re-suspended in 400 μL of SM buffer. An equal volume of chloroform was added, 

and the sample was centrifuged at 2500 x g for 5 mins. The aqueous layer was 

transferred into a clean Eppendorf tube and treated with 8 U TURBO DNase 

(Ambion/ThermoFisher Scientific) and 20 U of RNase I (ThermoFisher Scientific) for 1 

hour at 37°C. The enzymes were then inactivated at 70 °C for 10 mins. Proteinase-K 

(20μL) and 0.5% SDS treatment was performed at 56 °C for 20 mins. The viral 

particles were lysed using a 100 μL Phage Lysis Buffer (4.5 M guanidinium 

isothiocyanate, 44 mM sodium citrate pH 7.0, 0.88% sarkosyl and 0.72% 2-

mercaptoethanol) at 65°C for 20 minutes. The lysates were extracted using a two-step 

phenol/chloroform/isoamyl alcohol 25:24:1 (Fisher Scientific) wash step. The final 

DNA contents were passed through a DNeasy Blood and Tissue Kit (Qiagen) to obtain 

purified viral DNA products.  

The viral DNA was quantified using a Qubit dsDNA HS Assay kit (ThermoFisher 

Scientific).1 µL of the DNA was subjected to multiple displacement amplification (MDA) 

using Illustra GenomiPhi V2 kit (GE Healthcare) according to the manufacturer’s 

instructions. The samples were normalised to 0.2 ng/µL for tagmentation using the 
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Nextera XT protocol (Illumina). All samples were run on an Agilent Technologies 2100 

Bioanalyzer using the high-sensitivity DNA chip. The prepared libraries were then 

sequenced on an Illumina HiSeq 4000 platform with 2 x 150 nt paired-end chemistry 

at GATC Biotech AG, Germany. 

Genome Analysis. 

The quality of the raw paired-end reads was analysed using FastQC (v0.11.5). 

Trimming and filtering of the reads were performed with fastp (to filter based on 

minimum length requirement, the option --length_required 60 was used. To enable 

automatic detection adaptor sequences for PE data, the option --

detect_adapter_for_pe was used) [52]. Human, mouse, and contaminating reads were 

removed from the whole metagenome with kraken2 [53] (the option --unclassified-out 

was used to extract unmapped reads). This was followed up with a step to remove 

PhiX reads with bbmap (option k-32 hdist=1 was used to remove all reads that have a 

31-mer match to PhiX, allowing one mismatch). Subsequent steps were taken to 

decontaminate reads from E. coli, C. acnes bacterial genome, and C. acnes plasmids. 

The trimmed, filtered, and decontaminated reads were then assembled into contigs 

using SPAdes (v1.13.1) (run in –meta option, and -k 21,33,55  option to specify k-mer 

sizes used for the assembly process. These settings were utilised to improve the 

quality and accuracy of the assembly) [54]. All C. acnes phage sequences were 

annotated with Pharokka v1.5.0 [26] and further annotated based on protein structures 

using phold [27] and phage synteny using phynteny, all with default parameters [28]. 

A range of in silico tools assessed the genome analysis of the C. acnes phages 

isolated in this study. TaxmyPHAGE [31] was used to assign taxonomy to C. acnes 

phages. This was run with default settings. Colabfold  v 1.5.2 was used to predict the 

protein structure of the large terminase (TerL) [34]. To create a phylogenetic tree, 

FoldTree v1 [55] was employed. This was created with no outgroup but was rooted in 

the FoldTree algorithm. First, Pharokka v 1.7.0 [26] was used to translate proteins and 

reorder them to start with the TerL ( option –dnaapler to reorder the genome to start 

with TerL). To create the comparison for the figure, blastn [56] was used to search 

nucleotide all vs all, and DIAMOND v 0.9.25 sequence aligner was used with BLASTp 

for proteins all vs all (option –outfmt 6 –k0 to report all alignments for the query 
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sequence) [35].  The resulting figure was created using the R packages gggenomes v 

1.0.0 and ggtree v 3.19.  

VIRIDIC v1.1 was used to calculate virus intergenomic similarities of the C. 

acnes phage genomes against each other, using default settings [29]. A map of the 

individual phage genomes was prepared using Proksee, using the annotations as 

prepared in the previous steps [30]. 

Morphological Analysis of the Phages. 

Phage plaque assays and spot assays were carried out using the double-layer plate 

method as previously described [57]. This method was also used to assess the host 

range of the C. acnes phages. Any phage lysate harvested from this method was 

filtered through a 0.45 μM filter to remove residual bacterial debris and stored at 4 °C. 

Separation of plaques to purify the phages based on plaque morphology was 

carried out using a protocol adapted from Methods in Molecular Biology [57]. In this 

“phage T-streak” method, the phage lysate was streaked across a solid agar plate 

using a standard loop. This streak was allowed to dry before being overlaid with semi-

solid (0.4%) agar containing a 2% inoculum of C. acnes DSM 1897. Once the lawn 

had grown, single plaques were harvested and resuspended in SM buffer. This 

technique was repeated until a pure lysate was obtained. 

In silico Characterisation of Endolysins Genes. 

Structural analysis of endolysin genes was carried out using the AlphaFold3 server 

[38]. The accession numbers of other characterised C. acnes endolysins used for 

comparative analysis are as follows – LysP11: YP_006906607.1, CAP 10-3: 

WIW76974.1, PaAmi1: YP_009214894.1. Homology searches were performed for 

LysCa5A2 in HHpred [58] and InterPro Scan [36]. Homology searches based on 

protein structure were carried out using Foldseek [37]. Multiple sequence alignments 

and percentage identity matrices were generated by Clustal Omega [39]. The 

alignment was visualised using the SeaView4 software [59]. The percentage identity 

matrix was visualised using Heatmap2 on the Galaxy Europe Server. 

Cloning. 

Putative C. acnes endolysin genes in the phage genomes were identified using 

BLASTp from NCBI [59]. The endolysin gene from phage 005A2, LysCa5A2, was 
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amplified from a pure phage lysate. Amplification was carried out with KOD Hot Start 

DNA Polymerase (Merck). The primers used for amplification of LysCa5A2 are as 

follows with restriction sites underlined: forward primer 5’-

TCGAATTCGatggtgagatacattccagcggc–3’, reverse primer 5’–

ATAAAGCTTatcactttttcacatcgttgac – 3’ . These primers introduced an alternative start 

codon of a methionine. The PCR products were cleaned and concentrated using Zymo 

Research Clean and Concentrate DNA Kit (Zymo Research). The PCR product and 

the plasmid pET28b(+) were digested using restriction enzymes Fast Digest EcoRI 

and HindIII (Thermo Scientific) and ligated with T4 ligase (Rapid Ligation Kit, Thermo 

Scientific) to create an N-terminally 6xHis-tagged construct of pET28b(+ ) with insert 

LysCa5A2. The construct was introduced into E. coli “One Shot” Top10 chemically 

competent cells (Invitrogen) by heat-shock transformation. Transformants were 

screened for positive clones, which were propagated for plasmid extractions. 

Extracted plasmids positive for the correct vector size were introduced into One Shot 

BL21(DE3) chemically competent cells (Invitrogen) for protein expression. Sanger 

sequencing was utilised to confirm the integrity of the construct pET28b(+) LysCa5A2. 

Recombinant Protein Expression and Purification.  

Protein expression was carried out by the following method. A large preparation of E. 

coli BL21(DE3) cells containing pET28b(+)-LysCa5A2 (three litres) was grown in LB 

broth supplemented with 50 µg/mL Kanamycin and incubated at 37 oC at 150 rpm 

shaking. Cells were grown to an OD of 0.6, and expression was induced by the 

addition of 0.1 mM final concentration IPTG (Sigma Aldrich). Cultures were incubated, 

shaking, overnight in temperature-controlled room that was set to 18  oC. Cells were 

harvested the following day by centrifugation at 4,500 rpm for 30 minutes. Cell pellets 

were lysed using sonication on ice, pelleted again by centrifugation and the 

supernatant was extracted for protein purification. The insoluble cell pellet was stored 

for further analysis.  

The Akta Start Purification System (Cytiva) facilitated the purification of proteins 

in the soluble fraction using the Talon Crude Purification 5 mL columns (Cytiva). 

Purification fractions were assessed for quality and purity by SDS-PAGE (4-12% 

gradient gel) (Invitrogen) and imaged with the iBright500 imaging system.  
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Protein Solubilisation 

To recover protein from the insoluble fraction of the cell lysate, a solubilisation step 

was performed. 1mL of insoluble protein suspension was harvested by centrifugation 

at 5,000 x g for 10 minutes. The insoluble pellet was washed three times with PBS. 

The pellet was then resuspended in 3 mL 50 mM sodium phosphate buffer with 1% 

w/v N-lauroylsarcosine (sarkosyl) (Sigma Aldrich). This suspension was left to shake 

at room temperature for two hours. The suspension was centrifuged at 10,000 xg for 

5 minutes. The supernatant was harvested and assessed by SDS-PAGE. 

To perform a buffer exchange to remove sarkosyl from the buffer, pierce protein 

concentration columns were used (Thermo fisher). These columns had a 10k 

molecular weight cut-off (MWCO). The soluble supernatant was washed through the 

spin columns and the waste buffer was discarded. The replacement buffer was 

washed through three times before the protein was resuspended. 

Lytic Activity of Endolysin LysCa5A2. 

Zymogram analysis was used to assess activity in the soluble and insoluble fractions 

of LysCa5A2. This method was carried out as previously described, with modifications 

[60]. C. acnes DSM 1897 was prepared as a 250 mL culture. The cell preparation was 

autoclaved. Autoclaved cells and cell debris were harvested by centrifugation at 3,000 

x g for 20 minutes. The cell pellet was washed three times with PBS before being 

resuspended in a final volume of 600 µL sodium phosphate buffer. 

Turbidity reduction assays were used to assess the lytic activity of soluble 

protein. An overnight culture of the C. acnes DMS1897 was grown in liquid media to 

an OD600 of ~ 1.0. The cells were inactivated and then pelleted by centrifugation at 

3000 x g for 5 minutes. The cell pellet was washed three times in PBS before being 

resuspended to an OD600 of 0.8. A 96-well plate was prepared to 200 µL final volume 

of cell suspension with the addition of purified protein or a negative control of buffer. 

Changes in optical density were recorded every 5 minutes over the course of 2 hours 

at 37 oC using a microplate reader (Thermo Fischer). 
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Supplementary Materials  

 

 

Supplementary Figure S1. Percentage Identity Matrix of C. acnes phages. 

Generated with Clustal Omega and Visualised with Heatmap2.  
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Supplementary Figure S2. Chromatogram of LysCa5A2 purification.  
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Supplementary Figure S3. SDS-PAGE analysis of Akta purification fractions. 

Each lane contains a sample taken from the purification process. Fractions should 

consist of a pure protein band at an expected size – in the case of LysCa5A2 at ~ 33 

kDa.  
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Supplementary Figure S4. Protein solubility prediction for LysCa5A2.  
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Supplementary Figure S5. Turbidity reduction assay against C. acnes DSM 1897. 
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Abstract 

Antibiotic resistance is a significant public health concern. To slow the rate of 

resistance development, we urgently need to develop alternative antimicrobial 

strategies. Endolysins are phage-derived peptidoglycan hydrolases that could be 

promising alternatives or adjuncts to traditional antibiotics. Here, we identified, cloned, 

and expressed a novel Enterococcus faecium bacteriophage (phage) lysin, LysH1. 

Structural analysis of this endolysin revealed a two-domain structure composed of a 

catalytic domain and a previously uncharacterised domain. Binding assays with a 

green fluorescent protein hybrid fusion allowed us to functionally characterise this 

unknown domain as the cell wall binding domain of LysH1. This is the first instance of 

experimental characterisation of the cell wall binding domain of an E. faecium 

endolysin. The lytic activity of LysH1 was assessed against a panel of strains and 

revealed that it has cross-species activity against Ruminococcus gnavus  (also known 

as Mediterraneibacter gnavus), a bacterium associated with inflammatory bowel 

disease (IBD). In a simplified human intestinal microbiota, LysH1 can target R. gnavus 

without impacting the other members of the consortium. This suggests that LysH1 

could be a therapeutic candidate for the management of R. gnavus in patients with 

IBD. 
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Introduction 

Enterococcus faecium and Ruminococcus gnavus are important bacterial species 

within the human gut microbiome, each playing distinct roles in gut health. E. faecium 

is often noted for its development of multidrug resistance, especially in hospital 

settings, while R. gnavus is a mucin-degrading bacterium associated with 

inflammatory bowel disease (IBD).  

E. faecium is a gram-positive facultative anaerobe and an opportunistic 

pathogen. It is commonly found in the digestive tracts of humans and animals, in soil 

and other natural environments. Historically, E. faecium was considered a relatively 

harmless commensal within the human gastrointestinal tract, only sporadically causing 

disease. However, over the last two decades, it has quickly become one of the leading 

causes of nosocomial infections worldwide, particularly among immunocompromised 

patients. Disease states caused by E. faecium include endocarditis, bacteraemia, 

urinary tract infections, and wound infections [1]. This transition from commensal to a 

pathogen is mainly due to the acquisition of antibiotic resistance genes (ARGs). 

Vancomycin-resistant enterococci (VRE) are now considered to be serious 

opportunistic pathogens associated with higher mortality [2]. VRE strains often 

represent a group of enterococci that have acquired multi-drug resistance.  

E. faecalis and E. faecium are the most clinically relevant enterococci. E. 

faecalis is more pathogenic than E. faecium, but E. faecium is more resistant to 

antibiotics and accounts for the majority of VRE infections [3]. Antibiotic resistance in 

Enterococcus spp. is generally divided into two classes – intrinsic resistance and 

acquired resistance. Intrinsic resistance occurs when a bacterium is naturally resistant 

due to elements of its genome, whereas acquired resistance occurs in response to 

sporadic mutations or the acquisition of external genetic material, such as the uptake 

of plasmids [4]. A recent review outlined enterococcal genomics in the context of 

therapeutics [5]. As part of this comprehensive review, the authors discussed the 

epidemiology of E. faecium strains, reporting that E. faecium has divided into two 

distinct clades – one of clinical isolates (Clade A) and the second comprising 

community-related isolates (Clade B). Clade A subtype 1 E. faecium strains have 

significant genome plasticity and dominate the hospital population of disease-causing 



101 
  

E. faecium. It is likely that new genotypes/phenotypes will continue to emerge, adding 

to the challenge of controlling these infections [6]. 

E. faecium is now well documented to display resistance to β-lactam antibiotics, 

penicillin, carbapenem, ampicillin, and aminoglycosides, to name but a few [7]. E. 

faecium has even been shown to be resistant to desiccation, with more than 30% 

survival rates [8]. Current treatments for VRE infections include daptomycin and 

linezolid [9]. Linezolid is a first-line treatment for infections, but resistance to the drug 

is increasingly being reported [10]. Daptomycin is a last-line antibiotic used to treat 

multidrug-resistant E. faecium infections. This antibiotic has an increased effect 

against Enterococcus spp. compared to previous treatments. However, there are now 

reports of resistance in Enterococcus species to this drug. Although occurrence of this 

resistance is rare, it is a concerning development [11] [12]. The rise in these infections 

is also having a significant economic effect, with costs in Europe amounting to up to 

€13,157 per patient with a VRE infection [13]. This increase in cost is reported to be 

due to pharmaceuticals, nursing staff, medical products and assistant medical 

technicians.  

IBD is a lifelong inflammatory illness of the gastrointestinal tract. It is an 

umbrella term that encompasses Crohn’s disease and ulcerative colitis (UC) [14]. 

Crohn’s disease can occur anywhere in the gastrointestinal tract, whereas UC is 

usually limited to the colon and rectum [15]. IBD patients experience a chronic relapse 

of symptoms that include abdominal pain, diarrhoea, weight loss, fatigue, and 

psychological stress [16] [17]. Pathogenesis of IBD is multifaceted. It encompasses a 

number of factors, including environmental factors, gene variants, microbiome 

composition, barrier function, and immune response dysregulation [15] [18]. While 

these factors have been widely researched, the exact pathogenesis of IBD remains 

unclear, and so treatment of IBD is broadly unsatisfactory. Therapeutics generally 

focus on the management of symptoms to improve quality of life.  

In recent years, a number of studies have linked IBD to the gut microbiome. 

Several murine studies have investigated the effect of mutations in genes linked to 

IBD. However, in many cases, genetically pre-disposed mice do not contract IBD if 

they are raised germ-free. The development of IBD is dependent on the presence of 

microbes. This highlights the important dialogue between the immune system and the 
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microbiome [19]. One microbe that has been discussed in an IBD context is R. gnavus. 

R. gnavus is a gram-positive anaerobic bacterium that is found in the gut of 90% of 

individuals. In IBD patients, particularly those with Crohn’s disease, an increase in the 

abundance of the bacterium correlates with a flare-up in symptoms [20] [21]. R. gnavus 

is reported to produce an inflammatory polysaccharide – a complex glucorhamnan 

polysaccharide with a rhamnose backbone and glucose side chains. This 

polysaccharide induces the secretion of TNF-α, an inflammatory cytokine, by host 

immune cells [22]. R. gnavus is also a mucin-degrading bacterium. The intestinal 

mucus layer of the gut is important to maintain barrier function, and the degradation of 

this layer can lead to bacterial invasion which can result in inflammation. As R. gnavus 

utilises mucin as a nutrient source, this is another aspect in which the transient 

overrepresentation of R. gnavus could result in the activation of an immune response  

[23] [24]. Antibiotics can be used for the management of IBD and, in some cases to 

alter microbiome composition. However, while antibiotic treatment can ease 

symptoms of colitis their continued use can lead to a risk of resistance and leave 

patients vulnerable to C. difficile infections [25]. To specifically modulate the 

microbiome of patients with minimal off-target effects, the development of new 

antimicrobial strategies is essential.  

Bacteriophage (phage) derived enzymes such as lysins could be considered as 

an alternative or adjunct therapy. Lysins are classed as phage-encoded peptidoglycan 

hydrolases. Phages require these enzymes during infection. Along with another 

protein, holin, these lysins build up inside the host bacterium while the phage progeny 

are being assembled. When holin levels reach a certain threshold, they create pores 

in the cytoplasmic membrane, allowing the lysins to access the host peptidoglycan. 

Lysins specifically target components of the peptidoglycan structure (depending on 

their mechanism of action) and degrade it, leading to the ultimate lysis of the bacteria 

and the release of phage progeny into the surrounding environment [26]. This lytic 

event can be harnessed as a therapeutic by applying purified lysin exogenously and 

allowing it to degrade the peptidoglycan layer, particularly in gram-positive bacteria.  

Several lysins targeting Enterococcus strains have been reported. However, 

the majority of these target E. faecalis [27] [28]. Lysins that target both strains also 

exist. One example is the broad-acting phage lysin PlyV12 targeting both E. faecalis 

and E. faecium. This lysin also targeted pathogenic group B Streptococcus strains, 
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including S. pyogenes [29]. Endolysins from E. faecium phages are rare, with only 

three examples currently described in the literature. One is from a prophage identified 

in the genome of E. faecium 11C6_DIV0699. This lysin, EfAmi1, was shown to have 

lytic activity of varying degrees against a selection of ESKAPE pathogens. Its highest 

activity was against E. faecium, but it also displayed weaker activity against S. aureus, 

Acinetobacter baumannii, E. faecalis, S. pyogenes and C. difficile cells [30]. Endolysin 

LysEFm5 was isolated from E. faecium phage IME-EFm5. This endolysin was shown 

to have high lytic activity, with zinc ion dependence, against E. faecium [31]. Endolysin 

Ply113 was isolated from an E. faecium phage and has displayed rapid lytic activity 

against E. faecium, E. faecalis and S. aureus. Ply113 was also shown to have anti-

biofilm activity, decreasing bacterial loads in a murine peritoneal septicaemia model 

[32]. In terms of phage activity against Ruminococcus, only one case has been 

described. This study was published in 2023, and it reports six temperate phages that 

infect R. gnavus [33]. Currently, there are no endolysins targeting R. gnavus in the 

published literature, but the endolysins derived from these phages are described in 

Chapter 4 of this thesis.  

In this study, we describe the isolation of LysH1, a novel endolysin isolated from 

the genome of E. faecium phage H1 that has cross-species activity against R. gnavus. 

LysH1 is a two-domain endolysin. The N-terminal catalytic domain was predicted to 

have an amidase mode of action. Homology searches for the C-terminal domain 

indicated that this was a domain of unknown function, but through the creation of a 

green fluorescent fusion protein (GFP) of the C-terminal domain, we have functionally 

characterised this to be the cell wall binding domain of LysH1. Due to the strong lytic 

activity of LysH1 against R. gnavus, its potential as a novel therapeutic was assessed 

in a simplified gut community. LysH1 was shown to target R. gnavus JCM6515T in this 

defined population. The community structure was also maintained in the presence of 

endolysin. We propose that LysH1 could be a promising candidate for the 

management of R. gnavus in patients with IBD. 
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Results  

In Silico Analysis of LysH1. 

Lysin H1 was identified in the genome of enterococcal phage H1 (accession number 

YP_009788405.1). LysH1 is a protein of 406 amino acids with a two-domain structure. 

InterPro analysis assigned LysH1 an N-acetylmuramoyl-L-alanine amidase mode of 

action, specifically in the protein family Amidase type 2, with a Zinc-dependent N-

terminal catalytic domain [34]. HHpred analysis indicated that while the N-terminal 

catalytic domain of the protein showed homology to known enterococcal endolysins 

(99.86% probability), the C-terminal domain, which is thought to be the cell-wall 

binding domain, has no significant homology to the available databases  [35]. The 

Foldseek search tool was used to search for homology to LysH1 based on protein 

structure [36]. The top hits returned from this search were Autolysin LytO from 

Staphylococcus aureus, N-acetylmuramoyl-L-alanine amidase of E. faecium and an 

autolysin of Streptococcus pneumoniae.  

The predictive tool AlphaFold [37] was used to carry out structural analysis of 

LysH1 (Figure 1(B)). AlphaFold produces a per-residue confidence score for each 

protein (pLDDT). Much like the results of the previously mentioned tools, AlphaFold 

revealed a 2-domain structure of high confidence (pLDDT above 70), with a flexible 

linker region between the two domains. The N-terminal catalytic domain ranges from 

residues 1-166. Structural predictions show that it comprises two anti-parallel β-sheets 

flanked by α-helices. In total, there are seven α-helices in this domain, distributed 

around the β-sheets. The C-terminal domain (residue 175-406) appears to be 

comprised of two repeating regions that are made up of seven anti-parallel β-sheets. 

These groups of β-sheets are divided by a small α-helix (three in total). The structural 

prediction of LysH1, highlighting its secondary structures, can be seen in the 

supplementary materials (Figure S1). 

The BLAST local alignment search tool was used to compare LysH1 to known 

endolysins [38]. The top 30 hits from BLASTp were brought forward to Clustal Omega 

to create multiple sequence alignments of LysH1 to other proteins of high homology, 

and this output was visualised with SeaView4 (Figure S2) [39] [40]. The proteins with 

the highest homology to LysH1 were mostly amidase domain endolysins from other 

Enterococcus phages. However, proteins from other species, including 
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Ruminococcus, Mediterraneibacter, and Faecalibacterium, are also present in these 

hits of the highest similarities. From the multiple sequence alignment, we can see that 

most similarities lie within the catalytic domains, and the C-terminal domains display 

less homology.  

To assess the similarity of LysH1 to a larger dataset of proteins, a Sequence 

Similarity Network (SSN) was generated (Figure 1 (A)). This network assessed the 

homology between LysH1 and other members of the InterPro protein family database. 

LysH1 was blasted versus UniProt with an e-value of 1e-05, with a maximum of 1000 

sequences retrieved. Sequences were then clustered using an all-vs-all blast and 

visualised in Cytoscape with the layout directed with the parameter %ID. In total 215 

amidases were returned and used in the network. LysH1 (highlighted in yellow in 

Figure 1(A)) is most closely clustered with other proteins derived from Enterococcus, 

Ruminococcus and Clostridium.  

Cloning and Expression of Whole Endolysin and its Putative Cell Wall 

Binding Domain. 

Three constructs were created from LysH1. These constructs were made to 

functionally characterise both the N-terminal and C-terminal domains. For the C-

terminal domain, two truncated forms of LysH1 were generated – LysH1 cell wall 

binding domain (CBD) and LysH1 CBD-GFP (Figure 2(A)). Each construct was 

designed with N-terminal 6xHis-tags for purification with affinity chromatography. The 

structural prediction by AlphaFold 2 of the LysH1 CBD-GFP hybrid protein can be seen 

in supplementary Figure S5.  

Amplification of endolysin encoding genes by PCR resulted in products of 1221 

bp for the whole endolysin LysH1 and 747 bp for LysH1-CBD. LysH1 and LysH1-CBD 

were cloned into the pET-28b(+) vector and were subsequently introduced into E. coli 

BL21(DE3) for recombinant protein expression (Figure 2 (A)). LysH1 CBD-GFP was 

cloned into the pHTP9 expression vector containing the GFP-fusion protein and then 

introduced into E. coli Trans-α for protein expression. All constructs were 

overexpressed in 3 litre preparations. Purification was carried out by affinity 

chromatography through the ÄKTA start protein purification system (Cytiva) with the 

Cytiva Talon Crude purification columns. The purity of the yield was assessed by SDS-

PAGE (4-12% gradient gel) (Figure 2(B)). The resulting chromatogram from the ÄKTA 
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start Unicorn software can be seen in Figure S3. The size of each expressed protein, 

including their 6xHis-tags, are as follows: LysH1 – 48.9 kDa, LysH1 CBD – 27.6 kDa, 

LysH1 CBD-GFP – 54.60 kDa. 

Spectrum of Activity of LysH1. 

A collection of 65 strains was used to assess the spectrum of activity of LysH1, where 

all strains were evaluated for lytic activity by traditional spot assays. All strains were 

tested using this method, with the exception of Faecalibacterium prausnitzii, which 

was assessed in liquid culture due to its limited ability to grow as lawns. Table 1 

records the spectrum of activity across a variety of strains, including a selection of 

relevant gut members, encompassing both pathogenic and non-pathogenic strains. 

Table 2 reports the spectrum of activity across a panel of VRE strains composed of 

both E. faecium and Enterococcus avium strains. These strains are clinical isolates 

from Cork University Hospital (CUH), Cork, Ireland. E. faecium and E. faecalis strains 

that were not obtained from CUH were tested for the presence of vanA and vanB 

resistance genes by PCR (Table S1). LysH1 displayed a narrow spectrum of activity, 

with lytic activity observed against only five Enterococcus strains at varying levels of 

efficiency – E. faecium ATCC 700221, E. faecium 374iF1, E. faecium CUH-VRE 14, 

E. faecium CUH-VRE 6, and Enterococcus durans. The most potent activity against 

any enterococcal strain was observed against E. faecium ATCC 700221. Strong lytic 

activity was also observed in spot assay against a panel of R. gnavus strains, including 

JCM56515T, CCUG 57137, CCUG 54531, and PS/160. Weak activity (a hazy or weak 

zone) was observed against R. gnavus CCUG 49994 and Ruminococcus torques 

ATCC 27756.  
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Figure 1. A) Sequence similarity network for LysH1 (yellow). B) AlphaFold structure 

prediction for LysH1. Confidence scores (pLDDT) are indicated in the legend.  
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Figure 2. Constructs of LysH1 as cloned into expression vectors. A) Domains of 

endolysins LysH1 as assigned by in silico analysis and the vectors they were cloned 

into for recombinant expression. The putative cell wall binding domain of LysH1 is 

denoted by the “unknown” region. B) SDS-PAGE analysis of protein production. 

Proteins were run on a 4-12% gradient gel. Here we show purified LysH1 (left), the 

truncated CBD before (I) and after (II) purification (middle), and the GFP hybrid protein 

of CBD (right).  
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Table 1. Spectrum of activity of LysH1 against a number of relevant strains. - indicates 

no activity observed, + indicates a clear zone of lysis, and +/- indicates a weak or hazy 

zone of lysis. 

 

 

  

Species Strain Lytic Activity  

Enterococcus faecium  APC 1025 - 

APC 1031 - 

APC 1032 - 

APC 1035 - 

APC 1037 - 

APC 1038 - 

APC 1042 - 

ATCC 700221 + 

918H1 - 

374iF1 +/- 

D0 TX16 - 

Enterococcus faecalis  OG1RF - 

ATCC 29212 - 

V583 - 

APC 1309 - 

Enterococcus durans  5133 +/- 

Enterococcus casseliflavus  5053 - 

Escherichia coli  LF82 - 

Ruminococcus gnavus  JCM6515T + 

CCUG 57137 + 

CCUG 54531 + 

CCUG 49994 +/- 

CCUG 54531 - 

CCUG 57208 - 

PS/160 + 

Ruminococcus torques ATCC 27756 +/- 

Blautia producta  DSM 2950 - 

Staphylococcus aureus  DSM 28766 - 

Streptococcus agalactiae   COH31rs - 

Listeria monocytogenes  EGDe - 

Lactiplantibacillus plantarum WCFS1 - 

Bifidobacterium longum ATCC 15707 - 

Phocaeicola vulgatus  DSM 1447 - 

Faecalibacterium prausnitzii A2-165 - 

Clostridium difficile  APC 43 - 
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Table 2. Spectrum of activity of LysH1 against a number of VRE strains isolated from 

patients at Cork University Hospital (CUH). “-“ indicates no activity observed, “+” 

indicates a clear zone of lysis, and “+/-“ indicates a weak or hazy zone of lysis. 

  

 

  

Species Strain Number Lytic Activity 

Enterococcus faecium CUH-VRE 1 - 

CUH-VRE 2 - 

CUH-VRE 3 - 

CUH-VRE 4 - 

CUH-VRE 5 - 

CUH-VRE 6 +/- 

CUH-VRE 7 - 

CUH-VRE 8 - 

CUH-VRE 9 - 

CUH-VRE 10 - 

CUH-VRE 11 - 

CUH-VRE 12 - 

CUH-VRE 13 - 

CUH-VRE 14 +/- 

CUH-VRE 15 - 

CUH-VRE 16 - 

CUH-VRE 17 - 

CUH-VRE 18 - 

CUH-VRE 21 - 

CUH-VRE 22 - 

CUH-VRE 23 - 

CUH-VRE 24 - 

CUH-VRE 25 - 

CUH-VRE 26 - 

CUH-VRE 27 - 

CUH-VRE 28 - 

Enterococcus avium CUH-VRE 19 - 

CUH-VRE 20 - 

CUH-VRE 29 - 

CUH-VRE 30 - 
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Lytic Activity of LysH1.  

To further assess the therapeutic potential of LysH1, turbidity reduction tests and kill 

curves were performed against two candidate strains, E. faecium ATCC 700221 and 

R. gnavus JCM6515T. The ability of LysH1 to lyse inactivated stationary phase cultures 

can be seen in Figure 3 (A) and (B). Inactivated cells treated with LysH1 at varying 

final concentrations were incubated for 120 minutes at 37 oC, with an optical density 

reading taken every 15 minutes. In the case of both candidates, LysH1 was capable 

of halving the optical density within two hours of its addition. LysH1 activity was more 

efficient against R. gnavus JCM6515T, reaching this level of reduction in under 60 

minutes.  

LysH1 is also capable of acting against actively growing cells (Figure 3 (C-F)). 

The strains were incubated for 24 hours at 37 oC, and an optical density reading was 

taken every 30 minutes. A 1% inoculum of each strain was added to media containing 

either a control buffer or lysH1 at a range of concentrations (Figure 3 (C, D)). E. 

faecium ATCC 700221 appears to follow a trend in response to treatment with LysH1. 

The bacteria proliferate for up to ~ 6 hours in the presence of endolysin, following 

which the optical density decreases. It is interesting that this lytic response does not 

seem to occur until the cells have reached a certain growth stage, regardless of the 

concentration of endolysin used. Once this density is reached, lysis occurs in a dose-

dependent manner. The opposite observation occurs in R. gnavus JCM6515T, where 

we see that the growth of this bacterium is completely inhibited in the presence of 

endolysin.   

Next, log phase cultures of each strain were added to media containing either 

a control buffer or lysH1 at a range of concentrations (Figure 3 (E, F)). Endolysin 

treatment was applied to E. faecium ATCC 700221 cells (Figure 3 (E)). These cells 

were left to grow to an OD600 of ~0.6 before being treated with LysH1 at a range of 

concentrations. The lysis of cells occurs in a dose-dependent manner, with the 

greatest lytic activity recorded at 100 µg/mL. When the 24-hour incubation was 

complete, cells were taken from the wells and cultured on solid agar. The following 

day, growth was observed on these plates, indicating that the endolysin had not 

completely killed the culture. To ensure these cells were not LysH1-resistant mutants, 

spot assays were repeated using these colonies as an inoculum, but lysis was still 
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observed. Lytic activity of LysH1 against log phase R gnavus JCM6515T was also 

assessed (Figure 3 (F)). Cells were grown to an OD600 of ~0.4 and were then treated 

with LysH1 at a range of concentrations. At every concentration tested, there was a 

clear reduction in optical density in as little as 1 hour, regardless of the dose applied. 

In a further assay, the minimum inhibitory concentration (MIC) of LysH1 against R. 

gnavus JCM6515T was determined to be 1.5 µg/mL.  

The lytic activity of LysH1 was examined against a second strain of E. faecium, 

374iF1. This strain was isolated from a healthy human faecal sample in our laboratory. 

In spot assays, LysH1 only produced a weak and hazy zone against E. faecium 

374iF1. Turbidity reduction assays against inactivated cells showed LysH1 having 

strong lytic activity, with a reduction in optical density within 1 hour (Figure S4 (A)). 

Lytic activity was also tested against actively growing cells, with endolysin-containing 

medium inoculated with 1% E. faecium 374iF1. Cells were incubated for 24 hours at 

37 oC. E. faecium 374iF1 mirrored the trend of strain ATCC 700221, where growth 

occurred to a specific optical density (in this case OD600 ~0.4) before lytic activity was 

observed (Figure S4 (B)).  

Biochemical Characterisation of LysH1.  

LysH1 was subjected to a range of conditions to assess its stability at different 

temperatures and in different buffer compositions. These assays were carried out with 

E. faecium ATCC 700221 as the target bacterium. In Figure 4 (A) and (B), optimum 

pH was determined. The Expasy “compute pI” tool [41] was used to obtain the 

theoretical isoelectric point (pI) for LysH1, which was 9.42. First, cells of E. faecium 

were exposed to the buffers at a varying range of pH (2-11) as a control assay to 

assess whether pH alone could have a lytic effect against E. faecium Figure 4 (A).     

From this, we can see a slight lytic effect at pH levels 9 and 10. Then, cells of E. 

faecium were washed and resuspended in endolysin-containing buffer at a range of 

pH and at a lysin concentration of 100 µg/mL (Figure S4 (B)). From this, we can 

determine that LysH1 is more effective in alkaline buffers, with the best lytic activity 

recorded at pH 8 - 11.  

The remaining tests focused on temperature stability and NaCl concentrations. 

LysH1 was exposed to a range of temperatures (4 oC to 90 oC) for 1 hour before 

application to E. faecium cells at a concentration of 100 µg/mL. Lytic activity was 
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retained from 4 to 60 oC, with loss of function observed from 75 oC and above (Figure 

4 (C)). To assess the optimum salt concentration for LysH1, cells of E. faecium were 

resuspended in endolysin-containing buffer at varying concentrations of NaCl (0 mM 

to 200 mM). The lytic activity of LysH1 was equal across all concentrations (Figure 4 

(D)). From these assays, we determined that LysH1 should be stored in a buffer of pH 

8 and 50 mM NaCl for optimum activity.  

Fluorescent Binding Assays of LysH1 CBD-GFP. 

To assign a function to the putative cell wall binding domain at the C-terminal of LysH1 

(LysH1 CBD), a hybrid GFP C-terminal domain was created (LysH1 CBD-GFP). 

Binding assays with LysH1 CBD-GFP were performed on a panel of strains (Figure 5 

(A)). The GFP-fusion protein was incubated with the test bacteria at a final 

concentration of 50 µg/mL for 45 minutes, shaking. The cells were harvested and 

washed three times to remove any unbound GFP. Binding was assessed by 

fluorescent microscopy. This assay confirmed that the C-terminal domain of LysH1 is 

involved in binding. Strains that had previously shown to be strongly acted upon by 

LysH1, E. faecium ATCC 700221 and R. gnavus JCM6515T are seen to be brightly 

decorated with GFP. LysH1 has only weak activity against E. faecium 374iF1, and this 

is reflected in a weaker binding assay. Cells of this strain show a low efficiency of 

binding, which indicates why activity is not as potent against this target. Strains that 

had shown no lysis in response to LysH1 treatment, E. faecalis OG1RF and S. aureus 

DSM 28766, did not display any fluorescence. 
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Figure 3. Lytic activity of LysH1 against E. faecium and R. gnavus. A) Turbidity 

reduction assay of LysH1 versus E. faecium ATCC 700221. B) Turbidity reduction 

assay of LysH1 versus R. gnavus JCM6515T. C) E. faecium ATCC 700221 growth 

curve in LysH1-containing media at varying concentrations. D) R. gnavus JCM6515T 

growth curve in LysH1-containing media at varying concentrations. E) Treatment of 

log phase culture E. faecium ATCC 700221 with LysH1. F) Treatment of log phase 

culture R. gnavus JCM6515T with LysH1. All assays had a negative control (Control) 

treatment of buffer alone.  
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Figure 4. Biochemical characterisation of LysH1. These graphs are based on a 

turbidity reduction method where E. faecium ATCC 700221 was treated with a final 

concentration of 100 µg/mL LysH1.  A) Control assay for pH against E. faecium ATCC 

700221. This was to test the lytic effect of pH against the strain in the absence of 

endolysin. B) The activity of LysH1 at a range of pHs. C) The activity of LysH1 after 

exposure to a range of temperatures. D) The activity of LysH1 in a range of salt 

concentrations.  

 

 

 

 

 



116 
  

 

 

 

Figure 5. Binding assays of LysH1-CBD-GFP. The GFP-fusion protein of LysH1 

CBD facilitated binding assays against a panel of strains. The purified protein was 

added to strains at a final concentration of 50 µg/mL. Fluorescent microscopy analysis 

showed that LysH1 binds with high affinity to strains with high lytic activity. Strains with 

weak lytic activity displayed reduced binding affinity.  
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The Effect of LysH1 on a Simplified Human Gut Community.  

A simplified human intestinal microbiota (SIHUMI) was established to assess the effect 

of endolysin treatment on the structure of a bacterial community. This community 

consists of seven strains – Escherichia coli LF82, E. faecalis OG1RF, 

Lactiplantibacillus plantarum WCFS1, Phocaeicola vulgatus DSM 1447, 

Bifidobacterium longum ATCC 15707, Faecalibacterium prausnitzii A2-165 and R. 

gnavus JCM6515T. The target strain for the LysH1 treatment is R. gnavus JCM6515T. 

Host range data has previously shown that LysH1 acts specifically against R. gnavus 

in this defined cohort.  

These strains were inoculated into the broth and allowed to grow for six hours 

before intervention with endolysin treatment. The consortium was split into a test group 

that received LysH1 at a concentration of 50 µg/mL and a control group that received 

the same volume of buffer. The culture mix was grown for up to 48 hours under strict 

anaerobic conditions. Samples of 1 mL were collected at set time points (0h, 6h, 24h, 

48h) for DNA extractions. Quantification of genome copies per mL of each member in 

the community was determined by qPCR with strain-specific primers (supplementary 

Table S2).  

The impact of LysH1 on the defined bacterial community can be seen in Figure 

6 (A) and (B). The bacteria community structure in the absence of endolysin is shown 

in Figure 6 (A). Here, we can see that the more dominant members of the SIHUMI, E. 

coli, E. faecalis and L. plantarum, proliferate relatively quickly. These dominant strains 

reach ~9 log genome copies per mL. B. longum, R. gnavus, F. prausnitzii and P. 

vulgatus rise at a slower rate and remain at lower levels (between ~ 4 – 6 log genome 

copies per mL). The order of the members remained stable for the 48-hour incubation 

period. The SIHUMI with endolysin treatment is displayed in Figure 6 (B). With 

treatment of LysH1 at the 6-hour timepoint, the community structure reflects that of the 

control group and remains stable for the duration of the incubation.  

To verify that LysH1 was active against R. gnavus JCM515T and that changes 

could be quantified by qPCR, a monoculture of R. gnavus was established in the same 

way as the SIHUMI. R gnavus monoculture was split into a control group and a test 

group at the 6-hour timepoint. The control was supplemented with buffer, and the test 

was treated with 50 µg/mL of LysH1 (Figure 6 (C)). The genome copy number per mL 
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of R. gnavus in a monoculture setting was higher than that of the levels seen in the 

SIHUMI, peaking at ~9 log genome copies in the control group. In the presence of 

LysH1, R. gnavus genome copy numbers do not increase – indicating that the growth 

of the bacterium was inhibited. It is clear that LysH1 effectively targets R. gnavus, but 

we do not observe an obvious change in numbers in the community setting. This may 

be a limitation of qPCR, as it does not differentiate between living and dead cells. Also, 

as R. gnavus exists as a less dominant member of the defined community, we may 

not be able to track cell death as the log number of copies does not reach as high a 

level as can be seen in the monoculture. Instead, the qPCR analysis may be showing 

us the log copy number that previously existed in the sample before the addition of 

lysin, and in a setting where the growth of R. gnavus is already suppressed, the lytic 

action of the lysin may not be visible.  
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Figure 6. Impact of LysH1 on a simplified gut community. A) SIHUMI consortium 

in the absence of endolysin. B) SIHUMI consortium with LysH1 added at T6, at a final 

concentration of 50 µg/mL. C) R. gnavus JCM6515T monoculture in the absence of 

endolysin, or with LysH1 added at T6, at a final concentration of 50 µg/mL.  
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Discussion 

The growing threat of antibiotic resistance means that the need for alternative 

therapeutics is of the utmost importance. E. faecium is associated with life-threatening 

infections such as bacteraemia and endocarditis. This microbe has evolved rapidly 

over the past decades to acquire resistance mechanisms to a range of antibiotics, 

making it a complicated bacterium to target [5]. R. gnavus is a bacterium that, in recent 

years, has been reported to have correlations with IBD. Blooms of R. gnavus in the 

gut of IBD patients have been linked with a flare-up of symptoms [42]. R. gnavus is 

sometimes targeted by antibiotics to control these flares. As IBD is a lifelong illness, 

the continued use of antibiotics for the management of symptoms could lead to a rise 

in resistance levels [25]. 

In this study, a new endolysin, LysH1, from E. faecium phage H1 was identified 

and cloned into E. coli for recombinant expression. Furthermore, the cell wall binding 

domain of this endolysin was functionally characterised through the use of a GFP-

hybrid version of the protein that exhibited strong binding to its target strains. LysH1 

was initially produced to target E. faecium. However, host range analysis of 65 strains 

revealed that the endolysin has cross-species activity targeting R. gnavus. 

Interestingly, LysH1 displayed more efficient lytic activity against this species. To 

assess the potential therapeutic applications of LysH1, we investigated its effect 

against R. gnavus in a simplified human gut consortium. Further analysis should be 

carried to confirm that LysH1 did not disrupt the community structure, but initial 

findings indicating that it has therapeutic potential for the management of IBD.  

Structural and in silico analysis of LysH1 revealed a two-domain structure 

consisting of an N-terminal catalytic domain with an N-acetylmuramoyl-L-alanine 

amidase mode of action and an uncharacterised C-terminal domain. To assign 

function to this previously uncharacterised domain, we created a truncated form of 

LysH1 comprising the C-terminal domain fused to a green fluorescent protein, LysH1 

CBD-GFP. Binding assays assessed by fluorescent microscopy confirmed that this 

domain was, in fact, the cell wall binding domain of LysH1. It was shown to bind 

specifically to bacteria that were shown to be targets for lytic activity. The authors of 

EfAmi1 lysin hypothesised that the C-terminal domain of the endolysin was involved 

in carbohydrate binding from in silico predictions [30]. However, this is the first 
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experimental evidence to functionally characterise the cell wall binding domain from 

an E. faecium phage endolysin.  

Assessing the lytic activity of LysH1 has led to a number of interesting 

observations. This lysin was initially isolated to target E. faecium. Host range analysis 

showed that activity towards E. faecium strains was very narrow – with lytic activity 

only recorded in four E. faecium strains of 39 tested. In these four strains, only one 

was lysed efficiently, ATCC 700221. E. faecium ATCC 700221 is a VRE strain positive 

for the plasmid-borne vanA-type resistance [43]. Binding assays with LysH1 CBD-GFP 

showed that LysH1 has strong binding to E. faecium ATCC 700221 but reduced 

binding to E. faecium 374iF1, which was only weakly lysed. This strongly suggests 

that the reason for having limited lytic activity of LysH1 against this strain is due to 

poor binding efficiency. Unlike other characterised E. faecium endolysins, LysH1 did 

not display any lytic activity against a panel of E. faecalis strains but had weak activity 

against E. durans. 

The lytic activity of LysH1 was further characterised against E. faecium ATCC 

700221 to assess the potential of LysH1 as a therapeutic for VRE infections. A turbidity 

reduction assay using inactivated E. faecium cells showed promising lytic action. The 

optical density of E. faecium cells was rapidly reduced. However, lytic activity against 

actively growing cells displayed a different pattern. In both a 1% inoculum of cells and 

log-phase culture, the density of cells rises to a certain level before lysis occurs. This 

is an unusual observation, but one such reason for this interesting pattern could be 

the structural similarities between LysH1 and autolysins. Foldseek analysis, which is 

based on 3D structure, reported that LysH1 had the greatest structural homology to 

autolysins of Staphylococcus and Streptococcus in its N-terminal domain. LytA is a 

major autolysin (and an amidase) of Streptococcus pneumoniae. It has been shown 

that the cell wall is only susceptible to extracellular LytA when cells reach the stationary 

phase or when wall synthesis is inhibited [44]. Growth profiles of S. pneumoniae in the 

presence of LytA resemble that of E. faecium in the presence of LysH1. Perhaps the 

lytic activity of LysH1 is similarly dependent on the growth phase, which is why we are 

seeing this unusual lysis pattern. It is also possible that the activity of LysH1 against 

E. faecium is simply not effective enough to kill the actively dividing bacteria. The 

antimicrobial action of LysH1 against E. faecium, while interesting, is not favourable 

for a potential therapeutic. When endolysin kill curve assays were completed, the wells 
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of the 96-well plate were streaked on fresh media to assess the survival of E. faecium 

post-treatment. This resulted in strong re-growth of the bacteria, highlighting that 

LysH1 (at least alone) may not be suitable for the management of E. faecium 

infections. Future work could be carried out to look for synergy between LysH1 and 

other antimicrobials to effectively target E. faecium. An example of such a strategy is 

the enterococcal lysin Ply2660 and its synergy with antimicrobial peptide cathelicidin 

LL-37 [45]. The combination of these antimicrobial agents against E. faecalis gave a 

greater bactericidal effect than either one alone. 

Endolysins are generally favoured for their specificity. However, we have 

demonstrated that LysH1 is an endolysin that has a lytic effect on its natural target E. 

faecium, acting on both antibiotic-sensitive E. faecium and vancomycin-resistant 

strains, but also has the ability to lyse R. gnavus. Other reported endolysins that target 

E. faecium have displayed extended host ranges, spanning species-specific to cross-

species activity. E. faecium endolysin LysEFm5 has lytic activity across a panel of 23 

E. faecium strains, but no antibacterial activity was detected against other species 

[31]. On the other hand, Endolysin Ply113, isolated from E. faecium phage, displayed 

varying levels of activity across E. faecium, E. faecalis, C. difficile and S. aureus [30]. 

Cross-species activity against Ruminococcus spp. has not previously been reported. 

In order to understand this cross-species activity, bioinformatic analysis was carried 

out to search for homology between LysH1 and other available database proteins. A 

sequence similarity network was generated that showed a number of Ruminococcus 

enzymes that had shared nucleotide level similarity to LysH1.  

From the panel of Ruminococcus strains tested, four strains of R. gnavus and 

one strain of R. torques were lysed by LysH1. The highest lytic activity was against R. 

gnavus JCM6515T. In vitro analysis allowed us to investigate this interaction further. 

The creation of purified LysH1 CBD-GFP facilitated binding assays that showed LysH1 

can bind with high efficiency to R. gnavus JCM6515T. Lytic activity tests with this strain 

were more promising than those of E. faecium strains. LysH1 displayed rapid and 

effective lytic activity against inactivated and log-phase cells. It also was efficient in 

the inhibition of growth. The MIC of LysH1 against R. gnavus JCM6515T was 

determined to be 1.5 µg/mL. These traits combined indicated that LysH1 could be a 

promising candidate for the management of R. gnavus JCM6515T. 
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Several studies have assessed the impact of endolysin application on 

microbiome structure [46] [47] [48]. To investigate the effect of LysH1 on a defined 

community, we established a simplified human intestinal microbiota (SIHUMI). The 

SIHUMI is a well-defined human microbiome consortium that has been used in 

previous studies as a simplified proxy for the gut microbiome [49] [50] [51]. This 

consortium of seven key gut members provided a simplified model for the activity of 

LysH1. Prior to setting up the community, the strains were tested individually for LysH1 

sensitivity. We established that LysH1 only had lytic activity against R. gnavus 

JCM6515T, but the assessment of activity in the community setting allowed us to 

investigate the population dynamics of specifically targeting one strain (Figure 6). As 

presented in the results section, LysH1 did not have an effect on population structure. 

However, we also did not see a change in the levels of R. gnavus genome copies in 

the test group versus the control group. This may be a limitation of qPCR, combined 

with the population dynamics of the SIHUMI. A 2023 study employed the SIHUMI as 

a model to test bacteriocin-producing strains [52]. In this study, the authors 

investigated antagonistic interactions between SIHUMI members. It was reported that 

R. gnavus was inhibited by the more dominant members of the mix, including E. coli, 

E. faecalis and L. plantarum. We hypothesise that there is no change in R. gnavus 

levels due to the strain already being suppressed by others in the population. When 

we tracked the log copy number of R. gnavus JCM6515T in a monoculture, we could 

see that LysH1 treatment can effectively inhibit the growth of the strain. 

The SIHUMI represents a “normal” human gut. As previously mentioned, the 

microbiome of IBD patients is different, with certain species like R. gnavus being over-

represented [20]. The transient blooms of R. gnavus correlate with increased 

inflammatory symptoms in patients. In our simplified intestinal consortium, LysH1 has 

been shown to not negatively affect population dynamics but can also control a high 

level of R. gnavus growth (as seen in a monoculture). LysH1 could, therefore, be a 

promising novel antimicrobial that could specifically target the blooms of R. gnavus 

growth observed in IBD patients. Currently, the management of IBD includes methods 

to control the microbial population. Metronidazole has been shown to improve disease 

activity in IBD patients, suggesting that the management of microbes through 

antimicrobials could play a role in therapy [53]. Probiotic therapy was assessed to 

prevent a flare-up of pouchitis. This is inflammation that occurs in the lining of a pouch 
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that is created during a total colectomy for the treatment of UC [22]. In a 2003 study, 

only 10% of patients treated with a probiotic preparation (VSL#3) had an episode of 

inflammation versus 40% of the group that received a placebo [54]. Studies such as 

these highlight the potential of microbiome modulation in the long-term management 

of IBD. Going forward, it would be interesting to investigate the effect of LysH1 on a 

more complex population. Faecal fermentations using samples from IBD patients 

would truly test the ability of this endolysin to act on blooms of R. gnavus with minimal 

collateral damage.   

When assessing the potential of a new therapeutic, it is important to ensure the 

drug is specifically targeting the microbe of choice. There is ample evidence 

documenting how broad-spectrum antimicrobials can have a range of off-target effects 

and disrupt the balance of the microbial community. Endolysins have been 

reinvestigated as therapeutics in recent years due to their specificity, lack of resistance 

mechanisms and fast-acting nature [55]. However, while LysH1 was isolated for the 

eradication of E. faecium, this study suggests it may in fact be more effective as a tool 

to control R. gnavus, another member of the human gut microbiome. While this trait 

has proven to be advantageous for this study, it does signify the importance of 

assessing therapeutic candidates against a wide range of microbes before proceeding 

with drug development.  
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Materials and Methods 

In silico Analysis of LysH1. 

Homology searches were performed for LysH1 in HHpred [35] and InterPro Scan [34]. 

Multiple sequence alignments were generated by MAFFT taking the top 20 hits of the 

sequence similarity network. This alignment was visualised using the SeaView4 

software. For structural analysis of endolysins and cell wall binding domains, 

AlphaFold v2.3.1 was used to predict the structures with the settings “--

enable_gpu_relax=true --model_preset=monomer --use_gpu=true” [37]. Resulting 

PDB files were visualised using PyMOL.  

Enzyme Function Initiative-Enzyme Similarity Tool (EFI-EST) was used to 

create a sequence similarity network (SSN) [56]. LysH1 was blasted vs UniProt DB 

with an E-value of 1e-05 with maximum sequence length of 750. The full network was 

downloaded and visualised in Cytoscape v3.10.1 with the “perfuse force directed 

layout” on the %ID value. Taxonomy was appended to each protein using TaxonomizR 

v0.10.5 and R4.3.0 to pull taxonomic ranks from NCBI. 

Bacterial Strains and Growth Conditions. 

All strains used in this study were stored at -80 oC. Enterococcus strains were cultured 

in Tryptic Soy Broth (TSB) (Merck). R. gnavus strains were cultured in anaerobe basal 

broth (ABB) (Oxoid). Escherichia coli strains used for cloning were grown in Laura-

Bertani (LB) broth (Fischer Scientific), supplemented with 50 µg/mL Kanamycin 

(Sigma Aldrich) for maintenance of plasmids. Enterococcus faecium 374iF1 was 

isolated in the lab from healthy human faecal samples. The remaining strains were 

obtained from the APC Culture Collection (Moorepark, Fermoy, Co. Cork, Ireland). 

Vancomycin-resistant Enterococcus strains were isolated and obtained from Cork 

University Hospital. All aerobic strains were cultivated by incubating at 37 oC, and 

shaking at 150 rpm, while anaerobic strains were grown at 37 oC under strict anaerobic 

conditions (Type A vinyl anaerobic chamber, Coy Labs). 

PCR to assess the presence of VanA or VanB resistance genes in enterococcal 

strains was carried out using MyTaqTM Red Mix (Bioline) with primers adapted from 

Domingo et al, 2005 [57]. The primer sequences are as follows: VanA (F – 
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AATAGCGCGGACGAATTGGAC, R – AACGCGGCACTGTTTCCCAA) and VanB (F 

– CTTAACGCTGCGATAGAAGC, R – CTGATGGATGCGGAAGATAC).  

The simplified gut consortium was cultured in a modified Brain Heart Infusion 

(Oxoid) medium with the addition of 0.5% yeast extract, 5 mg/L hemin (Sigma–

Aldrich), 1 mg/ml cellobiose (Sigma–Aldrich), 1 mg/ml maltose (Sigma–Aldrich), and 

0.5 mg/ml L-cysteine (Sigma–Aldrich) – LYHBHI as described by Soko et al, 2008 [58]. 

The strains used in this community included E. coli LF82, E. 

faecalis OG1RF, Lactiplantibacillus plantarum WCFS1, Faecalibacterium 

prausnitzii A2-165, Phocaeicola vulgatus DSM1447 and R. gnavus JCM6515T. 

Cloning of Endolysin and Cell Wall Binding Domain. 

Putative lysin genes in the phage genome were identified using BLASTP from NCBI 

[59]. The amino acid sequence of this putative lysin, LysH1, was further analysed 

using InterProScan [60] and HHpred [61]. The endolysins isolated in this study can be 

found at GenBank, accession number UYE92572.1 The whole lysin gene was 

amplified from a phage lysate of E. faecium phage H1. The authors would like to note 

that, unfortunately, the lysate of this phage was lost in storage, and as a consequence, 

we are no longer in possession of this phage. Amplification was carried out with KOD 

Hot Start DNA Polymerase (Merck). The primers used for amplification of LysH1 are 

as follows with restriction sites underlined: forward primer 5’-

GTGCTCGAGttataatctataagttccccacag–3’, reverse primer 5’–

GGATCCGatgactcgtttttataa – 3’ . The PCR products were cleaned and concentrated 

using Zymo Research Clean and Concentrate DNA Kit (Zymo Research). The PCR 

product and the plasmid pET28b(+) were digested using restriction enzymes XhoI and 

BamHI (Thermo Scientific) and ligated with T4 ligase (Rapid Ligation Kit, Thermo 

Scientific) to create the construct pET28b(+ )LysH1. This construct contained the lysin 

gene LysH1 with 6xHis-tags attached at the N-terminal of the protein. The construct 

was introduced into One Shot Top10 chemically competent cells (Invitrogen). 

Transformants were screened for positive clones, which were propagated for plasmid 

extractions. Extracted plasmids positive for the insert were introduced into One Shot 

BL21(DE3) chemically competent cells (Invitrogen) for protein expression. Sanger 

sequencing confirmed the integrity of the construct pET28b(+) LysH1.  
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Cell wall binding domain GFP constructs were created using NZYEasy Cloning 

& Expression Kit IX (NZYtech), which created a construct in plasmid pHTP9 that 

contains GFP as a fusion tag. This construct was introduced into E. coli Trans-alpha 

competent cells. Transformants were screened for positive clones, which were 

propagated for plasmid extractions. Extracted plasmids positive for the insert were 

introduced into One Shot BL21(DE3) chemically competent cells (Invitrogen) for 

protein expression. Sanger sequencing confirmed the integrity of the construct.  

Recombinant Expression and Purification . 

E. coli BL21(DE3) cells containing each of the constructs were overexpressed in the 

following manner. Three litres of cells were prepared in LB broth supplemented with 

50 µg/mL kanamycin and incubated at 37 oC at 150 rpm shaking. Cells were grown to 

an OD 0.6 and expression was induced by the addition of 1 mM final concentration 

IPTG (Sigma Aldrich). Cultures were left to shake overnight at room temperature and 

were harvested the following day. Cells were pelleted at 4,000 xg for 30 minutes. Cell 

pellets were lysed using sonication on ice, pelleted again by centrifugation and the 

supernatant was extracted for protein purification.  

Purification of proteins was facilitated by the Akta Start Purification System 

(Cytiva), using the Talon Crude Purification 5mL columns (Cytiva). Purification 

fractions were assessed for quality and purity by SDS-PAGE (4-12% gradient gel) and 

imaged with iBright500. Fractions containing the protein of interest were pooled, 

resuspended in a final concentration of 20% glycerol, and stored at -20 oC for short-

term storage, and -80oC for extended storage. 

Lytic Activity of LysH1. 

The lytic abilities of LysH1 were assessed by host range analysis, turbidity reduction 

assays, kill curves and counts to assess log reduction of bacteria after exposure to 

lysin. 

To determine the host range of LysH1, 100 µL of an overnight culture was 

added to 4 mL of growth medium containing 0.4% agarose and poured over an agar 

plate of 1.5% solid agarose. The overlay was left to set and a 10 µL spot of the purified 

lysin was spotted on the solidified agar. The plate was incubated overnight at 37 oC 

and checked the following day for evidence of lytic activity. An exception to this method 
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of assessing lytic activity was F. prausnitzii, as it does not grow well in semi-solid agar. 

For this strain 200µL of an overnight culture was spun down at 3,000 x g for 5 minutes 

and the cell pellet was washed three times with PBS. Activity was assessed by adding 

20 µL of purified protein or buffer to 180 µL of cells, and observing a reduction in optical 

density of the cells versus the control.  

Turbidity reduction assays were performed to assess lytic activity of LysH1 

against E. faecium 374iF1, E. faecium ATCC 700221 and R. gnavus JCM6515T. A 

culture of the test strain was grown in liquid medium to an OD600 of ~ 1.0. Aerobic cells 

were heat-inactivated, and anaerobic cells were inactivated by exposure to oxygen. 

The cells were pelleted by centrifugation at 3000 x g for 5 minutes. The cell pellet was 

washed three times in PBS before being resuspended to an OD600 of 0.8. A 96-well 

plate was prepared to 200 µL final volume of cell suspension with the addition of 100 

µg/mL purified LysH1, or a negative control of buffer. Changes in optical density were 

recorded every 5 minutes over the course of 2 hours at 37 oC using a microplate reader 

(Thermo Fischer). 

Kill curves of LysH1 were performed for E. faecium ATCC 700221 and R. 

gnavus JCM6515T. Cells were sub-cultured from overnight cultures into fresh media 

at 1% inoculum. In a 96-well plate, a 1% inoculum of cells was treated with purified 

lysin at various concentrations (100, 50, 25, 12.5 µg/mL)  or control buffer. Plates were 

incubated in a microplate reader (Thermo Fischer) at 37 oC aerobically/anaerobically 

for up to 48 hours. Changes in optical density were recorded every 30 minutes at a 

wavelength of 595nm. For treatment of log-phase bacteria, a similar method was 

employed with a culture that was grown to an OD600 of 0.6.  

Binding Assays and Fluorescent Microscopy. 

The binding of LysH1 CBD to a panel of strains was demonstrated through the 

following methods. Overnight cultures of bacterial candidates were prepared. Cells 

were harvested by centrifugation at 3,000 xg for 5 minutes. Cells were washed 3 times 

in PBS (phosphate-buffered saline) and resuspended to an OD600 of 0.6. 200 µL cells 

were combined with a final concentration of 100 µg/mL of purified protein, and shaken 

at 200 rpm at room temperature for 45 minutes. This cell suspension was also 

harvested by centrifugation at 3,000 xg for 5 minutes and washed three times in PBS 

to remove unbound protein. Cells were resuspended to a volume of 200 µL, and 10 
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µL was added to a microscope slide, dried, and secured with a coverslip. For 

fluorescent microscopy, cells were viewed with a Zeiss Confocal Microscope at 63X 

magnification and excited with a green, fluorescent laser at 458 nm.   

Analysis of Endolysin Treatment in a Simplified Gut Consortium by 

Quantitative Real-Time PCR. 

The effect of LysH1 targeting R. gnavus in a simplified community was 

assessed by quantitative real-time PCR (qPCR) as previously described [52]. Each 

bacterial strain was grown in 10 mL of pre-reduced LYHBHI broth from a single colony, 

and incubated overnight at 37 oC under strict anaerobic conditions. The next day 

optical density was recorded by spectrophotometry (Biowave WPA CO8000, Avantor). 

The OD of each culture was standardized to 1. 10 µL of each normalised suspension 

was used to inoculate 10 ml of LYHBHI. 1 ml samples were taken at set time points 

(0, 6, 24, and 48 h post-inoculation). Samples were centrifuged at 8,000 x g for 4 min 

to separate the cell pellet from the supernatant. The pellets were stored at -20°C until 

needed for DNA extractions. Thawed cell pellets were used later for total genomic 

DNA (gDNA) extraction using the GenElute Bacterial Genomic DNA Kit (Sigma 

Aldrich) as per the kit instructions with a final elution volume of 200 µL per sample. 

Selective species-specific primers for each were used for their detection by 

qPCR within the simplified community (Table S2). Primer specificity was assessed by 

PCR. qPCR was performed in 96-well plates using the QuantStudio™ 5 Real-Time 

PCR instrument (Applied Biosystems, Thermo Fisher Scientific). Each reaction was 

carried out in 20 μL volumes containing 1 × SYBR ChamQ Universal SYBR qPCR 

Master Mix (Generon), 0.4 μM of each primer (forward and reverse), and 1 μL of 

gDNA. The thermocycling protocol consisted of initial denaturation at 95°C for 2 min, 

followed by 45 cycles of 95°C for 15 s, 60°C for 15 s and 72°C for 15 s. Standard 

curves for each bacterial strain were included in every assay plate, along with negative 

controls. The mass of each chromosome (one genome copy) was calculated by 

multiplying each genome size (bp) by 1.096 × 10−12 (average Molecular Weight of 1 bp 

in ng). Standard curves for each strain were prepared so that the highest concentration 

is 3 × 106 copies /µL. Ten-fold serial dilutions were made from this stock to create a 

series of standards. One µL of each dilution was used as a template in the qPCR 

reaction to measure the cycle threshold value (Ct). The Ct values were plotted as a 
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function of the number of copies /µL to obtain the standard curves for each strain. 

Genome copy numbers of individual strains in the extracted gDNA from the mixed 

SIHUMI culture at each time point were calculated as copies/µL based on the 

measured Ct values. The number of copies/ml was estimated by multiplying the 

copies/µL by 200 (final elution volume of gDNA extracted from 1 ml of culture sample). 

Results were visualised using GraphPad Prism software. 
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Supplementary Materials 

 

 

 

Figure S1. Structural analysis of LysH1 with secondary structure highlighted.  
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Figure S2. Multiple sequence alignment of pBLAST results for LysH1. Visualised with 

SeaView4. 
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Figure S3. Protein purification with Akta Start affinity chromatography. A) 

Chromatogram of purification of LysH1. B) SDS gel to show fractions of purification 

process.  
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Figure S4. A) Turbidity reduction assay of LysH1 versus E. faecium 374IF1. Dead 

cells treated with LysH1 at varying final concentrations, incubated for 120 minutes at 

37 oC. B) E. faecium 374IF1 growth in LysH1-containing media at varying 

concentrations. Cells were inoculated at 1% and incubated for 24 hours at 37 oC.  
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Table S1. PCR to check for VanA or VanB genes in a panel of strains of E. faecium 

and E. faecalis.  

 

 

  

Species Strain Source/HPA Number VanA / VanB Gene 
Amplification 

E. faecium APC 1025 EC251 VanA 

APC 1026 EC289 VanA 

APC 1027 EC292 VanA 

APC 1028 EC295 VanA 

APC 1029  EC300 VanA 

APC 1030  EC357 VanA 

APC 1031 EC520 VanB 

APC 1032 EC533 VanA 

APC 1033 EC537 VanA 

APC 1035 EC548 VanA 

APC 1037 EC571 Negative 

APC 1038 EC587 VanA 

APC 1044 EC748 VanA 

ATCC700221 Orla-Jensen Type Strain  VanA 

YCFA_942_30 Lab Isolate Negative 

FAA_942_10 Lab Isolate Negative 

MRS_932_37 Lab Isolate VanA 

918H1 Lab Isolate Negative 

374iF1 Lab Isolate Negative 

DOTX16  Lab Isolate Negative 

E. faecalis APC 1039 EC618 VanA 

V583 Lab Isolate VanB 

APC 1039  EC618 VanA 

APC 1040 EC655 VanA 
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Figure S5. AlphaFold structural prediction for LysH1-CBD fused with green 

fluorescent  protein (GFP). GFP in green, CBD domain in pink.  
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Table S2. Strain-specific primers used for qPCR. 

 

  

Target Strain Oligonucleotide Sequence (5’ to 3’) Reference 

E. faecalis OG1RF F: ACGGAGATTGTCACGCTTAGT  

R: TCGGCATTATCTGGGTGGTC 

(Buttimer  

et al. 2022) 

E. coli LF82 F: CGGGTGTTGTCCTAACTGCT  

R: CGAGTGGTCATTGGCCTCAT 

(Buttimer  

et al. 2022)  

R. gnavus ATCC 29149 F: GCGTGCTTGTATTCCGGATG  

R: GCCTGAACAGTTGCTTTCGG  

(Guerin et  

al. 2021)  

F. prausnitzii A2-165  

 

F: TATTGCACAATGGGGGAAAC  

R: CAACAGGAGTTTACAATCCGAAG 

(Lengfelder  

et al. 2019)  

P. vulgatus  

 

DSM1447  

 

F: AAGCAGCAGGGAAATGTGGA  

R: CTTTCCTTACTTGCGCGTCG 

(Buttimer  

et al. 2022)  

L. plantarum  

 

WCFS1 F: CGAAGAAGTGCATCGGAAAC  

R: TCACCGCTACACATGGAGTT 

(Lengfelder  

et al. 2019) 

B. longum ATCC15707 F: GAGGCGATGGTCTGGAAGTT  

R: CCACATCGCCGAGAAGATTC 

(Lawley et  

al. 2017) 

C. difficile VPI 10463 F: AAGCAGTAACAGTAGCAGTAGAA  

R: ATTTTCCAACTTCTTCATCACCA 

(Kohler et  

al. 2022) 
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Abstract 

The issue of antimicrobial resistance (AMR) is a pressing concern, necessitating the 

discovery of new antimicrobials to combat resistant microbes. Endolysins are phage-

encoded peptidoglycan hydrolases that are being explored as potential alternatives or 

adjuncts to antibiotics due to their efficacy, rapid action, and potential for genetic 

engineering. The reported lack of resistance development is another advantage. 

Numerous studies have identified viable endolysin candidates for treating various 

infections. In this study, we isolated endolysins that could target Ruminococcus 

gnavus, a commensal gut bacterium associated with inflammatory bowel disease 

(IBD). Five novel endolysins-encoding genes were successfully cloned and 

recombinantly expressed and one was selected for further testing (LysIBDN1). All of 

the endolysins initially demonstrated effectiveness against R. gnavus, but subsequent 

analysis revealed the emergence of endolysin-resistant mutants. The mutant strains 

all demonstrated significant fitness costs of resistance. Mutant strains were isolated 

and characterised, and their genomes were sequenced. This revealed a series of 

SNPs, deletions and insertions in genes associated with metabolism, transport, and 

the stringent stress response. The use of green fluorescent protein (GFP) fused to the 

endolysin cell wall binding domain demonstrated a reduction in the binding efficiency 

of LysIBDN1 to the mutants, providing insights into the mechanisms of endolysin 

resistance.  
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Introduction  

Ruminococcus gnavus is a gram-positive, strictly anaerobic bacterium of the family 

Lachnospiraceae in the phylum Bacillota. In 2018, the species was reassigned as 

Mediterraneibacter gnavus was introduced to avoid confusion with a different genus 

Ruminococcus, now part of the family Ruminococcaceae. But since the old name 

remains a validly published homotypic synonym, for the purpose of this study, we will 

continue to refer to the bacterium as R. gnavus [1]. It is a gut commensal that is found 

in the digestive tract of over 90% of humans [2]. In recent years, several studies have 

associated increased levels of R. gnavus with gut diseases such as inflammatory 

bowel disease (IBD), particularly Crohn’s disease.  

IBD is an umbrella term for Crohn’s disease and Ulcerative Colitis (UC). IBD is 

characterised by chronic digestive tract inflammation with periods of remission. 

Symptoms of Crohn’s disease include abdominal pain, diarrhoea, weight loss, fever, 

the passing of blood or mucus, and clinical obstruction of the bowels [3]. As of 2021, 

1.3 million people in Europe are estimated to be affected by IBD, which equates to 

about 0.2% of the total population [4]. IBD is not currently curable, and treatment 

instead aims to manage symptoms and flare-ups through the use of corticosteroids, 

aminosalicylates, antibiotics, and immunosuppressive drugs [5]. Management of 

inflammation includes using proinflammatory cytokine tumour necrosis factor-α (TNF-

α) inhibitors [6]. If drug treatments do not improve the quality of life for patients, surgery 

can be implemented to remove affected portions of the digestive tract. The NHS has 

reported that up to 75% of patients will need surgery to repair damage to their 

gastrointestinal tract and treat complications of Crohn’s disease [7]. 

The exact cause of IBD is not fully established, but it is thought to be a 

combination of genetic factors, and environmental triggers, and a role has been 

suggested for commensal gut bacteria. Risk factors for the development of IBD include 

antibiotic exposure, method of birth, breastfeeding, and diet. [8]. A healthy human gut 

microbiome is a complex community of microorganisms that interact with each other 

and with their host. When the microbiome is disrupted, it can result in a disease state 

such as IBD. A study investigating the composition of the microbiota of Crohn’s 

disease patients and their unaffected relatives concluded that patients have a lower 

abundance of Bifidobacterium, a specific Clostridium cluster XIVa, Dialister invisus, 
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and Faecalibacterium prausnitzii, together with a significant increase in R. gnavus [9]. 

This disrupted state existed in IBD patients alone, despite sharing a genetic 

background and dietary habits with their unaffected relatives. A more recent study has 

carried out metagenomic sequencing of stool samples from IBD patients and also 

reported a significantly higher abundance of R. gnavus [10]. Interestingly, this study 

also detected substantial blooms in R. gnavus levels that coincided with disease flare-

ups in patients. Certain strains of R. gnavus (including strain JM6515T that was used 

as a target strain for this study) are capable of using host mucin glycans as their energy 

source, and so these blooms could potentially result in damage to the gut epithelial 

mucous barrier [11]. R. gnavus has also been characterised as producing an 

inflammatory polysaccharide. This consists of a complex glucorhamnan 

polysaccharide with a rhamnose backbone and glucose side chains. A 2019 study has 

suggested that this polysaccharide induces an immune reaction that produces 

inflammatory cytokine tumour necrosis factor-alpha (TNF-α), often associated with 

disease severity in IBD [12]. This further supports a link between R. gnavus and IBD.  

Due to these associations, targeting the bacterium with antimicrobials may be 

a potential treatment option for Crohn’s disease. Antibiotics such as metronidazole 

and ciprofloxacin are commonly used for the management of Crohn’s disease. 

However, it is well-documented that antimicrobial resistance (AMR) is a global health 

emergency: the Centre for Disease Control (CDC) states that if no new antibiotics are 

made available by the year 2050, it is estimated that 10 million deaths will occur per 

year by bacterial infections [13]. Using antibiotics for the management of lifelong 

diseases, such as IBD, could exacerbate resistance levels and increase the threat of 

AMR. There has been a rise in the number of studies investigating alternative 

approaches to antibiotics such as bacteriophage (phage) therapy. For example, a 

2022 publication documented the use of a phage consortium to suppress intestinal 

inflammation caused by IBD-associated bacteria [14]. This study focused on Klebsiella 

pneumoniae and used a cocktail of five phages to achieve immune suppression. 

Phage endolysins have gained much traction recently as a promising 

alternative to traditional antibiotics. They are classed as phage-encoded 

peptidoglycan hydrolases and are generally comprised of a two-domain modular 

structure consisting of an enzymatically active domain (EAD) and a cell wall binding 

domain (CBD). They are encoded in the phage genome and are involved in the phage 
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replication cycle. Endolysins, paired with a second protein known as a holin, are 

produced within the host bacterial cell during phage replication and assembly until they 

reach a specific level that allows them to degrade the cell wall of the bacteria. This 

ultimately disrupts the integrity of the cell wall, leading to lysis and release of phage 

progeny into the surrounding environment. This “lysis from within” can be harnessed 

as a therapeutic by adding endolysins exogenously to gram-positive cells and 

achieving the same cell lysis event through “lysis from without”. Endolysins have been 

reported to be desirable next-generation antimicrobials due to their specificity, mode 

of action, and a reported lack of resistance mechanisms [15].  

In this study, we present the isolation and characterisation of five novel 

endolysins targeting R. gnavus. These endolysins were identified in the genomes of 

novel R. gnavus phages, which have been reported by Buttimer et al. [16]. These 

phages were isolated from human faecal and environmental samples, and genome 

analysis revealed they had a temperate lifestyle. The phages were reported to lyse 

their bacterial targets in classical broth culture assays; however, when applied to an 

in vivo setting in a mouse trial, the phages co-existed with their target bacterium and 

did not cause a significant reduction in levels of R. gnavus. These findings confirm that 

the phages isolated in this study were not suitable candidates to be brought forward 

for phage therapy of IBD patients. Despite this setback, we aimed to target R. gnavus 

through the recombinant expression of their endolysins.  

While the endolysins investigated here were lytic for the bacterium, we 

observed the regrowth of R. gnavus in the presence of endolysin. It was determined 

that these were endolysin-resistant mutants of R. gnavus JCM6515T. Genomic 

analysis of these strains revealed a number of single nucleotide polymorphisms 

(SNPs), insertions and deletions in the genomes of these mutant strains. To our 

knowledge, this is the first instance of endolysins targeting R. gnavus to be reported 

in the literature and the first characterisation of endolysin-resistant mutants arising 

from a single exposure. 
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Results  

We followed a set of experimental steps to isolate biologically active endolysins from 

R. gnavus phages, characterise their antimicrobial activity and investigate the resistant 

mutants of R. gnavus that emerged during this characterisation (Figure 1). Endolysin 

genes were bioinformatically identified in the genomes of the previously mentioned R. 

gnavus phages. All five endolysin genes were cloned into expression vectors for 

recombinant protein expression. In addition, the CBD domain of LysIBDN1 was 

expressed as a GFP-fusion protein to allow us to functionally characterise this novel 

domain. Lytic activity tests with all five endolysins gave rise to an initial kill, followed 

by a phenomenon of re-growth of R. gnavus in the presence of endolysin. These 

apparently resistant colonies were picked and purified. The purified colonies were sent 

for whole genome sequencing (WGS), along with the wild-type strain. The sequencing 

results identify single nucleotide polymorphisms (SNPs), insertions and deletions in 

several genes. 

In Silico and Structural Analysis of Endolysin Genes. 

The genomes of five lysogenic R. gnavus phages φRg507T2/2, φRg507T2/3, 

φRg519T2, φRgPS6, φRgIBDN1 (accession numbers MT980836, MT980837, 

MT980838, MT980839, MT980840, respectively) were compared by employing 

BLASTp and visualised with GGgenomes (Figure 2A). All five phage genomes 

encode an endolysin, all with an N-acetylmuramoyl-L-alanine amidase active domain 

as predicted by InterPro. The exact classification of these N-acetylmuramoyl-L-alanine 

amidases splits them into two protein families. The endolysins from φRg507T2/2, 

φRg519T2, φRgPS6, and φRgIBDN1 belong to IPR002508 – Amidase Type 2, 

whereas the endolysin from φRg507T2/3 belongs to IPR002502 – Amidase Type 3. 

InterPro was also used to assign functional domains to the endolysins. All endolysins 

possess a Zinc-dependent N-terminal catalytic domain. HHpred analysis was also 

employed to assign domain functions [17]. The endolysin from φRg507T2/3 displayed 

a C-terminal domain comprising three ChW Clostridial hydrophobic repeats (SMART 

accession number SM00728). The four remaining endolysins showed C-terminal 

domains of endolysins of Enterococcus phages IMEEF1 (PDB 6IST) and M1EF22 

(PDB 7D55).  
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The similarity between the five endolysins was further assessed by amino acid 

multiple sequence alignments. Alignments showed that enzymes in family IPR002508 

had significant similarity (>95%) to each other but were dissimilar to the endolysin from 

φRg507T2/3 (Figure 2B). 

AlphaFold2 was used to predict the tertiary structure of the endolysins [18]. 

Structural analysis was carried out on the endolysin from φRgIBDN1 (LysIBDN1) as a 

representative of protein family IPR002508 and φRg507T2/3 (Lys3-1) as a 

representative of protein family IPR002502, using AlphaFold v2.3 and visualised with 

PyMOL [19]. Each model produced a per-residue confidence score (pLDDT) (Figure 

2C and 2D). Both proteins displayed a 2-domain structure of high confidence, with a 

linker region connecting them. The N-terminal enzymatically active domain of Lys3-1 

consists of five α-helices whereas the C-terminal binding domain is comprised of three 

anti-parallel β-sheets. The N-terminal residue of LysIBDN1 comprises five α-helices 

and its C-terminal comprises two antiparallel β-sheets flanked by an α-helix at both 

sides. Secondary structure predictions are visualised in supplementary material 

Figure S1.  
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Figure 1. Schematic overview of the experimental steps to investigate the emergence 

of resistant mutants to R. gnavus in response to endolysin treatment.  
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Figure 2. In silico analysis of endolysin genes. A) Genomes of R. gnavus lysogenic 

phages compared by BLASTp and visualised using gggenomes. B) Multiple sequence 

alignment of R. gnavus endolysin genes, amino acid sequence alignments produced 

with Clustal Omega and visualised using SeaView4. C) Structural analysis of 

LysIBDN1 carried out with AlphaFold and visualised with PyMOL. D) Structural 

analysis of Lys3-1 carried out with AlphaFold2 and visualised with PyMOL. 
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Cloning, Expression, and Purification of Endolysins.    

Endolysin genes were PCR-amplified and cloned into E. coli expression vectors 

(Table S1). The complete endolysins ranged from 267 – 342 amino acids in size, with 

weights ranging from 28.81 – 36.03 kDa, including 6xHis-tags for subsequent 

purification. The amplicons were cloned into the pQE30 expression vector with the 

exception of Lys3-1. This was because Lys3-1 displayed solubility issues, resulting in 

low yields when expressed in pQE30, but this was improved with a change of cell line. 

Endolysin genes cloned in the pQE30 vector were introduced into E. coli M15 [pRep4], 

whereas Lys3-1 in pET28b(+) was introduced into E. coli BL21(DE3). After 

transformation the 6xHis-tagged endolysins were purified by metal-affinity 

chromatography and elution fractions were verified with SDS-PAGE (4-12% 

polyacrylamide gradient) to confirm the expression of soluble endolysins (Figure 3A). 

Large-scale expression (3L preparations) of endolysins Lys3-1 and LysIBDN1 were 

carried out, and recombinant 6xHis-tagged proteins were purified using the ÄKTA start 

protein purification system. The supplementary material shows an example of a 

resulting chromatogram from the purification of LysIBDN1 (Figure S3).  

Lytic Activity of Endolysins. 

To demonstrate that the recombinantly produced, purified endolysins retained their 

predicted activity after the purification process, spots of each lysin were applied to a 

lawn of R. gnavus (Figure 3B), where each gave a distinct zone in the target overlay.  

Antimicrobial activity was tested against a panel of strains to determine the 

spectrum of activity of the R. gnavus endolysins (Table 1). The lysins were primarily 

specific to strains of R. gnavus, but with some exceptions. Lys3-1 had the highest 

specificity, with the only off-target effect being observed as weak activity against 

Clostridium scindens. The remaining lysins gave stronger activity against C. scindens. 

LysPS6 had reduced activity against the strain R. gnavus PS/160, which, interestingly, 

is the strain from which its parental phage was isolated. Lys519 and LysIBDN1 had a 

second off-target effect, with activity against Faecalibacterium prausnitzii 918/95B.  

For further activity assays, LysIBDN1 was chosen to be characterised as a 

potential antimicrobial for R. gnavus. This was due to its efficiency of recombinant 

production and its strong lytic activity on plates. To quantify the lytic activity of 

LysIBDN1, turbidity reduction assays (TRA) and killing curves were performed on R. 
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gnavus JCM6515T. For the TRA against inactivated cells, LysIBDN1 caused a 

decrease in optical density (OD595), with the reduction occurring in the first ten minutes 

(Figure 4A). This confirmed the rapid action of the endolysin against the target strain. 

However, an unusual trend was observed when the antimicrobial activity was tested 

against live cells in an actively growing culture. Up to 10 – 20 hours following exposure 

(depending on the concentration of lysin used), the growth of R. gnavus was 

suppressed. From this point onwards, a recurrence of growth was observed (Figure 

4B).  

To investigate this observation further, we isolated individual colonies that could 

grow in the presence of endolysin. This was achieved by inoculating semi-solid 

anaerobe basal agar containing 50 µg/ml endolysin (0.4% agarose) with R. gnavus 

JCM6515T and LysIBDN1 at concentrations ranging from 12.5 – 100 µg/mL. These 

plates were stored anaerobically for up to 72 hours at 37 oC. As individual colonies 

appeared in the agar, they were picked and purified in the continued presence of 

endolysin. The frequency of endolysin-resistant mutants occurs at 10-5. The identity of 

these endolysin-resistant colonies was confirmed by PCR with R. gnavus-specific 

primers and 16S rRNA Sanger Sequencing. The specific primers (Table S3) were 

designed by Guerin et al. and have an amplicon size of 115 bp [20]. The results are 

included in the supplementary materials (Figure S4).  
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Figure 3.  Expression and purification of endolysins. A) Protein expression, crude 

E. coli lysates of endolysins and their respective purification products, visualised by 

SDS-PAGE. Purified endolysins are indicated by the white arrows. B) Spot assays (10 

µL, 600 µg/mL) of each purified protein against R. gnavus JCM6515T. Proteins are 

displayed the following order: Lys3-1, LysIBDN1, Lys2-1, Lys519, LysPS6. The spot 

assays are also in the following order: Lys3-1, LysIBDN1, Lys2-1, Lys519, LysPS6.  
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Table 1. The spectrum of activity of R. gnavus endolysins targeting a panel of 

relevant strains. “+” indicates the observation of lysis, “+/-“ indicates the observation 

of weak lysis or hazy zones, and “-“ indicates no lysis.  

 

 

 

 Species Strain Lys3-1 Lys2-1 LysPS6 Lys519 LysIBDN1 

R. gnavus CCUG 54531  + + + + + 

CCUG 57208 + + + + + 

CCUG 57137 + + + + + 

CCUG 52279 + + + + + 

JCM6515T + + + + + 

PS/160 + + +/- + + 

Faecalibacterium  

prausnitzii 

918/95B - - - +/- +/- 

922/41-1 - - - - - 

DSM 17677 - - - - - 

Anaerostipes hadrus 942/1 - - - - - 

Agathobacter 

rectalis 

17629 - - - - - 

Parabacteroides 

distasonis 

DSM 20701 - - - - - 

Bacteroides 

intestinalis 

919/174 - - - - - 

Clostridium scindens DSM 5676 +/- + + + + 

Bifidobacterium 

breve 

UCC2003 - - - - - 

Bifidobacterium 

longum 

44B - - - - - 

Enterococcus 

faecalis  

OG1RF - - - - - 

Enterococcus 

faecium 

ATCC 700221 - - - - - 

Ruminococcus 

gauvreauii 

DSM 19829 - - - - - 

Ruminococcus 

champanellensis 

DSM 18848 - - - - - 

Blautia producta DSM 2950 - - - - - 

Lactiplantibacillus 

plantarum 

WCSF1 - - - - - 
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Figure 4. In vitro analysis of the effect of LysIBDN1 on R. gnavus JCM6515T. A) 

Turbidity reduction assay of LysIBDN1 vs R. gnavus, with endolysin added to a final 

concentration of 100 µg/mL. B) Killing curve of LysIBDN1 at varying concentrations. 

C) Growth curve of isolated mutant ER5 from LysIBDN1 versus the growth of wild-type 

R. gnavus. D) Kill curve of mutant R. gnavus ER5 versus LysIBDN1 at varying final 

concentrations. E) Spot assays of LysIBDN1 on R. gnavus WT and resistant mutant 

ER5, respectively. F) Spot assays of phiRgIBDN1 on R. gnavus WT and a resistant 

mutant, respectively. 
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Characterisation of R. gnavus Mutants. 

Once it was established that the regrowth of bacteria observed in the endolysin kill 

curves was not due to contamination but to the emergence of resistant R. gnavus (ER), 

we endeavoured to characterise these mutants and understand the underlying 

mechanism(s).  

The growth of wild-type (WT) R. gnavus JCM6515T was compared against 

endolysin resistant mutant 5 (ER5) that arose during treatment with LysIBDN1 (Figure 

4C). In the absence of endolysin, the WT strain grew normally, reaching an OD595 of 

0.4 to 0.6 after approximately 12 hours of incubation. Also, in the absence of endolysin 

the endolysin-resistant mutant grew at a slower rate and peaked at a lower OD595 of 

0.2 to 0.3. The mutant strain also showed other defects in that it did not survive on 

average four subcultures and was also difficult to revive from frozen stocks. This 

growth and survival defect was observed in all mutants. A 1% inoculum of endolysin-

resistant R. gnavus ER5 was supplemented with LysIBDN1 at a range of 

concentrations (Figure 4D). R. gnavus ER5 grew at a similar rate in the presence of 

endolysin, regardless of concentration. However, in the presence of endolysin the 

OD595 of the ER5 culture decreased rapidly in stationary phase. We also performed 

spot tests of endolysin LysIBDN1 (10 µL spot of neat, pure protein preparation at a 

concentration of 600 µg/mL) and high titre phage lysate on the WT and ER strains 

(Figure 4E and 4F). The WT strain gave a clear zone of lysis for the endolysin; 

however, in the case of strain ER5, no lytic activity was observed. For the phage spots, 

the phage plaqued normally on the WT strain. There was reduced sensitivity to the 

phage in the ER5 strain. To assess the ability of the mutants to withstand oxidative 

stress, lawns of culture were treated with discs containing 3% hydrogen peroxide. All 

mutant strains of R. gnavus had increased sensitivity to hydrogen peroxide versus the 

WT (Supplementary Figure S5). 

To investigate any potential cell wall changes in the ER strains of R. gnavus 

JCM6515T, we employed CBD binding assays. Green fluorescent protein (GFP)-CBD 

hybrids of endolysins were used to assess the ability of the lysins to bind parent and 

resistant strains of R. gnavus JCM6515T (Figure 5). In this assay, we used GFP-CBD 

fusions of two endolysins, LysIBDN1 and LysH1. LysH1 is an enterococcal phage lysin 

with lytic activity against R. gnavus, as described in Chapter 3 of this thesis. Binding 
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assays were performed against R. gnavus JCM6515T with both CBD-GFP hybrid 

proteins. Both WT and ER strains remained sensitive to LysH1, and this activity is 

reflected by the fact that the LysH1 CBD-GFP hybrid continued to bind to both parent 

and mutant strains. However, when we visualised the binding of the LysIBDN1 CBD-

GFP fusion protein we could clearly see that the signal of fluorescence was weaker 

for the mutant strain than that of the WT, indicating that the R. gnavus mutants have 

a lower binding efficiency, which could account for, at least in part, their insensitivity 

to endolysin treatment.  
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Figure 5. Fluorescence microscopy analysis of the wildtype strain and a 

resistant mutant of R. gnavus JCM6515T. Fluorescence microscopy was carried out 

on the binding assays of WT and a representative ER R. gnavus strain with LysH1-

CBD GFP hybrid protein (A) and LysIBDN1-CBD-GFP hybrid protein (B). 
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Whole Genome Sequencing of R. gnavus ER Mutants. 

Whole genome sequencing of the wildtype and endolysin-resistant strains was 

performed to try to establish the nature of the mutations leading to an endolysin-

resistant phenotype. Both the wildtype R. gnavus JCM6515T and seven mutant strains 

were sequenced. Their sequences were mapped against the wild-type strain, and a 

number of mutations were identified. These included non-synonymous SNPs, 

insertions, and deletions. To identify these changes, the computational pipeline 

Breseq was employed. Breseq identifies and annotates genetic differences relevant 

to a reference sequence [21]. Mutations were further assessed by multiple sequence 

alignments with Clustal Omega and structural analysis with AlphaFold2.3. A map of 

each mutant and its individual mutation(s) respective to the WT stain was prepared 

(Figure 6). Mutations were identified in eight genes and two intergenic regions across 

the seven mutants. Three mutations in three separate mutants are located in the gene 

encoding (p)ppGpp synthetase, but each is a unique change that has occurred at 

different positions in the gene. The details of each mutant and its changes are shown 

in Table 2. Positions of SNPs with respect to neighbouring genes and gene clusters 

are illustrated in Figure S10. Properties of amino acids were acquired from resources 

at Thermo Fisher [22]. 

Endolysin-resistant mutant 1 (ER1) has a non-synonymous SNP in the gene 

encoding Inosine-5′-monophosphate (IMP) dehydrogenase, also known as GuaB. 

This is a nucleotide polymorphism that changes an A to a T and results in an amino 

acid change of lysine (K) to isoleucine (I) at residue 249 of a 485-residue protein. 

Lysine is hydrophilic and positively charged, whereas isoleucine is hydrophobic with 

no net charge. AlphaFold was performed on GuaB and the mutant protein (Figure 

S8). This allows us to visualise the site of the polymorphism within both the WT and 

mutant proteins. AlphaFold suggests that no change in overall protein structure would 

result from the mutation.  

Endolysin-resistant mutants 2, 3 and 6 (ER2, ER3 and ER6) all have a unique 

mutation in the gene that encodes Bifunctional (p)ppGpp synthetase/guanosine-3',5'-

bis(diphosphate) 3'-pyrophosphohydrolase. From here on, we will refer to this protein 

as the (p)ppGpp synthetase. This is the enzyme that is responsible for producing the 

molecule (p)ppGpp. (p)ppGpp is a regulator of many aspects of bacterial survival, 
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including growth rate control, motility, gene expression, biofilm formation and antibiotic 

tolerance [23]. The mutations in this gene are independent deletions in both ER2 and 

ER3 and a non-synonymous SNP in ER6. The deletions in ER2 and ER3 occur at 

different positions and have different consequences for the protein structure. 

AlphaFold structural predictions of the impact of these deletions (Figure S6) illustrate 

dramatic changes to the integrity of the structure, particularly in the case of ER2. The 

deletion to ER2 results in a protein with just the first 109 amino acids (out of 776) of 

the C-terminal. In the case of ER3, there is a deletion at the N-terminal of the mutant 

(at residue 656 of 776). The SNP in ER6 is T to A, which results in an amino acid 

change of histidine (H) to leucine (L). The physical properties of these amino acids 

represent a change of a moderate hydropathy (H) to a hydrophobic residue (L). 

Structural analysis with AlphaFold suggests that this polymorphism has no effect on 

the structure of the protein (Figure S6E). 

Endolysin-resistant mutant 4 (ER4) had four mutations located in genes 

encoding an extracellular solute-binding protein, a response regulator transcription 

factor, a sugar ABC transporter permease, and a TetR family transcriptional regulator. 

These were all non-synonymous SNPs, with the exception of an insertion in the gene 

encoding the response regulator transcription factor. The insertion in the response 

regulator was assessed by structural analysis (Figure S9). This insertion consisted of 

an addition of 23 nucleotides at the N-terminal of the gene in a region that encodes a 

β-sheet. The response regulator is clustered with uncharacterised proteins, HAMP 

domain-containing histidine kinase, GerMN-containing protein and SymE (Figure 

S10A). The mutation in the transcriptional regulator TetR resulted in a change at 

residue 181 of an 188 residue protein, changing threonine (T) to asparagine (N) – 

these amino acids have similar physical properties. This regulator is neighbouring 

oleate hydratase and a helix-turn-helix transcription factor (Figure S10B). The SNP in 

the gene encoding the extracellular solute binding protein of ER4 caused a change at 

residue 349 of an 410 residue protein, causing an amino acid change of phenylalanine 

(F) to valine (V) – these also carry similar physical properties. The gene encoding the 

ABC transporter permease had a SNP that would substitute proline (P) for serine (S) 

at residue 270 of a total of 459 residues. These last two genes are positioned next to 

each other in the genome of R. gnavus (Figure S10C and D) at genome positions 

136,471 and 137,418, respectively. Extracellular solute binding domain proteins 
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function as recognition molecules of bacterial transport systems and provide 

substrates to transporters. They are also reported to act as chemoreceptors [24]. The 

ABC transporter ATP-binding superfamily is one of the most prominent protein families 

and has a range of biological functions, but their key role involves the translocation of 

compounds across cellular membranes [25]. These compounds can include lipids, 

sugars, peptides, and drugs or toxins. The ABC transporters function in both the efflux 

and outflux of molecules in bacteria [26]. It has been reported that bacterial ABC 

transporters can mediate multidrug resistance, acquisition of essential nutrients and 

toxin secretion [27]. 

In endolysin-resistant mutant 5 (ER5) there was an insertion of 1nt (C) 

upstream of a gene encoding a Gcn5-related N-acetyltransferases (GNAT) family N-

acetyltransferase. This insertion occurred at the start of the contig, ahead of the genes 

encoding a GNAT family N-acetyltransferase and a hypothetical protein.  

Together with the already described change to the gene encoding the (p)ppGpp 

synthetase, endolysin resistant mutant 6 (ER6) also had a deletion in a gene encoding 

a HIRAN domain-containing protein. To further annotate this gene, we searched with 

NCBI Blast and Foldseek [28]. Both searches resulted in a 

hypothetical/uncharacterised protein. AlphaFold analysis predicts a missing domain at 

the N-terminus of the protein (Figure S7). 

 Endolysin-resistant mutant 7 (ER7) has an intergenic insertion between genes 

encoding a Trypsin-like serine protease and a hypothetical protein.  

Endolysin-resistant mutant 8 (ER8) has a SNP in the gene encoding a pyruvate, 

phosphate dikinase, with a T to an A resulting in an amino acid change of methionine 

(M) to lysine (K) at position 241 – a change to a hydrophilic amino acid.   
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Figure 6. Map of mutations in endolysin-resistant (ER) strains of R. gnavus 

versus the WT. Non-synonymous SNPs, deletions and insertions are coloured as per 

the legend. A, B and C denote different changes in the same gene.  
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Table 2. Mutations occurring in the genomes endolysin-resistant mutants of R. 

gnavus JCM6515T. This table outlines the unique changes that have been reported 

by Breseq when mutant genomes were mapped against the WT.  

 

Mutant Gene Product Type Gene 

Position 

Ref 

Sequence 

New 

Sequence 

Gene Name 

ER1 IMP dehydrogenase SNP 881 A T guaB 

DAGEDA_09045 

ER2  (p)ppGpp synthetase DEL coding 

(137/2307 nt) 

A 
 

DAGEDA_00530 

ER3  (p)ppGpp  synthetase DEL coding 

(1970/2307 

nt) 

G 
 

DAGEDA_00530 

ER4  Extracellular solute-

binding protein 

SNP 1048 T G DAGEDA_08520 

Response regulator 

transcription factor 

INS coding 

(670/693 nt) 

G G DAGEDA_13540 

Sugar ABC 

transporter permease 

SNP 808 C T DAGEDA_08525 

TetR family 

transcriptional 

regulator 

SNP 542 G T tetR 
DAGEDA_07110 

ER5 GNAT family N-

acetyltransferase 

INS intergenic (/-

81) 

C C DAGEDA_17210 

ER6  (p)ppGpp synthetase SNP 1181 T A DAGEDA_00530 

HIRAN domain-

containing protein 

DEL coding 

(476/507 nt) 

G 
 

DAGEDA_09010 

ER7 Trypsin-like serine 

protease/hypothetical 

protein 

INS intergenic 

(+205/-9) 

G G DAGEDA_11295 

DAGEDA_11300 

ER8 Pyruvate, phosphate 

dikinase 

SNP 722 T A ppdK 

DAGEDA_00415 
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Discussion 

In this study, we cloned genes encoding five novel endolysins from the genomes of 

temperate R. gnavus phages. These endolysins are all predicted to have an amidase 

mode of action. The resulting purified proteins have all been shown to have lytic activity 

against their target R. gnavus and have limited off-target effects against other strains 

tested. LysIBDN1 was further characterised with the aim to be tested as a novel 

therapeutic for IBD. The ability of this endolysin to effectively lyse and kill R. gnavus 

could make LysIBDN1 a promising candidate for the management of R. gnavus 

blooms associated with IBD. To our surprise, we observed the emergence of 

endolysin-resistant mutants of R. gnavus JCM6515T against all five endolysins. The 

addition of endolysin to the wildtype strain resulted in an initial suppression of the 

bacterium, followed by the outgrowth of resistant mutants. These mutants were 

biologically characterised as being tolerant to endolysin treatment on plates and in 

liquid media, have reduced sensitivity to the parental phage, and we also showed that 

the endolysin has a reduced ability to bind these cells. These traits are all consistent 

with an altered cell wall structure. Whole genome sequencing revealed a number of 

polymorphisms across the genomes of resistant mutants, some of which occurred in 

genes associated with the bacterial stress response, transport, and metabolism. To 

our knowledge, this is the first reported case of endolysin-resistant mutants arising 

from a single dose of endolysin treatment. It is noteworthy that all of the endolysin-

resistant mutants have significant growth defects and would be unlikely to thrive in a 

competitive situation such as that found in the gut microbiome. 

Bioinformatic analysis of the endolysin genes and their products was performed 

to assess the similarity and structure of the enzymes. Multiple sequence alignments 

and a percentage identity matrix confirmed that there are two clusters of R. gnavus 

endolysins. While both groups possess an amidase mode of action, they belong to 

different amidase families. Lys3-1 encoded by phiRg507T2/3 is dissimilar to the other 

lysins, with less than 20% amino acid similarity to the others. Multiple sequence 

alignments highlighted conserved regions at the N-terminal of the proteins. The 

majority of differences occurred in their C-terminal regions, suggesting differences in 

their binding domains. This is supported by HHpred analysis and structural predictions 

of Lys3-1 and LysIBDN1.  
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While the CBD-GFP fusion protein of LysIBDN1 allowed for the characterisation 

of resistant mutants, it also served as a means to functionally characterise the CBD 

domain of LysIBDN1. As these are the first characterised endolysins from R. gnavus 

phages, this CBD is also the first reported CBD from an R. gnavus lysin. Homology 

searches revealed that this C-terminal domain had similarities to those of 

Enterococcus phage endolysins. However, no lysis was observed against E. faecium 

and E. faecalis strains. Interestingly, as outlined in Chapter 3 of this thesis, LysH1 is 

an endolysin derived from an enterococcal phage that has activity against both E. 

faecium and R. gnavus, and its CBD-GFP hybrid protein shows efficient binding to 

both species. The bioinformatic assessment also revealed that LysH1 has homology 

to R. gnavus endolysins. It is likely that these bacteria have similarities in their cell wall 

composition that allow for this shared recognition.  

Analysis of the antibacterial activity of the recombinant endolysins indicated a 

narrow host range. The endolysin encoded by φIBDN1 was selected as the most 

promising candidate according to its performance in agar-based tests, its spectrum of 

activity, tests in liquid culture and its expression efficiency. Resistance seemed to 

occur in a dose-dependent manner, with mutants arising earlier at 25 µg/ml and later 

at 100 µg/mL. The mutation frequency was determined to be ~1x10-5. Mutation 

frequency can be influenced by a number of factors ranging from oxidative stress and 

selective pressure to intrinsic mutability – some regions of a bacterial genome may be 

more prone to mutations than others. The mutation frequency in the context of 

antimicrobial resistance can be defined as the in vitro frequency at which detectable 

mutants arise in the bacterial population in response to treatment with an antibiotic or, 

in this case, an endolysin [29]. As already mentioned, the isolated mutants had 

significant fitness costs associated with their endolysin resistance. The resistant 

strains were severely affected in terms of cell growth and proliferation; they were 

unable to undergo multiple passages, had a reduced ability to grow on solid agar and 

did not always withstand storage at -80 oC.  

The emergence of resistance to endolysins is not a commonly reported 

observation. Endolysins are generally renowned for a lack of associated resistance 

mechanisms. This is largely attributed to their rapid action and the hypothesis that 

because phages and bacteria have evolved in parallel, to avoid the phage being 

trapped inside the host endolysins target essential molecules in the cell wall, making 



170 
  

resistance unlikely [30] [31]. Attempts have been made to generate resistance to 

several endolysins, but none have displayed high levels of resistance to date. 

Endolysin Pal was isolated in 2001 from the streptococcal phage Dp-1. The authors 

exposed bacteria to Pal at increasing concentrations in liquid culture, but no resistant 

strains were recovered [32]. LysH5 is an endolysin targeting Staphylococcus aureus. 

A 2013 study assessed the risk of staphylococcal resistance emerging from treatment 

with LysH5 [33]. In this study, S. aureus was exposed to 10 rounds of endolysin in 

liquid and plate cultures, but no resistance was observed. Streptococcus pyogenes 

endolysin PlySs2 was subjected to similar tests [34]. S. pyogenes and S. aureus 

strains were treated with increasing concentrations of PlySs2, but none of the strains 

tested displayed more than a two-fold increase in the MIC.  

Through whole genome sequencing, we identified a number of SNPs, 

insertions, and deletions across seven endolysin-resistant strains of R. gnavus. The 

genes associated with these changes are linked to the bacterial stress response, 

transport systems and gene regulation. ER2, ER3 and ER6 had mutations in the gene 

encoding (p)ppGpp synthetase. ER1 had a SNP in the gene encoding inosine 

monophosphate (IMP) dehydrogenase, which is also called GuaB and is associated 

with the (p)ppGpp pathway [35]. (p)ppGpp is a mediator of the stringent response. We 

observed changes in this gene at three unique positions in three different mutants. In 

gram-positive bacteria, (p)ppGpp synthetases are usually homologues of RelA/SpoT. 

Mutations to these enzymes could cause a range of downstream changes to the 

(p)ppGpp pathway by either upregulating or disrupting synthesis of (p)ppGpp. A 

number of studies have created (p)ppGpp deficient mutants to observe the 

physiological challenges of bacteria in the absence of (p)ppGpp. A 2014 study showed 

that B. subtilis lacking (p)ppGpp as a result of mutations to synthetase genes 

demonstrated growth defects and amino acid auxotrophy [36]. A comprehensive 

review published in 2021 documents how (p)ppGpp-deficient bacteria respond to 

stress and can continue to grow for a finite amount of time even when carrying this 

defect [37]. It is reported from a survey of publications in this review that deficient 

strains can have loss of membrane integrity and an increase in sensitivity to oxidative 

stress. While these cells can continue to proliferate, the absence of (p)ppGpp to 

regulate pathways results in an accumulation of nonfunctional proteins and 

dysregulation of purine synthesis. (p)ppGpp deficient cells have poor long-term 
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viability which ultimately ends in cell death. The mutant strains isolated in our study 

present a similar phenotype, by which they can proliferate for a small number of 

passages with impaired growth rate and poor survival characteristics. Despite 

attempts to continue passages, the cells are unable to be recovered.   

GuaB is responsible for the conversion of IMP to xanthosine monophosphate 

(XMP) in the GTP biosynthesis pathway (Figure S11). This pathway is regulated by 

(p)ppGpp and is essential for growth and amino acid starvation survival [38]. The SNP 

in the GuaB gene could be disrupting or upregulating the GTP biosynthesis pathway 

of R. gnavus. In structural analysis, we can see that the SNP does not confer major 

changes in protein structure, but the site of the SNP is nested within the protein and 

could be involved in the enzymatic activity of GuaB. In B. subtilis, suppressed GTP 

levels result in slowed growth and stress resistance, however an increase in GTP 

levels above a certain threshold can result in a cytotoxic effect. A study characterised 

the relationship between stress survival and GTP in B. subtilis and concluded that 

(p)ppGpp defective mutants could survive a stress event but at the expense of normal 

cell proliferation [39].  

In recent years (p)ppGpp has become increasingly associated with 

antimicrobial resistance. Studies have reported that point mutations to the synthetase 

enzyme Rel can impair its hydrolase activity which leads to an overproduction of 

(p)ppGpp and results in antibiotic resistance [40]. Once produced, (p)ppGpp results in 

the downregulation of active growth and upregulation of genes involved in stress 

response [41]. In the Bacillota (formerly Firmicutes), the stringent response is 

mediated by (p)ppGpp and supports the development of antibiotic resistance, 

tolerance, and survival under challenging conditions [42]. Resistance to antibiotics is 

generally associated with an increase in levels of (p)ppGpp. These can occur as a 

result of upregulation of expression of (p)ppGpp synthetase, deletions to the Rel 

genes, or point mutations to Rel. Examples of such include S. aureus resistance to β-

lactam antibiotics, B. subtilis decreased MICs of a number of drugs, and E. faecalis 

decreased MIC for vancomycin [43] [44] [45]. In one example, a missense mutation in 

relA in vancomycin-resistant E. faecium (VRE) resulted in the activation of the 

stringent response and elevated levels of (p)ppGpp. While the mutation resulted in a 

tolerance to high doses of antibiotics, this tolerance came with a fitness cost that 

resulted in smaller colony morphology and less well-populated biofilms [46]. Due to 
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structural differences in WT and ER (p)ppGpp synthetase in mutant strains that had 

deletions, it is likely that ER2 and ER3 are no longer producing (p)ppGpp. In mutant 

strains, ER6 and ER1, we see SNPs in the synthetase and GuaB respectively, 

however, it is yet unclear whether these SNPs result in defective enzymes or an 

increase in their function. ER6 also had a structural change to a HIRAN domain-

containing protein, but we propose that the mutation leading to the endolysin-resistant 

phenotype is more likely to be the SNP in (p)ppGpp synthetase. 

Endolysin resistant mutant ER4 had a number of changes, two of which 

occurred in genes encoding regulators (a response regulator transcription factor and 

TetR family transcriptional regulator) and the remaining two in genes encoding a Sugar 

ABC transporter permease and Extracellular solute-binding protein. The gene 

encoding the TetR family transcriptional regulator is clustered with a gene encoding 

oleate hydratase. This is a fatty acid hydratase that can facilitate detoxification of a 

bacterial environment [47]. An insertion to the response regulator transcription factor 

could have an effect on the gene cluster this is regulating. This regulator is clustered 

with a HAMP domain-containing protein. HAMP domain-containing proteins are 

reported to be found in bacterial sensors and chemoreceptors [48]. In ER4, SNPs are 

found in the same gene cluster encoding a Sugar ABC transporter permease and an 

Extracellular solute-binding protein. ABC transporters are documented to be 

associated with antimicrobial resistance [49] [50] [51]. The ABC family transporters 

can protect bacteria from antimicrobials by the use of efflux pumps to maintain 

homeostasis and expel toxic molecules. Extracellular solute-binding proteins are also 

chemoreceptors that can recognise bacterial transport systems [52]. Their main 

function is to provide substrates to the transporter systems [53]. It is possible that the 

SNPs in these two genes are conferring a protective effect to the mutant by 

maintaining homeostasis within the cell during treatment with endolysin.  

Mutant strain ER5 only had a detectable change in the form of a 1nt insertion 

in an intergenic region positioned ahead of a gene encoding a GNAT family N-

acetyltransferase. Mutations at intergenic regions could have an impact on cell 

physiology because non-coding DNA may still be involved in the regulation of nearby 

genes. These non-coding regions can act as regulatory elements such as enhancers, 

silencers, and promoters that control gene expression. It is possible that the changes 
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occurring in these regions in our strains could potentially alter the expression levels of 

nearby genes. 

Resistant mutants ER7 and ER8 had mutations to genes encoding a Trypsin-

like serine protease and Pyruvate phosphate dikinase, respectively. Trypsin-like 

serine protease is a proteolytic enzyme. While these kinds of enzymes are widespread 

in nature, their functional associations are largely unknown [54]. Pyruvate, phosphate 

dikinase (PPDK) is responsible for the catalysis of ATP and a pyruvate to AMP and 

phosphoenolpyruvate [55].  

The genomic analysis of endolysin resistant mutants of R. gnavus has shed 

some light on the possible mechanisms of resistance to LysIBDN1, while also leaving 

some mysteries. SNP analysis with Breseq highlighted some key pathways such as 

(p)ppGpp and transporter systems. While not every mutation could be connected with 

the observed phenotype, we believe that the associations made here are a promising 

start to investigate the means by which this phenomenon occurs. It appears beyond 

doubt that mutations affecting the stringent response are involved in endolysin 

resistance. It is also possible that events such as phase variation as a result of 

inversions may have been overlooked by the programs used in this analysis. 

While the development of resistance to endolysins is a concerning development 

for endolysin therapy, the associated fitness costs make it unlikely that they would 

proliferate at high enough levels to maintain a disease state. There are potentially a 

number of avenues we could explore to overcome this resistance.  These could 

include the creation of chimeric lysins or the application of a cocktail of lysins that have 

varying mechanisms of action, as well as using endolysins in synergy with other 

antimicrobials [56]. Bacterial resistance is less likely to evolve in response to 

endolysins with multiple catalytic domains as they would have to evolve resistance to 

two distinct cleavage sites. A number of chimeric lysins have been developed in recent 

years that have high antimicrobial activity against multidrug-resistant strains [57] [58]. 

Future work on our endolysins could include using their existing cell wall binding 

domains paired with new novel catalytic domains to create a next-generation endolysin 

that can overpower resistance mechanisms in R. gnavus. Endolysins are in clinical 

trials and could soon enter clinical use; therefore, understanding the risk of resistance 

development is of the utmost importance. While endolysins are generally promoted as 
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potential alternatives to antibiotics, mainly targeting multi-drug resistant pathogens, 

and praised for their lack of resistance mechanisms, it is clear that drug candidates 

such as these should be rigorously checked for the emergence of resistance.  

In conclusion, we have isolated five novel endolysins targeting R. gnavus 

JCM6515T with good lytic activity. Further characterisation revealed the emergence of 

endolysin-resistant strains of R. gnavus JCM6515T. Genomic analysis revealed a 

number of mutations in the genomes of these resistant strains that were associated 

with the stringent stress response, regulation of growth and transport systems. 

Phenotypically, these mutants displayed resistance to varying doses of endolysin 

treatment and reduced sensitivity to the parental phage. However, these survival 

mechanisms came at a significant cost to the fitness of the bacteria. The emergence 

of resistance, regardless of fitness costs, must be taken into account when evaluating 

the potential of endolysins as therapeutics, but in terms of basic science, the mutants 

have provided us valuable insights into the potential underlying mechanisms.  
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Materials and Methods 

Bacterial Strains and Growth Conditions. 

Strains used in this study were stored at - 80 oC and cultivated at 37 oC. R. gnavus 

strain JCM6515T was obtained from the Japan Collection of Microorganisms 

(alternative name ATCC 29149) and was cultured in Anaerobe Basal Broth (ABB) 

(Oxoid). Recombinant E. coli strains were grown in the same medium but with differing 

antibiotics due to the requirements of the plasmids. Lys507/3-1/BL21(DE3) was 

maintained in Lysogeny Broth (LB) broth supplemented with 50 µg/mL Kanamycin 

Sulphate. LysIBDN1/M15[pREP4], Lys507/2-1/ M15[pREP4], Lys519/ M15[pREP4], 

LysPS6-1/ M15[pREP4] were cultured in Lysogeny Broth (LB) broth supplemented 

with 50 µg/mL Kanamycin Sulphate and 100 µg/mL Ampicillin (Sigma-Aldrich).   

R. gnavus CCUG 54531, CCUG 33437, CCUG 57161, CCUG 49994, CCUG 

57208, CCUG 51289, CCUG 57137, CCUG 52279, CCUG 52279, PS/160 were 

cultured in Anaerobe Basal Broth (Oxoid).  Faecalibacterium prausnitzii 918/95B, 

922/41-1, DSM 17677 and Agathobacter rectalis 17629 were cultivated in Yeast 

Extract, Casitone and Fatty Acid Agar (YCFA-GSCM). Clostridium scindens DSM 

5676, Bacteroides intestinalis 919/174, Bacteroides distasonis DSM 20701 and 

Anaerostipes hadrus 942/1 were cultured in Fastidious Anaerobe Broth (Oxoid). These 

strains were all grown under strict anaerobic conditions (Type A vinyl anaerobic 

chamber, Coy Labs).  

Bioinformatic Analysis. 

Phage genomes were annotated with Pharokka v1.7.1. with the default settings. 

BLASTp (2.11.0+) was used to blast all-vs-all proteins, and the synteny plot with blast 

links was plotted using Gggenomes (v0.9.12.9) and R v4.3.0 [59]. Highlighted arrows 

in Figure 2 (A) show the location of endolysin genes that were cloned and 

recombinantly expressed. The genomes of R. gnavus phages can be found at the 

following GenBank accession numbers - phiRg507T2/2: MT980836,  phiRg507T2/3: 

MT980837, phiRg519T2: MT980838, phiRgPS6: MT980839, phiRgIBDN1: 

MT980840.  

Homology searches were conducted for R. gnavus endolysins in HHpred 

[60]and InterPro Scan [61]. Comparative analysis was performed on the endolysins to 
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assess their similarity. Multiple sequence alignments were generated using Clustal 

Omega [62]and visualised using SeaView4 [63]. Percentage Identity Matrix of 

endolysins was also generated with Clustal Omega on an amino acid level, and the 

resulting matrix was visualised with Heatmap2 on the Galaxy EU platform. For 

structural analysis of endolysins and cell wall binding domains, AlphaFold v2.3.1 was 

used to predict the structures with the settings “--enable_gpu_relax=true --

model_preset=monomer --use_gpu=true” [18].  

Cloning. 

Endolysin genes were amplified from φRgIBDN1, φRg507T2 2-1, φRg507T2 3-1, 

φRg519T2 and φPS6-1 directly from phage lysates by PCR amplification using the 

primers listed in the supplementary materials in Table S2. The PCR products were 

purified using the GeneJET PCR Purification Kit. For the endolysin 507/3-1, derived 

from φRg507T2 3-1, the pET28b(+) expression vector was selected. The remaining 

endolysins were cloned into the pQE-30 expression vector. To construct the 

expression plasmid, PCR products and expression vectors were digested by Thermo 

Fast Digest restriction enzymes BamHI and HindIII. The fragments were again purified 

by GeneJET PCR Purification kit before carrying out ligation using Fast Digest T4 

Ligase (Thermo Fischer). The ligation mixes were introduced into TOP10 E. coli 

competent cells (Invitrogen). Screening for positive clones was carried out by PCR. 

The clones containing the expected plasmid with the endolysin gene were extracted 

using GeneJET Plasmid Miniprep Kit (Thermo) and sent for Sanger Sequencing. The 

viable plasmids were introduced into competent cells for recombinant expression. The 

plasmid containing lysin 507/3-1 was introduced into E. coli BL21(DE3) and the 

remaining plasmids were introduced into M15[pREP4] E. coli.  

The putative cell wall binding domain of LysIBDN1 with a GFP fusion construct 

was created using NZYEasy Cloning & Expression Kit IX (NZYtech), which created a 

construct in plasmid pHTP9 that contains GFP as a fusion tag. This construct was 

introduced into E. coli Trans-alpha competent cells. Transformants were screened for 

positive clones, which were propagated for plasmid extractions. Extracted plasmids 

positive for the insert were introduced into One Shot BL21(DE3) chemically competent 

cells (Invitrogen) for protein expression. Sanger sequencing confirmed the integrity of 

the construct. The CBD-GFP fusion construct of LysH1-CBD-GFP used for the 
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characterisation of resistant mutants has been isolated, as described in Chapter 4 of 

this thesis.  

Overexpression in Recombinant E. coli and Protein Purification. 

Recombinant E. coli cells were grown in LB media containing 50 µg/mL Kanamycin 

Sulfate for Lys507/3-1/BL21(DE3) and 50 µg/mL Ampicillin (Sigma Aldrich) for the 

remaining strains. Cultures were grown to OD600 0.5 – 0.8. Cultures were induced with 

isopropyl-β-D-thiogalactopyranoside (IPTG) (Sigma Aldrich) at a final concentration of 

100 mM. Cultures were left to incubate overnight, shaking, at room temperature. Cell 

pellets were harvested (4000 rpm, 30 minutes at 4oC), and the resulting pellets were 

resuspended in Binding Buffer, 1 mL/g. Cells were sonicated on ice (80% power, 50% 

duty factor, 10-minute duration). Protein purification was carried out using affinity tag 

purification. His GraviTrap columns (GE Healthcare) were used with the buffer 

compositions in supplementary Table S3.  All fractions of the purification process were 

analysed by SDS-PAGE using Bolt 4–12% Bis-Tris gels (Invitrogen). Imidazole was 

removed from the eluate using Zeba™ Spin Desalting Columns (Thermo Fischer).  

Protein concentrations were quantified using a Qubit Protein Assay Kit. Aliquots of 

purified protein were stored in a final concentration of 20% glycerol at – 80 oC for 

extended storage.  

Lytic Activity of Endolysins.  

The lytic activity of Lys507T/3-1 against R. gnavus JCM6515T was tested by turbidity 

reduction assays. An overnight culture of R. gnavus JCM6515T was prepared. The 

cells were exposed to oxygen to inactivate the culture and were harvested by 

centrifugation (4,000 rpm, 15 min) before washing with PBS and resuspended to a 

final volume OD of 1.0 at a 1 cm path length. Turbidity reduction was measured by 

mixing 100 µL of cell suspension with 20 µL of Lys507T/3-1 at varying concentrations 

in a 96-well plate. The assay was also carried out with the addition of 10 mM CaCl2 

and 10 mM MgSO4. Changes in optical density (OD595) were measured at 3 min 

intervals using a microtiter plate reader (Thermo Fisher) at 37 oC for 1 hour.  

Spot assays were performed on several bacterial strains to determine the 

spectrum of activity of purified endolysins. These included various strains of R. gnavus 

and other relevant gut-associated bacteria. 100 µL of the test culture was inoculated 

into 4 mL of its growth media with 0.4% agarose. Depending on the strain 
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requirements, these lawns were incubated at 37 oC for 24 hours aerobically or 

anaerobically. 5 µL of purified protein sample was spotted on the preformed bacterial 

lawn. Plates were incubated and observed for lysis the following day.  

Generation of Endolysin-Resistant Mutants. 

Mutants of endolysin-resistant mutants were generated from treatment with endolysin 

LysIBDN1. An overnight culture of R. gnavus JCM6515T was prepared. In a 24-well 

plate, 1mL semi-solid agar (0.4% agar) was inoculated with 1% R. gnavus JCM6515T, 

and endolysin was added in a final concentration of 100-12.5 µg/mL. Each well 

received a set concentration of endolysin. Control wells with buffer only and media 

only were also prepared. The 24-well plate was left to incubate for up to 72 hours at 

37 oC under anaerobic conditions. Each day, single colonies that appeared in the agar 

were picked and purified three times in the presence of endolysin. These pure strains 

were brought forward for spot assays (as previously described) to test sensitivity to 

the endolysin. Strains that were insensitive to endolysin treatment were sent for 16S 

rRNA sequencing, and their identity was also confirmed by PCR with R. gnavus-

specific primers (these are listed in supplementary Table S2). Once it was confirmed 

that they were indeed endolysin-resistant strains of R. gnavus, they were sent for 

whole-genome sequencing.  

Sequencing of Mutants and Analysis of Genomes. 

Overnight cultures of wild-type and mutant strains of R. gnavus were prepared, 

and 1 mL of culture was harvested the following day. Cell pellets were collected by 

centrifugation at 4,000 xg for 5 minutes. DNA was extracted from the samples with the 

GenElute™ Bacterial Genomic DNA Kit (Sigma Aldrich), following the manual for 

gram-positive extractions. Extracted samples were quantified by Qubit dsDNA 

quantification kit (Invitrogen) and normalised to a final concentration of 20 ng/µL for 

sequencing. Sequencing was conducted by Novogene (UK). The genomic DNA of 

each sample was randomly sheared into short fragments of ~350 bp.  The obtained 

fragments were subjected to library construction using the NEBNext DNA Library Prep 

Kit. Sequencing was carried out on their Illumina NovaSeq X Plus, using a 10B flow 

cell and a 300-cycle reagent kit (cat. 20085594).  

Quality control and trimming were performed on raw reads using fastp v0.23.2 

[64]. Genomes were assembled from trimmed reads using spades v3.15.5 with the 
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parameter “--isolate” [65]. Genomes were annotated using bakta v1.9.3 using 

database v5 [66]. SNPs, inserts and deletions were detected using breseq v0.37.1 

[67]. The breseq command gdtools was used to tabulate the data with the options 

“ANNOTATE -f TSV” and this was imported into R v4.3.0, tabulated and exported. 

Trimmed reads were also aligned to the WT genome using bowtie v2.5.2 with the 

options “--phred33 --end-to-end”. Samtools v1.13 was used to create and sort bamfiles 

using the commands view, sort, index, flagstat and faidx. The indexed bam file was 

manually inspected using Interactive Genome Viewer (IGV) v2.17.4 [67].  

Fluorescence microscopy.  

The binding of LysIBDN1 CBD to R. gnavus wild-type and endolysin-resistant mutant 

strains was demonstrated through the following methods. Bacterial strains were grown 

to the mid-log phase. Cells were harvested by centrifugation at 3,000 xg for 5 minutes. 

Cells were washed three times in PBS (phosphate-buffered saline) and resuspended 

to an OD600 of 0.6. From this suspension, 200 µL cells were combined with a final 

concentration of 50 µg/mL of purified protein and shaken at 200 rpm at room 

temperature for 45 minutes. This cell suspension was also harvested by centrifugation 

at 3,000 xg for 5 minutes and washed thrice in PBS to remove unbound protein. Cells 

were resuspended to a volume of 200 µL, and 10 µL was added to a microscope slide, 

left to dry and secured with a coverslip. For fluorescence microscopy, cells were 

viewed with a Zeiss Confocal Microscope at 63X magnification and excited with a 

green fluorescent laser at 458 nm.   
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Supplementary Materials  

 

 

 

 

 

Supplementary Figure S1. Secondary structure prediction of Lys3-1 and 

LysIBDN1, respectively. These structures were predicted with AlphaFold and 

visualised with PyMOL. The structures are coloured based on their secondary 

structure predictions, as shown in the figure legend.  
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Supplementary Figure S2. Similarity of Endolysins. Percentage identity matrix of 

R. gnavus endolysins on an amino acid level. Percentage identity matrix generated 

with Clustal Omega and visualised with Heatmap2 on the Galaxy Europe platform.  
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Table S1. Details of Recombinantly Expressed Endolysins.  

 

 

 

Table S2. Primer sequences for the amplification of Endolysin genes and colony PCR. 

 

Endolysin Parental φ Mode of 
Action 

Vector Host E. 
coli 

Size 
(AA) 

Weight 
(kDa) 

3-1 Rg507T2/3 Amidase 3 pET28b+ BL21(DE3) 342 36.03 

IBDN1 RgIBDN1 Amidase 2 pQE30 M15 
[pRep4] 

267 28.83 

2-1 Rg507T2/2 Amidase 2 pQE30 M15 
[pRep4] 

267 28.81 

519 Rg519T2 Amidase 2 pQE30 M15 
[pRep4] 

267 28.78 

PS6 RgPS6 Amidase 2 pQE30 M15 
[pRep4] 

268 29.03 

Primer Name  Forward Sequence  Reverse Sequence  

LysIBDN1 5’-
GTCGGATCCATGAAA
ATTGGCTTAAGGG-3’ 

5’-
ATTAAGCTTCACCCC
TCAGAGAGG-3’ 

Lys2-1  5’-
GTCGGATCCATGAAA
ATTGGCTTAAGGG-3’ 

5’-
ATTAAGCTTCACCCT
CAGAGAACTGATC-3’ 

Lys3-1 (for PQE30) 5’-
TTAGGATCCCATGAG
TATTTGTCG-3’ 

5’-
ATTAAGCTTAGAACA
ACTGGAACCGATCG-
3’ 

Lys3-1 (for pET28b(+)) 5’-
TTAGGATCCGATGAG
TATTTGTC-3’ 

5’-
ATTAAGCTTAGAACA
ACTGGAACCGATCG-
3’ 

Lys519 5’-
GTCGGATCCATGAAA
ATTGGCTTAAGGG-3’ 

5’-
ATTAAGCTTCACCCT
CAGAGAACTGATC-3’ 

LysPS6 5’-
TTAGGATCCATGAAA
ATCGGCTTAAGGG-3’ 

5’-
ATTAAGCTTCACCCC
TCAGAGAACCGAT-3’ 

R. gnavus specific 
primers 

5’-
GCGTGCTTGTATTCC
GGATG-3’ 

5’-
GCCTGAACAGTTGCT
TTCGG-3’ 
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Table S3. Protein purification buffer compositions for gravity column purification. 

 

 

Endolysin  Binding Buffer  Wash Buffer  Elution Buffer  

Lys3-1, 
LysIBDN1, 
Lys519,  
LysPS6. 

50 mM Sodium 
Phosphate pH 
7.5, 300 mM 
sodium 
chloride, 10 mM 
Imidazole, 
0.03% Triton X-
100. 

50 mM Sodium 
Phosphate pH 
7.5, 300 mM 
sodium 
chloride, 50 mM 
Imidazole, 
0.03% Triton X-
100. 

50 mM Sodium 
Phosphate pH 
7.5, 300 mM 
sodium 
chloride, 250 
mM Imidazole. 

Lys2-1. 50 mM MES 
Solution, 300 
mM sodium 
chloride, 10 mM 
Imidazole, 
0.03% Triton X-
100. 

50 mM MES 
Solution, 300 
mM sodium 
chloride, 50 mM 
Imidazole, 
0.03% Triton X-
100. 

50 mM MES 
Solution, 300 
mM sodium 
chloride, 250 
mM Imidazole. 

 

 

 

 

 

 

 

 

 

 

 

 

 



184 
  

Figure S3. Chromatogram of the affinity chromatography purification of 

endolysin LysIBDN1. This chromatogram was generated with the Unicorn software 

and shows a peak of the endolysin coming off the Cytiva Talon Crude column between 

225 mL and 300 mL, with a peak UV absorbance (mAU) of 600.  
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Figure S4. Colony PCR of emerging resistant colonies with R. gnavus-specific 

primers. Lanes 1-5 comprise resistant colonies; lane 6 is a negative control, and lane 

7 is a positive control. DNA ladder: HyperLadder 100bp.  

 

Figure S5. Treatment of R. gnavus with 3% hydrogen peroxide. WT and mutant 

strains ER1 and ER5 treated with a filter disc soaked in 3% H2O2. Measurements 

recorded in adjoining table.  
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Figure S6. AlphaFold predictions of wild-type and mutant (p)ppGpp synthetase. 

Confidence scores of AlphaFold2.3 are indicated in the legend. A) (p)ppGpp 

synthetase of R. gnavus JCM6515T. B) (p)ppGpp synthetase of R. gnavus JCM6515T 

mutant ER2. C) (p)ppGpp synthetase of R. gnavus JCM6515T mutant ER3. D) 

superimposed images of all structures to highlight conformational changes. 
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Figure S7. AlphaFold analysis of wild-type and mutant uncharacterised/HIRAN 

domain containing protein. Confidence scores of AlphaFold2.3 are indicated in the 

legend. A) Protein structure from the wild type strain B) Protein structure from ER6. 
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Figure S8. AlphaFold analysis of wild-type and mutant GuaB from ER1. A) 

Protein structure from the wild type strain with site of mutant SNP highlighted in green. 

B) Protein structure from the wild type strain with SNP highlighted in red. C) Protein 

structures of the WT and ER1 proteins superimposed and aligned. The site of the 

mutation is highlighted in green. 
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Figure S9. AlphaFold analysis of wild-type and mutant response regulator from 

ER4. A) Protein structure from the wild type strain. B) Protein structure from the mutant 

strain C) Protein structures of the WT and ER4 proteins superimposed and aligned. 

The site of the insertion is highlighted in yellow. Confidence scores of AlphaFold2.3 

are indicated in the legend.  

 

 



190 
  

 

Figure S10. Positions of genes that have been subject to mutations in the genome of 

R. gnavus JCM6515T,  visualised with Geneious. A) Response regulator (ER4). B) 

TetR transcription al regulator (ER4). C) Extracellular solute binding protein (ER4). D) 

ABC transporter permease (ER4). E) GNAT family acetyltransferase (ER5). F) 

Trypsin-like serine protease (ER7). G) Pyruvate phosphate kinase. 
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Figure S11. The relationship between GuaB and (p)ppGpp. Adapted from 

Hauryliuk et al., 2015. IMP is converted into XMP by GuaB. GuaA then converts XMP 

into GMP. GMP is converted to GTP, via phosphorylation. GMP kinase facilitates the 

conversion of GMP into GDP, which is then converted to GTP by nucleoside 

diphosphate kinase (Ndk). Created with Biorender.com.  
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Abstract  

Clostridioides difficile infection (CDI) is a significant healthcare problem. It is a 

nosocomial infection with high recurrence rates, and failure of treatment can have 

lethal consequences. To reduce the transmission of CDI in healthcare settings, it is 

important to be able to rapidly monitor C. difficile levels to inform treatment options 

and to control infection. In this study, we assess the potential of a receptor-binding 

domain, CdRBP, part of the multi-domain tail-associated lysin of C. difficile phage 

phiMMP01, to be used as a means of identifying C. difficile. Using a green fluorescent 

protein (GFP) linked to the binding domain, CdRBP was shown to bind C. difficile 

strains and is stable up to 50 oC and from pH 2-11. Given its demonstrated binding 

capacity against a panel of strains and its stability, CdRBP could prove to be a 

promising candidate as a diagnostic tool for C. difficile. 
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Introduction 

Clostridioides difficile is a gram-positive, spore-forming bacterium that is commonly 

found in the intestinal tract of humans and animals. Although it is widely present in the 

hospital environment, in recent decades infections with this bacterium have become a 

significant healthcare problem. Spores of C. difficile in the environment may be spread 

via the faecal-oral route, which leads to a widespread source of infection via 

asymptomatic carriers, contaminated surroundings, and animal carriers including 

canine, feline, porcine, and avian species. It is estimated that up to 5% of adults and 

up to 70% of infants are carriers of C. difficile [1]. C. difficile infection (CDI), or C. 

difficile-associated disease (CDAD), is a severe illness that causes symptoms ranging 

from diarrhoea to life-threatening inflammation of the colon. CDI is a toxin-mediated 

disease as the bacterium is capable of producing three toxins that cause damage to 

the intestinal epithelium layer and incite an immune response that further exacerbates 

symptoms. These toxins are an enterotoxin (A), a cytotoxin (B) and C. difficile toxin 

(CDT). Risk factors for CDI include an age of 65 or older, prior hospitalisation, long-

term hospital stays, and the administration of antibiotics [2]. The administration of 

antibiotics in a hospital setting, particularly in elderly patients, can cause a disruption 

to the patient's gut microbiome, consequentially clearing a niche for C. difficile to thrive 

[3].  Mortality as a result of CDI doubled from 1999 to 2004 and followed an upward 

trend until 2007 in the United Kingdom. This was followed by a decrease in disease 

incidence, but CDI is still a serious concern for healthcare providers [4].  

Current medical guidelines recommend the administration of antibiotics such 

as vancomycin, metronidazole (first-line defence) and fidaxomicin for the eradication 

of the pathogen. Despite the sensitivity of C. difficile to these drugs, CDI has become 

increasingly associated with treatment failures and recurrence. The average treatment 

failure rate has been reported to be 22.3%, and the recurrence rate is 22.1%. It is also 

reported that treatment failures occur more commonly with the use of metronidazole 

[2]. Rates of recurrence can vary depending on where the disease was contracted, 

with a lower rate seen in community-associated diseases as compared to hospital-

acquired infections [5]. To tackle CDI, there is an urgent need for alternative 

treatments that will act more specifically and minimise collateral damage to the 

microbiome. Recent developments in treatment options include the use of Faecal 
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Microbiota Transplant (FMT), bacteriophage (phage) therapy (including the use of 

endolysins), probiotics and bacteriocin treatments [6][7][8][9].  

While there is a great need to develop strategies to specifically target and kill 

C. difficile, there is also a need for next-generation pathogen detection methods. 

Detection of C. difficile in a patient sample will help to identify those who may be at 

risk and allow for a specific treatment plan to be designed for these individuals, or for 

them to be placed in isolation wards with other carriers to limit transmission of disease 

to uninfected patients. Current methods for pathogen detection often include PCR, 

culturing methods and immunology-based methods. While these techniques are tried 

and trusted, they are also time-consuming and may take days to deliver a result. When 

dealing with a disease as severe as CDI, identification and quantifying the pathogen 

promptly is of utmost importance. Biosensors have the potential to make point-of-care 

testing available for CDI.  

Phages are viruses that specifically infect and kill bacteria. Lysins are phage-

encoded peptidoglycan hydrolases that play a role both at the start of a phage infection 

to allow the phage gain access to the bacterial host membrane, or towards the end of 

a phage replication cycle where they lyse the bacterial peptidoglycan to allow phage 

progeny to be released into the surrounding environment. Lysins involved at the 

beginning of the phage infection are generally termed tail-associated lysins, or TALs, 

while those at the end of the cycle are classed as endolysins (endo - acting from within) 

or cell wall hydrolases (CWHs). In recent decades, there has been a resurgence of 

interest in TALs and endolysins as novel therapeutics for bacterial infections. When 

applied exogenously, particularly in the case of gram-positive bacteria, the lytic activity 

observed during a phage infection cycle can be utilised as an antimicrobial agent. 

These phage-derived peptidoglycan hydrolases can efficiently lyse and kill bacterial 

cultures, making them promising candidates as antimicrobials [10]. Phage lysins 

generally have a multi-domain structure with each domain having designated 

functions. Enzymatically active domains (EAD) attack the peptidoglycan, and the cell 

wall binding domain (CBD) or Receptor Binding Protein (RBP) domains specifically 

attach the protein to the target cell wall. Both CBDs and RBPs have been harnessed 

for next-generation pathogen detection and diagnostic tools, with applications ranging 

from ELISA-based assays to fluorescence-based microscopy [3]. The binding 
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domains of these proteins are exciting tools for biotechnological applications due to 

their specificity, speed, stability, and cost-effectiveness.  

CBDs of endolysins have already been utilised in the development of 

electrochemical impedance biosensors. In 2012, a biosensor for the detection of 

Listeria monocytogenes was described. This sensor consisted of a CBD immobilized 

on a gold screen-printed electrode (SPE), and the binding event was recorded by 

electrochemical impedance spectroscopy (EIS). This biosensor was successful in 

rapidly detecting Listeria in numbers as low as 1.1 X104 CFU/mL in both pure cultures 

and in 2% milk samples [11]. Both CBDs and RBPs of bacteriophages have been 

discussed as promising candidates in a range of biosensors, ranging from magnetic 

to electrochemical. RBPs and CBDs have the advantage of potentially lower detection 

limits, high specificity, and an ability to be engineered using molecular biology, which 

makes them viable candidates for the application of biosensors [12].  

In a previous publication from our group, an enzyme targeting C. difficile was 

identified in phage phiMMP01 and its domains were characterised [13]. The 656-

residue CWH was predicted to have a three-domain structure consisting of a C-

terminal catalytic domain (CWH351-656) and an N-terminal putative binding domain 

(CWH1-350). The catalytic region contains two distinct peptidoglycan hydrolases - a 

glucosaminidase domain and an endopeptidase NIpC/P60 domain. The N-terminal 

domain had no significant homology to any known proteins, but some similarities were 

found between the query protein and bacteriophage tail proteins using HHpred, a tool 

that relies on structure prediction [14]. It was also noted that the CWH isolated did not 

resemble any other published characterized lysins at that time, but rather showed 

closer similarity to cell wall modifying enzymes of other bacterial pathogens. The CWH 

was truncated into its various domains, and these were recombinantly expressed in 

Escherichia coli to investigate their functions. While the EAD domain was able to lyse 

the target, the putative CWH binding domain had no lytic activity against any of the 

strains tested. 

In this study, we further characterise this putative N-terminal binding domain of 

the phiMMP01 CWH. We compare this domain to other characterised lysins targeting 

C. difficile and expand upon its structural homology to their binding domains. To 

investigate the potential of the binding domain for diagnostic applications, we tested 
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its binding specificity against a panel of bacteria by creating a novel hybrid with green 

fluorescent protein. This allows for the biological identification of Clostridioides strains 

using fluorescent microscopy. The stability of the protein was also assessed in terms 

of heat and pH. We conclude that this novel protein domain could be a viable tool for 

the detection of C. difficile.  
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Results  

Bioinformatic Analysis. 

In the original publication describing the CWH of phiMMP01 (NCBI protein ID 

YP_009206142.1), no significant homology was found for the N-terminal domain of 

the endolysin, other than weak associations with phage tail proteins. Updated HHpred 

analysis on this domain revealed a number of hits with high probability. These include 

the Shewanella oneidensis prophage tail protein (Protein Data Bank (PDB) number 

3CDD, 99.2% probability), a tail protein from Neisseria meningitidis MC58 (PBD 

number 3D37, 99.1% probability) and a tail protein from bacteriophage Muvirus mu 

(PDB number 1WRU, 99.9% probability). InterProScan search results indicated that 

the region 6-175 of the N-terminal domain was classified under “phage tail proteins”, 

Superfamily SSF6279.  

To date, six additional lysins targeting C. difficile have been described in the 

literature. To further characterise the novel N-terminal domain of lysin from phiMMP01 

we compared the binding domains of each of these proteins. To quantify the 

similarities between these proteins, a percentage identity matrix was generated 

(Figure 1 A). Similarity was assessed at the amino acid level and revealed that the 

lysins are divided into two clusters. Lysins phiMMP01 and Ecd09610 have high 

sequence similarity (>90%) but are distinctly different to the remaining five endolysins. 

Multiple sequence alignments of the binding domains were performed using Clustal 

Omega (Figure 1 B) with the same conclusion. The PhiMMP01 and Ecd096010 

putative binding domains are significantly longer than the other cell wall binding 

domains and have high sequence homology. Interestingly, there appears to be a 

region of the multiple sequence alignment (region 65-71) has conserved amino acid 

identity across all seven aligned proteins, including both clusters of binding domains, 

suggesting that this region may be important in binding to C. difficile.  

The protein structure of the CWH from phiMMP01 was previously predicted for 

the active domain, but not for the N-terminal domain due to its lack of homology to 

known proteins at the time [13]. In this study, we aimed to expand upon the previous 

report and used AlphaFold2 to predict the structures of a panel of proteins (Figure 2). 

The resulting predictions were of high confidence, with the predicted local distance 

difference test (pLDDT) on average greater than 70. To characterise the putative 
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binding domain of phiMMP01 further, we prepared structural predictions for the whole 

lysin (Figure 2 A). As it was previously reported that the lysin had similarities to phage 

tail proteins, we also identified the endolysin (CWH2) (accession number: 

CEK40790.1) from the genome of phiMMP01 and used AlphaFold to predict its 

structure (Figure 2 B). AlphaFold predictions also were performed on the binding 

domains of a panel of the currently published C. difficile cell wall binding domains for 

comparison purposes, with the exception of the CD27L C-terminal binding domain 

which was imported from the X-ray crystallography structure found at PDB accession 

4CU5 (Figure 2 C).  

Structural analysis also showed that the lysins fall into two distinct groups. The 

binding domains of PhiMMP01 and Ecd906010 both had a distinctive N-terminal 

domain made up of six anti-parallel β-sheets connected by a loop. This repeating 

structure is paired with sub-units consisting of three more anti-parallel β-sheets flanked 

by α-helices. The structure of these two binding domains shows greater structural 

similarity to Tail Associated Lysins (TALs) reported for other phages reported in the 

literature, rather than the clostridial endolysins cell wall binding domains [15] [16]. 

However, the PhiMMP01 genome also encodes a second endolysin (CWH2) that 

shows greater homology to the five endolysins reported in the literature (NCBI protein 

ID YP_009206154.1). CWH2 has a C-terminal putative cell wall binding domain, and 

an N-terminal active domain classified as N-acetylmuramoyl-L-alanine amidase by 

InterProScan. It is positioned next to the gene encoding the holin protein in the 

genome of phage phiMMP01 (Figure 3). This indicates that the endolysin previously 

characterised as a CWH is actually the tail-associated lysin of PhiMMP01 with an N-

terminal RBP, and that CWH2, with an amidase mode of action and a C-terminal CBD, 

is actually the endolysin. 

The panel of endolysins taken from the literature follow a trend in structure. The 

C-terminal domain of CD27L has been previously described, and its crystal structure 

has been determined [17]. It possesses a novel fold that can be seen amongst other 

clostridial endolysins. As shown in our AlphaFold analysis (Figure 2 C), the cell wall 

binding domains of C. difficile endolysins group together and share a structure that 

generally consists of four anti-parallel β-sheets, bordered by two α-helices at one 

terminal, and an additional α-helix at the opposite end of the protein.  
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Due to the bioinformatic analysis classifying the N-terminal domain of CWH as 

a tail-associated protein, the identification of the endolysin in the prophage genome, 

and the structural similarities between this N-terminal domain and other tail-associated 

lysins, we propose that the previously named CWH of phiMMP01 should be renamed 

CdTAL and that the N-terminal domain functions as a putative receptor binding protein 

(CdRPB). Hereafter, we refer to the CWH of phiMMP01 as CdTAL. 

Cloning and Purification of CdRBP and a CdRBP-GFP Hybrid. 

As outlined in the previous study [13], the recombinant N-terminal domain of CdTAL 

was overexpressed and purified. In this study, we also created a hybrid construct 

CdRBP-GFP in which the green fluorescent protein (GFP) is fused to the CdRBP 

binding domain. The gene fragment encoding CdRBP was initially cloned in the 

expression vector pET28b(+) [13],  but to create CdRBP-GFP the same fragment was 

cloned in the vector pHTP9 which encodes the GFP protein (Figure 4 A). Both proteins 

(CdRBP and CdRBP-GFP) were overexpressed in recombinant E. coli and purified 

using affinity chromatography. Elution fractions of the purification were analysed by 4-

12% SDS-PAGE (Figures 4 (B) and 3 (C)). The molecular weight of CdRBP alone is 

predicted to be 42.3 kDa, and the fusion protein is 69.6 kDa. 

Functional Analysis of CdRBP-GFP.  

Binding assays were performed to functionally characterise the N-terminal domain of 

CdTAL. Previously, the domain was assigned as a putative CBD due to its lack of lytic 

activity [13].. The creation of a GFP-fusion construct allowed us to assess binding via 

fluorescent microscopy. The purified fusion protein (100 µg/mL) was incubated with 

different strains of C. difficile. These cells were then washed to release any unbound 

GFP, slides were prepared, and they were viewed under the microscope. These 

assays confirmed that the N-terminal domain of phiMMP01 CdTAL is involved in 

binding. Where binding occurs, GFP can be observed decorating the surface of C. 

difficile cells. Different strains of C. difficile displayed different efficiencies of binding 

(Figure 5).   

 

 

 



210 
  

 

Figure 1. Bioinformatic Analysis of Cell Wall Binding Domains from C. difficile 

targeting endolysins. A) Percentage-identity analysis, percentage identity matrix 

calculated using Clustal Omega and visualised with Heatmap2. B) Clustal Omega 

alignment of PhiMMPO1 binding domains against other characterised C. difficile 

endolysins binding domains from the literature, visualised by SeaView4. 
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Figure 2. Structural predictions. A) Structural Analysis of phiMM01 whole tail-

associated CWH B) Structural Analysis of endolysin from phiMM01. The ribbon 

structure is assigned colours based on pLDDT confidence scores as shown in the 

figure legend. C) Structural Analysis of Cell Wall Binding Domains and Receptor 

Binding Proteins (CdTAL, Ecd9610) of C. difficile lysins. Structures are assigned 

colours based on secondary structures as shown in the figure legend. CdTAL refers 

to the tail-associated lysin of phiMMP01, CWH2 refers to the endolysin of phiMMP01.  
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Figure 3. Genome map of phage phiMMP01. Complete phage genome obtained 

from NCBI, accession number NC_028883.1. Linear genome of 44,461 bp. Coding 

genes (CDS) are highlighted as per their NCBI annotation. The coloration of the CDS 

corresponds to their general functions as indicated in the legend. Genes whose 

function could not be determined are labelled “unknown”. Map created with Proksee 

[18].  
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Figure 4. Expression and Purification of CBD constructs.  A) Schematic of 

constructs designed from CdTAL of phiMMP01. Construct (I) was created in the 

previous study. Constructs (II) and (III) were created in this study. Created with 

BioRender.com B) Purification of phiMMP01 CdRBP, C) Purification of phiMMP01 

CdRBP fused with GFP. 
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Figure 5. Binding Assays. Fluorescent microscopy was used to determine the 

binding specificity of CdRBP-GFP. A range of Clostridioides and non-Clostridioides 

strains were tested. 
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Potential for Diagnostics. 

To assess the suitability of CdRBP-GFP as a candidate for biosensor technology, we 

tested its binding specificity and stability. For binding specificity, we initially tested a 

number of non-Clostridioides strains were tested. Ruminococcus gnavus, 

Lactiplantibacillus plantarum, Clostridium perfringens and Enterococcus faecalis are 

all gram-positive gut commensals that all gave a negative result which indicates that 

CdRBP-GFP does not bind non-specifically to this set of strains (Figure 5). All 

samples were standardised to an OD600 of 0.8 for binding assays. Stability tests 

involved exposing CdRBP-GFP to a range of temperatures and pH. These tests were 

carried out against C. difficile APC43, as this was the most susceptible strain to CdTAL 

and showed the highest efficiency of binding of CdRBP-GFP. For temperature stability, 

the protein was pre-treated at various temperatures for 1 hour before the binding assay 

was performed. For the pH tests, C. difficile cells were pelleted and resuspended in 

50 mM sodium phosphate buffer adjusted to a specific pH. Observations from binding 

assays showed that CdRBP-GFP was stable up to a temperature of 50 oC. At this 

temperature reduced binding was observed, and at 70 oC no binding was observed, 

and the protein appeared to be precipitated. pH tests showed that the function of the 

protein was retained across the pH range tested, indicating that CdRBP-GFP would 

be stable in a wide range of buffers (Table 1).  

Analysis of Binding Efficiency in Complex Samples. 

A desirable trait of biosensors is the ability to apply a complex sample to the sensor 

with minimal pretreatment. A biosensor that can give a reliable output with lower 

processing time is important for point-of-care diagnostics. As CdRBP-GFP showed 

promise in its initial assessment as a potential diagnostic tool, we wished to further 

test its suitability by carrying out binding assays in a complex sample. CdRBP-GFP 

was applied to a crude healthy human faecal sample. This sample consisted of 1g of 

faeces resuspended in PBS which was autoclaved for safety purposes. This faecal 

sample was treated with CdRBP-GFP at a concentration of  100 µg/mL in the same 

manner as the previous experiments. Once the incubation time had passed, the 

sample was washed three times in PBS to dislodge any unbound CdRBP-GFP. 

Fluorescent microscopy analysis revealed that CdRBP-GFP bound to a high number 
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of cells. It is possible that some of these cells were not C. diffcile. The protein also 

appeared to be significantly sequestered by debris in the faecal sample (Figure 6(A)).  

To assess if the observations in Figure 6 (A) were due to the solid matter in the 

crude faecal sample, or if it was truly non-specific binding, we prepared a mixed 

bacterial community. This community was composed of a bank of 400 highly 

characterised gut commensal strains from our lab representing more than 100 species 

but that did not include any strains of C. difficile. The community was grown in liquid 

media, the cells were harvested, washed and resuspended to a final OD600 of 0.8. The 

bacterial community sample was also treated with CdRBP-GFP under the same 

conditions as the faecal sample. Analysis under the fluorescent microscope showed 

that in the absence of any solid debris or mucus that could be seen in the faecal 

sample, fluorescent cells could still be detected (Figure 6B). A relatively high number 

of cells in the field of view appear to be decorated with CdRBP-GFP, showing that 

CdRBP has off-target binding. The bacterial community inoculum was prepared with 

an equal number of each strain, but as this initial inoculum was allowed to grow for 2 

days it likely that the dominant members of the community have thrived and 

outcompeted other strains. As a result, the high number of cells that exhibit binding 

are likely due to an off-target effect being recorded on the dominant strain.  
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Table 1. Stability Tests. The binding abilities of CdRBP-GFP were tested at a range 

of temperatures and pHs. “+” represents no change in binding, “+/-“ for reduced 

binding and “-“ for no binding observed.  
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Figure 6. Binding assays in complex samples. Fluorescent microscopy was used 

to determine the binding specificity of CdRBP-GFP in a crude faecal sample and a 

mixed bacterial community. A) Crude faecal sample treated with 100 µg/mL CdRBP-

GFP. B) Community of bacteria treated with 100 µg/mL CdRBP-GFP.   
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Discussion 

In this study, we describe the characterisation of an RBP domain of a phage tail lysin 

(referred to as CdTAL) targeting C. difficile. The CdRBP domain was also fused to 

GFP, and this allowed for an expanded characterisation of the CdRBP. CdRBP is 

similar in predicted structure to the binding domain of another published tail-associated 

lysin (Ecd09610). In a small panel of gut-associated microbes the protein bound only 

to C. difficile strains. However, when the binding domain was assessed against a 

complex faecal sample, and a characterised bacterial community some off-target 

binding was observed. CdRBP has the stability and binding efficiency to indicate it 

could be a candidate for a diagnostic tool but there are challenges of non-specific 

binding that need to be overcome.   

Comparative analysis and structural analysis of the N-terminal domain of 

CdTAL from phiMMP01 showed that rather than being grouped with endolysins 

targeting C. difficile, it clustered with lysin Ecd906010. These two binding domains 

have distinct sequence and structural differences from other reported lysins, which 

lead us to the reclassification of our endolysin as a tail-associated lysin and the CBD 

binding domain as an RBP. In 2022, Sekiya et al confirmed that Ecd09610 has lytic 

activity against C. difficile [19]. The gene encoding Ecd09610 was identified in the 

genome of C. difficile 630 (GenBank accession: AM180355.1). Ecd09610 also 

possesses an uncharacterised N-terminal domain and a catalytic C-terminal domain. 

It was reported that there was a 98% similarity between the N-terminal domains of the 

phiMMP01 CWH (now CdTAL) and Ecd09610. They also suggested that phiMMP01 

is present as a lysogenic phage in C. difficile 630. In their study, truncation of the 

Ecd09610 protein was also carried out, and it was reported that the N-terminal domain 

bound ”slightly” to the target strain C. difficile 630, as assessed by SDS-page analysis. 

In our study, the use of a GFP-fusion protein has allowed us to confirm this binding, 

showing a clear distinction in the binding efficiency across a range of strains, and 

providing further evidence for the function of this domain.  

A comprehensive study of the C. difficile endolysin cell wall binding domains, 

called CD16/50L, was published in 2022, however, the sequence of these lysins 

(CD16 and 50L) were not publicly available at the time of our analysis so they were 

not included in the bioinformatics workflow [20]. However, it was reported that the CBD 
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clustered with CD119 and CD11 which were included in our analysis. This study also 

investigated the interaction of the CBD CD16/50L with the C. difficile peptidoglycan-

polysaccharides and confirmed its binding abilities [20]. As reported in the previous 

phiMMP01 study, the catalytic activity of CdTAL (previously CWH) does not depend 

on the specificity conferred by the RBP. This conclusion was also endorsed in the 

Ecd906010 study where it was suggested that the binding domain could even 

potentially hinder the catalytic activity. Truncated constructs of phiMMP01 CdTAL 

consisting of the enzymatic domains (either alone, or as a two-domain EAD) showed 

similar, and even increased lytic activity. This report is consistent with the literature. 

The study of endolysin CD16/50L also concluded that the lysin did not depend on its 

CBD for activity, and even reduced lytic activity [21]. Likewise, C. difficile phage 

endolysins CD27L, PlyCD, and CD11 do not require a CBD for their catalytic activity 

[22] [23] [24].  

We successfully cloned and expressed the CdRBP domain and a CdRBP-GFP 

fusion protein (Figure 3). The purification of these proteins has allowed us to create a 

biological sensor that has demonstrated both specificity and stability. The highest 

binding was observed against C. difficile strain APC43 (alternatively named ATCC 

43255 or ribotype 087, a high-level toxin-producing strain isolated from an abdominal 

wound), with varying efficiency against other strains, and a lack of non-specific binding 

observed from the non-clostridial strains tested in the initial host range analysis. We 

also demonstrated that CdRBP-GFP is stable up to 50 oC and has a pH range from 2-

11.  

To test the limitations of CdRBP-GFP in complex and microbe-rich samples, 

binding assays were carried out on a crude human faecal sample and a gut-derived 

bacterial community consisting of 400 strains. A significant amount of non-specific 

binding was observed (Figure 6). Initially we hypothesised that the off-target binding 

in the faecal sample could be due to CdRBP-GFP being bound to mucus, solid matter 

and food debris. However, the preparation of a defined diverse bacterial community 

allowed us to test a sample that could be comparable to the bacterial diversity of a 

faecal sample but without the physical challenges. In this community, which 

specifically excluded C. difficile, CdRBP-GFP bound to a wide number of cells. These 

results highlight the need to assess non-specific binding of phage RBPs and CBDs 

when aiming to develop diagnostic tools. To avoid faecal debris blocking and 
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sequestering the binding domains the development of pre-treatments to crude 

samples (such as washing and centrifugation at varying speeds) could minimise this 

issue. However, the observation of non-specific binding is certainly a limitation of this 

specific CdRBP as a diagnostic tool. It may be a feature unique to this binding domain, 

or it may be that previous studies involving endolysin domains have not utilised 

sufficiently diverse bacterial target communities to allow the identification of non-

specific binding. 

In recent years, lysin-based detection methods have been gaining interest. 

Phage-derived binding proteins possess several traits that make them good 

candidates for these applications. They are much smaller than antibodies, are easy to 

produce and their recombinant production can be easily scaled up. They usually are 

reported to have high specificity, and they have low detection limits in comparison to 

antibodies [25]. Diagnostic methods that have involved the use of CBDs and RBPs 

include fluorescent detection, the use of magnetic beads and electrochemical 

biosensors. A 2018 study described the use of a tail fibre protein for the recognition of 

Pseudomonas aeruginosa [26]. The tail fibre protein P069 was utilised for two forms 

of detection – conjugation to magnetic beads for the separation of the target bacteria, 

and the use of fluorescent labels to capture and detect P. aeruginosa. The limit of the 

detection was recorded to be 102 CFU/mL for both the magnetic beads and 

bioluminescent methods. A multiplex system for the detection of E. coli and P. 

aeruginosa in blood samples was described in 2023 [27]. This study used 

recombinantly-produced RBPs in a microfluidic platform and it resulted in specific 

detection of the bacteria in whole blood within 70 minutes, with a detection limit of 103 

CFU.  It is clear from current studies encompassing both CBDs and RBPs of phages 

that these molecules hold promise as detection tools for a range of pathogens, but 

their ability to function specifically in microbe-rich environments must be carefully 

assessed. We propose that future work could investigate the viability of CdRBP to be 

adapted to a biological sensor platform for the detection of C. difficile. It is possible 

that with the creation of a multiplexed sensor, perhaps including a cocktail of the 

binding domains discussed in this study, non-specific binding could be minimised.  

In conclusion, we have functionally characterised a novel RBP from the C. 

difficile phage PhiMMP01. The RBP alone and a GFP-fusion version of this domain 

were recombinantly expressed and characterised. The GFP-fusion protein allowed us 
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to investigate the function of this domain through binding assays and fluorescent 

confocal microscopy.  CdRBP has high stability, and has been shown to function 

effectively. Given the traits we have discussed here, with optimisation to address 

issues of non-specific binding, CdRBP could be a part of a feasible diagnostic tool for 

C. difficile infections.  
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Materials and Methods 

Bioinformatic Analysis. 

Homology searches were performed for phiMMP01 BD in HHpred [14] and InterPro 

Scan [28]. Comparative analysis was performed on phiMMP01 CWH against several 

endolysins targeting C. difficile that have been characterized in the literature. These 

proteins can be found on GenBank at the following accession numbers: phiMMP01 

CWH - YP_009206142.1, CD11 - WP_009895119.1, CD119 - YP_529586.1, CD6356 

- YP_004306129.1,  Ecd090610 - CAJ67813.1, PlyCD WP_003435466.1, CD27L -  

PBI50115.1. Multiple sequence alignments were generated using Clustal Omega and 

visualized using SeaView4 [29]. The percentage identity matrix was also generated 

using Clustal Omega and was visualised using Heatmap2. For structural analysis of 

endolysins and cell wall binding domains, AlphaFold v2.3.1 was used to predict the 

structures with the settings “--enable_gpu_relax=true --model_preset=monomer --

use_gpu=true” [30].  

Bacterial Strains and Growth Conditions. 

All strains used in this study (including the community sample) were cultured in 

modified Brain Heart Infusion (Oxoid) medium with the addition of 0.5% yeast extract, 

5 mg/L hemin (Sigma–Aldrich), 1 mg/ml cellobiose (Sigma–Aldrich), 1 mg/ml maltose 

(Sigma–Aldrich), and 0.5 mg/ml L-cysteine (Sigma–Aldrich) – LYHBHI as described 

by Soko et al, 2008 [31], except recombinant E. coli strains which were grown in Laura-

Bertani (LB) broth (Fischer Scientific), supplemented with 50 µg/mL kanamycin (Sigma 

Aldrich) for maintenance of plasmids.  Strains used for binding assays have been 

made available in the APC Culture Collection (APC Microbiome, Ireland). Aerobic 

strains were cultivated by incubating at 37 oC, and shaking at 150 rpm, while anaerobic 

strains were grown at 37 oC under strict anaerobic conditions (Type A vinyl anaerobic 

chamber, Coy Labs). 

Cloning. 

As outlined in the previous study by Mondal et al [13] the putative cell wall binding 

domain of endolysin from phage PhiMMP01 (NCBI Reference Sequence 

YP_009206142.1) was synthesised, with codon optimisation (GenScript), into the 
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vector pET28b(+) and introduced into E. coli BL21(DE3) for expression. For the 

purpose of this study, this previously created construct is named RBP. 

The putative RBP with GFP fusion construct (RBP-GFP) was created using 

NZYEasy Cloning & Expression Kit IX (NZYtech) which created a construct in plasmid 

pHTP9 that contains GFP as a fusion tag. This construct was introduced into E. coli 

Trans-alpha competent cells. Transformants were screened for positive clones which 

were propagated for plasmid extractions. Extracted plasmids positive for the insert 

were introduced into One Shot BL21(DE3) chemically competent cells (Invitrogen) for 

protein expression. Sanger sequencing confirmed the integrity of the construct.  

Recombinant Expression and Purification. 

E. coli BL21(DE3) cells containing each of the constructs were overexpressed in the 

same manner. 3 L of cells were prepared in LB supplemented with 50 µg/mL 

kanamycin and incubated at 37 oC at 150 rpm shaking. Cells were grown to an OD 0.6 

and expression was induced by the addition of 1 mM final concentration isopropyl-β-

D-thiogalactopyranoside (IPTG) (Sigma Aldrich). Cultures were left to shake overnight 

at room temperature and were harvested the following day. Cells were pelleted at 

4,500 rpm for 30 minutes. Cell pellets were lysed using sonication on ice, pelleted 

again by centrifugation and the supernatant was extracted for protein purification.  

Purification of proteins was facilitated by the Akta Start Purification System 

(Cytiva), using the Talon Crude Purification columns (Cytiva). Purification fractions 

were assessed for quality and purity by SDS-PAGE (4-12% gradient gel) and imaged 

with iBright500.  Fractions containing RBP were pooled, resuspended in a final 

concentration of 20% glycerol, and stored at -20 oC for short-term storage, and -80 oC 

for extended storage. 

Binding Assays and Fluorescent Microscopy. 

The binding of RBP to C. difficile strains was demonstrated through the following 

methods. Overnight cultures of bacterial candidates were prepared. Cells were 

harvested by centrifugation at 3,000 xg for 5 minutes. Cells were washed 3 times in 

PBS (phosphate-buffered saline) and resuspended to an OD600 of 0.8. 200 µL cells 

were combined with a final concentration of 100 µg/mL of purified protein, and shaken 

at 200 rpm at room temperature for 45 minutes. This cell suspension was also 
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harvested by centrifugation at 3,000 xg for 5 minutes and washed three times in PBS 

to remove unbound protein. Cells were resuspended to a volume of 200 uL, and 10 

µL was added to a microscope slide, dried, and secured with a coverslip. For 

fluorescent microscopy, cells were viewed with a Zeiss Confocal Microscope at 63X 

magnification and excited with a green, fluorescent laser at 458 nm.   

To prepare a complex sample for binding assays, 1 g of faecal sample was 

resuspended in 10 mL of phosphate buffered saline (PBS). The resuspension was 

thoroughly vortexed before autoclaving at cycle 121 oC for 15 minutes (VWR 

VAPOUR-Line Eco).  

Temperature and pH Stability Tests. 

Overnight cultures of bacterial candidates were prepared. Cells were harvested by 

centrifugation at 3,000 xg for 5 minutes. Cells were washed 3 times in PBS 

(phosphate-buffered saline) and resuspended to an OD600 of 0.8. For heat stability, the 

pure protein was treated at various temperatures (4 oC, 25 oC, 37 oC, 50 oC and 70 oC) 

for one hour. 200 µL cells were combined with a final concentration of 100 µg/mL of 

the temperature treated protein, and were shaken at 200 rpm at room temperature for 

45 minutes. 

To assess pH stability, Overnight cultures of bacterial candidates were 

prepared. Cells were harvested by centrifugation at 3,000 xg for 5 minutes. Cells were 

washed 3 times in PBS (phosphate-buffered saline) and resuspended to an OD600 of 

0.8 in a buffer of set pH (2, 4, 7, 9 and 11). 200 µL cells in the pH adjusted buffer were 

combined with a final concentration of 100 µg/mL of the temperature treated protein, 

and were shaken at 200 rpm at room temperature for 45 minutes. 

Efficiency of binding was assessed by fluorescent microscopy as previously 

described. 
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Concluding Remarks  

The volume of endolysin-focused publications has expanded year on year over the 

last decade. According to the Web of Science database, 34 endolysin papers were 

published in 2013, compared to 119 papers in 2023. This research field is gaining 

increased interest largely due to the rise of antimicrobial resistance. Many of the 

reports in the literature highlight the positive aspects of endolysins as alternatives to 

traditional antibiotics. There is a particular focus on the lack of resistance 

development, ease of engineering, rapid lytic activity, and applications in 

biotechnology. This thesis set out to critically assess the therapeutic and diagnostic 

potential of endolysins, acknowledging the inherent advantages and challenges.  

E. coli expression systems are a popular choice for the recombinant production 

of endolysins. For the vast majority of constructs created in this thesis, E. coli 

BL21(DE3) was more than suitable for protein production. This strain provided high 

yields of 6xHis-tagged proteins and is straightforward to genetically engineer. The 

exception to this general rule was the C. acnes endolysin, LysCa5A2, described in 

Chapter 2. The insolubility of this protein was a barrier in the assessment of the 

therapeutic potential of C. acnes endolysins. This observation is consistent with the 

current literature. Due to the lack of genetic diversity amongst C. acnes phages, it is 

likely that future isolates of C. acnes endolysins will encounter the same obstacles. 

This is an issue that could challenge the commercialisation of lysins for acne vulgaris, 

and it is possible that pharmaceutical companies may instead opt for alternative 

methods of treatment that require less fine-tuning, or that significant protein 

engineering will be required to overcome insolubility while retaining efficacy. 

Isolation and characterisation studies of endolysins often follow a template that 

assesses the lytic activity of the endolysins against a target strain along with a host 

range performed against a small panel of other relevant strains. While these assays 

are valuable, and the results are important for future studies, we are limited by testing 

bacteria in a monoculture. As seen during the assessment of LysH1, the behaviour of 

bacteria in a monoculture can be substantially different to that in a community setting. 

The field of microbiome research is at an all-time high, and it is clear that when 

investigating a therapeutic candidate, the natural environment of the microbe needs 

to be considered. In a monoculture, the endolysin can act with high enzymatic 
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efficiency. The bacteria will likely grow to a high level in its optimal media, and the lytic 

effect will be significant. This result is not reflective of a microbiome. We fail to take 

into account the inhibitory effect of competitors, the possibility of the enzyme being 

physically sequestered by other inhabitants of the environment, and the risk of 

collateral damage to the surrounding population. It is important that future research 

gravitates towards more complex, microbiome-based research that can truly assess 

the impact of adding a lytic enzyme into a microbial ecosystem.  

This same lack of complexity in many biological test systems is also evident in 

the use of endolysin binding domains for biosensor technology. The commercialisation 

of these phage-derived diagnostic tools is hindered by the lack of information 

regarding their effectiveness in microbe-rich environments. Chapter 5 of this thesis 

emphasizes the risk of non-specific binding and raises the question: are phage tail 

proteins a good fit for biosensor technology? The future of phage-derived diagnostics 

relies on optimization and should prioritise the use of multiplex systems to improve 

specificity. In the appendix of Chapter 5, we explore the potential of CdRBP as a 

receptor for an electrochemical biosensor. While a fluorescent construct of a single 

RBP may not be a suitable method for specific detection, electrochemical sensors 

provide an opportunity to develop multiplex systems. We propose that future 

electrochemical biosensors could be created with multiple C. difficile binding domains. 

The creation of a multi-domain sensor that has both RBP and CBD receptors could 

increase the specificity of these diagnostic tools. They can be designed in such a way 

that a positive result for C. difficile cells would only be received if multiple proteins 

report a change in charge. This research was conducted together with scientists from 

the Tyndall Institute and highlights the benefits of collaboration and emphasises how 

a multi-disciplinary approach to research can generate new ideas and drive problem-

solving.  

The cross-species activity of LysH1 was a particularly interesting finding. 

Chapter 3 was initially designed to investigate the therapeutic potential of endolysins 

to manage VRE. Testing revealed that enterococci were not particularly susceptible to 

the enzymatic activity of LysH1. However, the unexpected lytic activity against R. 

gnavus opened up a new avenue of research for LysH1. This was a fortuitous 

observation and led to the possibility of employing LysH1 as a bacterial editing tool in 

simplified community studies. While the testing of LysH1 against R. gnavus was 
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largely down to chance (as the strain was being worked on in parallel for Chapter 4), 

it does draw attention to the need for testing endolysins against a broad host range of 

bacterial genera. LysH1 has shown promise as a therapeutic candidate. Going 

forward, it would be interesting to assess LysH1 ex vivo in a faecal fermentation and 

then in pre-clinical models. The use of IBD and healthy faecal samples ex vivo would 

help us to assess the ability of LysH1 to act in a microbiome setting. Metagenomic 

analysis would provide evidence for (or against) the specificity of LysH1 and would 

allow us to investigate population dynamics on a large scale. 

The observation of endolysin-resistant mutants in Chapter 4 of this thesis is a 

new phenomenon. The bacterial stringent response is obviously central to this event, 

but it would be interesting to determine how or if this pathway is compromised in the 

mutant strains that didn’t show genomic changes that could be directly linked to 

(p)ppGpp, to further investigate the mechanisms at play. The emergence of resistance 

should be a worrying observation for the field of endolysin therapy. However, the 

fitness costs associated with resistance mechanisms encountered in this study 

indicate that even if resistance were to occur in a bacterium within a patient, it is highly 

unlikely that the mutant would be able to proliferate and survive in that environment. 

These mutants were difficult if not impossible to maintain in a laboratory setting, never 

mind in a competitive microbiome. There is no doubt that endolysin-resistant mutants 

will be reported upon in the future, and it will be critical to assess the consequence of 

these mutants on a case-by-case basis. Given the ability of endolysins to be 

genetically modulated, the engineering of lysins will be an important tool for tackling 

resistant strains.  

Overall, I believe that endolysins do have therapeutic potential. However, to 

become a viable alternative or adjunct to antibiotics, they must be rigorously tested 

and their limitations should be clearly acknowledged. Lack of resistance mechanisms 

and high specificity are some of the key selling points for endolysin therapy, and yet, 

in this body of work, we can account for three instances where this wasn’t the case 

(resistance to LysIBDN1, cross-species activity of LysH1, and non-specific binding of 

CdRBP). Nonetheless, with an emphasis on rigorous tests in community settings, 

detailed genomic and phenotypic analysis, and assessing efficacy in clinical samples, 

endolysin therapy could be a valuable tool for detecting and identifying pathogens, in 

helping to treat infections, and in managing antimicrobial resistance. 
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“But I don’t want to go 

among mad people," Alice 

remarked. 

"Oh, you can’t help that," said 

the Cat: "we’re all mad here. 

I’m mad. You’re mad." 

"How do you know I’m mad?" 

said Alice. 

"You must be," said the Cat, 

"or you wouldn’t have come 

here.” 


